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Abstract

Women are more likely to develop Post Stroke Depression (PSD) than men and generally do not 

respond well to anti-depressants with age. This study investigated the effect of microRNA 

mir363-3p treatment on PSD using a physiologically-relevant animal model. Our previous work 

showed that mir363-3p treatment, delivered post-stroke, effectively reduces infarct volume in the 

acute phase of stroke in middle-aged females but not males. Middle-aged female Sprague Dawley 

rats were tested for baseline sensory motor function and depressive-like behaviors, and then 

subjected to ischemic stroke via middle cerebral artery occlusion (MCAo) or sham surgery. 

Animals received either control oligos (MCAo+scrambled, Sham+scrambled) or mir363-3p 

(MCAo+mir363-3p, Sham+mir363-3p) treatment 4h later. Sensory motor function and depressive-

like behaviors were reassessed up to 100d after stroke, and circulating levels of IL-6, TNF-alpha 

and Brain-Derived Neurotrophic Factor (BDNF) were quantified at regular intervals. Prior to 

termination, Fluorogold was injected into the striatum to assess meso-striatal projections. MCAo

+scrambled animals had impaired sensorimotor performance in the acute phase (5days) of stroke 

and developed anhedonia, decreased sociability and increased helplessness in the chronic phase. 

MCAo+mir363-3p animals showed significantly less sensory motor impairment and fewer 

depressive-like behaviors. IL-6 and TNF-alpha were elevated transiently at 4weeks after MCAo in 

both groups. BDNF levels decreased progressively after stroke in the MCAo+scrambled group, 

and this was attenuated in the mir363-3p group. The number of retrogradely-labeled SNc and VTA 

cells was reduced in the ischemic hemisphere of the MCAo+scrambled group. In contrast, there 

was no interhemispheric difference in the number of retrogradely-labeled SNc and VTA cells of 

MCAo+mir363-3p treated animals. Our results support a therapeutic role for mir363-3p for long-

term stroke disability.
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INTRODUCTION

In addition to physical and cognitive impairments, post-stroke depression (PSD) is a critical, 

long-term consequence of stroke. PSD is characterized by anxiety, anhedonia, social 

dysfunction and feelings of despair[1–3]. About one-third of stroke survivors develop 

PSD[4], which not only affects their quality of life but also adversely influences their 

recovery[5, 6]. Women are more likely to develop PSD than men[7]. Although the 

mechanistic explanation for this sex difference is poorly understood, it may be related to 

greater disability after stroke in women, which makes them less independent in their daily 

activities and consequently more likely to be in assisted-living facilities[8, 9]. Social 

isolation and lower quality of life resulting from institutional living also contributes to the 

development of PSD.

Depression is associated with several central and peripheral biochemical markers, including 

changes in monoamine neurotransmitter levels [10, 11], inflammatory cytokines [12–14], 

and neurotrophic factors [15, 16]. Anti-depressant therapies therefore include tricyclic drugs 

(TCA) that increase levels of norepinephrine and serotonin, or newer drugs such as the 

serotonin reuptake inhibitors (SSRI). However, the SSRI fluoxetine is not efficacious for 

PSD until at least a year of administration[17] and the TCA family of drugs such as 

imipramine, amitriptyline and amoxapine are not as effective for PSD in older (65+ years) 

women compared to age-matched men or young females[18]. This resistance to 

conventional anti-depressants suggests the likelihood of a unique pathophysiology of PSD.

In animal models, occlusion of the middle cerebral artery (MCAo), which is the most 

commonly affected artery in ischemic stroke, can result in a depressive phenotype[19–21]. 

MCAo damages the striatum and overlying cortex and loss of striatal growth factors such as 

BDNF may contribute to the depressive phenotype[20, 22]. Accordingly, BDNF treatment 

after stroke has been shown to reduce post stroke depression [23]. The striatum also receives 

projections from midbrain dopaminergic neurons, and loss of these ‘reward’ pathways may 

constitute another substrate for post stroke depression.

We hypothesize that if ischemic cell loss contributes to the pathology of PSD, then drugs 

that reduce infarct volume in the acute stage of stroke may also reduce PSD. Our recent 

studies show that a small non-coding RNA mir363-3p is inversely correlated with infarct 

size and stroke outcome [24], and a single IV injection of mir363-3p, delivered 4h after 

MCAo, reduces infarct volume and improves sensory-motor performance in middle-aged 

female rats [25]. Remarkably, mir363-3p treatment to age-matched males had no effect on 

infarct volume or sensory motor impairment, adding to the growing literature on stroke 

neuroprotectants that display sex-specific effects. Hence this study focused on the long-term 

effects of mir363-3p treatment in females only. Middle-aged female rats were subject to 

MCAo and treated 4h later with mir363-3p and assessed for motor impairment and 

depressive behaviors for a period of 3 months. We report that MCAo leads to sensory motor 

impairment in the acute stage of ischemia, which resolves over time, and depressive-like 

behaviors, which are observed between 30 days and 100+ days post stroke. Treatment with 

mir363-3p attenuates both acute motor impairment and long-term depressive behaviors in 
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middle-aged females. These data are consistent with the hypothesis that ischemic pathology 

contributes to PSD and that neuroprotectants, that reduce infarct volume, may act as anti-

depressant therapies for PSD.

Methods and Materials

Animals and estrous cycle determination: Middle-aged female rats (10-12 months, 

230-340g) were purchased from Envigo (IN). All animals were housed in a temperature 

(22°C) and humidity (45-55%) controlled AAALAC-accredited vivarium facilities on a 

12/12 h light and dark cycle. Water and food were available ad libitum. Three weeks after 

arrival, the rats underwent daily vaginal smearing for up to 21 days to determine estrous 

status as described previously [26–29]. Cotton swabs were used to obtain vaginal smears and 

cells were deposited on glass slides. When the animals displayed cell cytology indicating 

constant diestrus for at least 7 days, they were included in the study. Our previous studies 

have shown that females in constant diestrus have low estradiol levels and elevated FSH 

levels, which resembles salient hormonal aspects of the post-menopausal stage in women 

([26, 30]). A total of 40 animals were used in these studies. A timeline of the procedures and 

behavioral assays is shown in Fig 1. All procedures were performed under approved 

protocols in accordance with institutional guidelines for humane treatment of animals. 

Animals were randomly assigned to scrambled control or mir363-3p treatment groups after 

middle cerebral artery occlusion and sham surgeries. All behavioral tests were performed 

between 8:00h and 12:00h, and experimenters were blind to the treatment conditions while 

performing and analyzing tests.

Middle Cerebral Artery Occlusion (MCAo):

Animals were subjected to MCAo by stereotaxic injection of a vasoconstrictor, Endothelin-1 

(ET-1), using our previously established procedures[24, 25, 31, 32]. Animals were 

anesthetized (20mg/ml/kg xylazine and 100 mg/kg ketamine) and placed in a stereotaxic 

equipment. Endothelin-1 (ET-1) (American Peptide Company INC; 0.5ug/ul, 600 pmol; 3 

uls) was microinjected to occlude the left middle cerebral artery at the following coordinates 

relative to bregma: AP: +0.9, ML: −3.4, DV: −8.5. Body temperature was maintained at 

37 °C throughout the surgery and in the home cage until recovery from anesthesia. For Sham 

surgeries, animals were subject to all other surgical procedures (such as anesthetic, scalp 

incision, drilling of the skull), but did not receive ET-1.

Four hours after ET-1 or Sham surgery, animals received either control oligos (scrambled) or 

miR-363-3p delivered via tail vein injection. Scrambled and Mir363-3p mimic 

(AAUUGCACGGUAUCCAUCUGU) oligonucleotide sequences were purchased from 

Thermo Fisher, Grand Island, NY and packaged in In-vivo RNA-LANCEr II (Bio-Scientific, 

Austin, TX).

Behavioral Assays:

All the behavior tests were performed between 8:00 am-12:00 pm in the light cycle. A 

timeline of these tests is shown in Fig 1 and described here. For assessing sensorimotor 

function, adhesive-tape removal test was done before (−2d) and after (2d, 5d, 60d and 100d) 
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stroke. Similarly, assays for depressive-like phenotype were performed before and after 

stroke. Forced Swim Test and Social Interaction: −9d and 100d. T Maze cost/benefit task: 

−10d, 30d, 60d and 98d. Grip strength, Locomotion and Novel object recognition was 

performed at 99d after stroke. All the tests were performed and scored blinded.

Adhesive-tape removal test was performed prior to and after MCAo using our previously 

published methods[24, 25, 31, 33]. Adhesive-backed foam tape (12.7 × 12.7 mm) was 

attached to the palmar surface of the paw of each forelimb. For each limb, the time taken to 

remove the tape was recorded for three trials. Animals were allowed to rest for 5 min 

between trials and each trial had a maximum time limit of 120s.

Forced Swim Test: This test was used to determine helplessness[20]. Rats were placed in 

an open cylinder (diameter 30 cm, height 60cm) filled with water (23-25°C) to a height of 

40 cm for 5 min. Sessions were video-recorded with an overhead camera and the duration of 

immobility was scored by a blind observer. A rat was judged to be immobile if it was 

passively floating in water with only movements necessary to keep its head above water.

Social Interaction Test: A three-chambered Plexiglass box was used for the social 

interaction test. Each chamber had a dimension of 40”×13”and all chambers had open access 

to each other. For habituation, the three chambers were closed off from each other, and the 

test rat was placed in each chamber for 2 min. Thereafter, the rat was allowed to freely 

explore the 3 chambers for additional 10 min and then returned to the home cage. For the 

testing session, a conspecific (stranger) rat was placed within a plastic mesh cylinder in one 

of the end chambers, while the test rat was placed back in the middle chamber and allowed 

to explore for 10 min. The time spent in each chamber was recorded and sociability was 

scored as the total time (in seconds) spent by the test rat in the chamber with the stranger rat.

T-maze cost/benefit task: This test was used to determine anhedonia. The physical 

apparatus consisted of a T-maze, where the 2 end arms were 20” long and 5” wide, and the 

central limb was 6” long and 6” wide. Each arm was baited with sucrose pellets during the 

test session. For habituation, the rats were allowed to freely explore the maze for 2 

consecutive days for 30 min each day and sucrose pellets placed on the floor of the home-

cage for 2 days. For training (daily for 6 weeks), rats were deprived of food for 12 hours 

before the training on each alternate day for the first 2 weeks and were given 10 trials to 

choose an arm. After each trial, the rat was placed in its home cage, for one minute, and then 

placed back to the start arm of the maze. For the first week, a small barrier (6 cm rectangular 

box) was placed midway on one arm of the T-maze and a sucrose pellet placed in the far 

corner of the arm. The rats were trained for to go over the small barrier to retrieve the 

sucrose pellet. From the second week, a large barrier (12 cm rectangular box) was also 

added midway down the other arm of the T-maze and 4 sucrose pellets placed in the far 

corner of this arm. Arm choice was recorded for each trial up to 10 trials. After 6 weeks of 

training, the test was repeated 10 days before the stroke as a pre-stroke baseline measure. 

Following stroke, the test was repeated at 30d, 60d and 98d after MCAo.

Open Field Test: Locomotor activity was assessed using the Open Field Arena (Kinder 

Scientific, CA). Rats were placed in the middle of a clear acrylic box (16” by 16”) and 
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allowed to freely explore for 30 min. General locomotor activity as indicated by the total 

number of beam breaks over 30 min as well as the percent of beam breaks in the center of 

the field was quantified using MotorMonitor Software.

Novel Object Recognition Test: This test was used to assess cognition. This test 

consisted of three phases: habituation, familiarization, and test phase. In the habituation 

phase, the rat was placed in 16”×16” open field and allowed to freely explore the arena for 

10 min each day for 2 days. On the third day (familiarization phase), the animal was again 

placed in the open-field apparatus, which now contained two identical objects (A + A) 

placed diagonally from each other. The rat was allowed to explore the arena and the objects 

for 10 minutes. The rat was then returned to its home cage for 1h (retention interval) and 

then placed again in the open-field arena for the test phase. For the test phase, the arena 

contained two objects in the same location, one that was previously available (A) and the 

other that was novel (B). The rats’ behavior was recorded for 5 mins and the amount of time 

spent exploring the novel object was determined from these recordings by an investigator 

blind to the experimental condition. Exploration of an object was defined as the animal’s 

snout directed to the object, sniffing or touching the object with its snout at a distance <2 cm 

to the object and/or touching it with the nose. Running around the object, sitting or climbing 

on it was not recorded as exploration. The Novel object preference (%) was calculated as: 

(Time spent exploring Novel object)/(Time spent exploring Novel + Familiar object) *100.

Grip Strength Test: Grip strength was measured to ensure that MCAo-induced physical 

disability did not contaminate performance on the depressive behaviors. Rats were held by 

the tail and lowered towards the rod attached to the grip strength meter. Once the animal 

grabbed the bar, it was pulled backwards in a horizontal plane. The force applied to the bar 

just before it loses grip was recorded as the peak tension. Three such trials were performed, 

and the mean peak tension was normalized to body weight in grams.

Cytokine Assay: Rat cytokine/chemokine assay kit (MAP kit, Millipore, CA) was used to 

quantify a panel of inflammatory cytokines/chemokines in serum, using manufacturer’s 

instructions and our previously established procedures [29]. Plates were read on a Bio-Plex 

suspension array system (Bio-Rad Laboratory, CA).

BDNF expression: BDNF levels were quantified in serum samples using a Rat BDNF 

ELISA Kit (ThermoScientific, MA) and manufacturer’s instructions. BDNF was detected by 

a sandwich ELISA and a colorimetric readout. Absorbance was measured on ELISA 

microplate reader set to 450nm. Sample unknowns were interpolated from a standard curve.

Assessment of the meso-striatal pathway: Retrograde labeling by fluorogold was 

used to assess meso-striatal pathway 100d+ after stroke. Animals were anesthetized and 

placed in a stereotaxic frame. Fluorogold (0.2ul of 2% (dissolved in de-ionized water), Santa 

Cruz Biotechnology, TX) was injected into both the left and right striatum at 2 depths (0.1 ul 

in each depth) using 1-ul Hamilton microsyringe. The coordinates for the injection from 

bregma were as follows: 1mm anterior, 3mm lateral, 4.5mm and 5.5mm ventral from dura. 

The needle was slowly retracted 5 minutes after injection to prevent backflow. Five days 

later, rats were deeply anesthetized and perfused transcardially with saline followed by 4% 
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formaldehyde. The brain was removed and submerged in 4% paraformaldehyde overnight. 

Thereafter brains were prepared for block embedding and sectioning (30um) (NeuroScience 

Asssociates, TN). Sections through the striatum were inspected for Flg label and the rostro 

caudal extent of the Flg injection was calculated for each hemisphere for each animal. 

Animals where the injections did not cover 75% of the rostrocaudal extent of the striatum 

would be excluded from further analysis. No animal met this criterion and thus all injected 

animals were analyzed. Subsequently, sections through the SNc and VTA were imaged 

under fluorescent illumination (4× magnification) for Flg and photographed using Q-capture 

(QImaging, BC, Canada). Three sections per animal, 240 micrometers apart, were selected 

and brightly fluorescent neurons in the SNc and VTA region was counted in both 

hemispheres using ImageJ. The total number of cells in each region was added together for 

each hemisphere.

Statistical Analyses:

For all assays, group mean ±SEM are reported. Group differences were determined by a 

two-way ANOVA performed for surgery (Sham/MCAo) and treatment (Scrambled/

Mir363-3p), with planned comparisons. For analyses where only 2 groups were compared 

(mesostriatal projections), a student t-test was used. All group differences were considered 

significant at p<0.05. Statistics were analyzed using Prism GraphPad (GraphPad, San Diego, 

CA) and SPSS (IBM Corporation).

RESULTS:

Mir363-3p improves sensory-motor deficit after stroke:

Sensory motor performance was evaluated by the Adhesive-tape removal test, which was 

performed at 5 different time points: prior to MCAo (baseline/pre), 2d, 5d, 60d and 100d 

after MCAo. As shown in Fig 2, animals removed the tape rapidly at the pre-stroke time 

point but were significantly delayed in the early acute stroke phase (2-5d) in both the MCAo

+scrambled and MCAo+mir363-3p group as compared to pre-stroke performance (F(4,68): 

5.189, p=0.0010). At 5d post stroke, planned comparison showed that the MCAo+scrambled 

group was significantly delayed compared to its pre-stroke timings (p=0.0101), while the 

mir363-3p treated group was not different from baseline. Both groups recovered 

substantially in the chronic phase where their performance was not different from baseline at 

60d (p=0.7518), or 100d (p>0.9999) after stroke. Thus, mir363-3p treatment accelerates the 

rate of sensory motor recovery as compared to controls. This is consistent with previous 

work that showed that mir363 treatment reduced sensorimotor deficit and reduced infarct 

volume in the acute phase following MCAo[25].

Mir363-3p treatment abrogates the development of depressive-like behaviors after stroke

Depressive behaviors were assessed by a battery of tests including T-maze cost/benefit task, 

social interaction and forced swim test (Fig 1) to capture the following domains of 

depressive-like behaviors: anhedonia, reduced sociability and vulnerability to helplessness in 

stressful events, respectively.
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T-maze cost/benefit task: Anhedonia was assessed using a T-maze cost/benefit task, 

which gives rats two options: Climb a high barrier for high reward (4 sucrose pellets) or 

climb a low barrier for low reward (1 sucrose pellet). This test was performed at 4 different 

time points: Before MCAo (baseline/pre), 30d, 60d and 98d after MCAo. At baseline, 

animals displayed a preference for the high barrier-high reward over 80% of the time (Fig 3). 

After MCAo, both groups (MCAO+scrambled and MCAo+mir363-3p) showed a gradual 

decrease in their choice of high barrier-high reward (main effect of time, F(1,27): 77.82, 

p<0.0001), compared to sham controls. Moreover there was a significant effect of treatment 

(F(1,27): 4.35, p=0.047). In the MCAo+scrambled group, this preference dropped from 87% 

at baseline to 22% at 30d, 14% at 60d and 5.5% at 98d. In the MCAO+mir363-3p group, 

high barrier preference decreased from 90% at baseline to 44% at 30d, 40% at 60d and 30% 

at 98d. At each time point after stroke, the MCAo+mir363-3p group showed a greater 

preference for the high barrier/high reward than MCAo+scrambled (30d: p=0.08, 60d: 

p=0.024 and 98d: p=0.034). Since the behavioral assay spanned 3 months, sham surgery 

groups, treated with scrambled oligos or mir363-3p were also compared to assess if time/age 

would affect performance. As shown in Fig 3, sham groups treated with either mir363 or 

scrambled oligos did not show any decrease in high barrier/high reward choice up to 98 

days.

Social Interaction (SI) test: The total amount of time spent in the chamber containing 

the conspecific stranger rat was recorded as a measure of sociability. This test was 

performed at 2 time points: Before MCAo (Pre) and 100d after MCAo and at equivalent 

time points for the Sham (no stroke) group. There was an overall effect of stroke and drug 

treatment (F(3,28): 7.46, p=0.001) Before MCAo, the test rats interacted with the stranger rat 

for over 400 seconds out of 600 seconds. At 100d after stroke, sociability decreased by 67% 

in the MCAo+scrambled group as compared to baseline, while the MCAo+mir363 group 

was not different from baseline (Fig 4). Social interaction was therefore significantly higher 

in the MCAo+mir363 group than the MCAo+scrambled group at 100d (p<0.0001). Sham 

groups treated with either mir363-3p or scrambled oligos had similar baseline values and did 

not show any reduction in sociability at 100d.

Forced Swim Test (FST): Vulnerability to helplessness was assessed using the Forced 

Swim Test (Fig 5), defined as the total time a rat spends passively floating in the water. 

Greater immobility time indicates that the rat has ‘given up’ in the stressful environment. 

This test was performed before MCAo (Pre) and 100d after MCAo and at equivalent time 

points for the Sham (no stroke) group. There was an overall effect of MCAo and treatment 

(F(3,28): 3.48, p=0.0290). Sham groups treated with either scrambled oligos or mir363-3p 

had similar baseline values and showed no significant changes in immobility at 100d 

(p=0.6891). In groups subject to MCAo, the duration of immobility in the scrambled group 

was 185.5 secs and was elevated to 246.33 secs after MCAo, an increase in 36% over 

baseline (p=0.0026). In contrast, the mir363-3p treated group had a higher immobility at 

baseline (224.27 secs) which rose after stroke to 238.8 secs, which was not significantly 

different from baseline (p=0.385).
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Locomotion, motor strength and cognition at 3+ months after stroke:

Animals were tested for locomotion, motor strength and cognition at 3+ months (99d) after 

stroke to ensure that performance on the tests of depression were not confounded by motor 

or memory impediments. Locomotion was assessed by total X/Y beam breaks in the open 

field chamber during a 30 min test period. There were no differences in the number of beam 

breaks in the Sham+scrambled, Sham+mir363-3p, MCAo+scrambled and MCAo

+mir363-3p groups over the 30 min testing period (Fig 6A; F(3,25): 1.616, p=0.211). There 

was also no difference in the proportion of time spent in the center between the groups at 3+ 

months (F(3,25): 0.2579, p=0.8550). Similarly, the Grip Strength Test showed that there was 

no difference in motor strength in the Sham or MCAo groups treated with either scrambled 

or mir363-3p (Fig 6B; F(3,26): 0.295, p=0.82). The force of the grip normalized to the body 

weight ranged from 2.47 - 2.65 g/g for all the groups, indicating that, similar to sensory 

motor function (Fig 2), motor strength is also completely recovered by 3 months after stroke. 

The Novel Object Recognition Test revealed that Sham+scrambled (80.04%), Sham

+mir363-3p (70.63%), MCAo+scrambled (69.24%) and MCAo+mir363-3p (78.3%) groups 

all showed a greater preference for the novel object compared to the familiar object, and 

there were no group differences in novel object preference (Fig 6C; F(3,26): 0.513, p=0.67). 

Collectively, these data suggest that impaired performance on the depressive-behavior tests 

was not contaminated by impaired locomotion, motor deficits or cognitive decline at the 

time of the test.

Growth factor and inflammatory changes after stroke:

Low levels of BDNF and elevated levels of inflammatory cytokines IL-6 and TNF-a have 

been implicated in depression in both preclinical and clinical studies[20, 34, 35].

Cytokines: IL-6: As shown in Fig 7A, there was a time effect (F(3,27): 7.805, p=0.0007) 

and treatment effect (F(1,27): 6.273, p=0.0186). IL-6 levels were no different in each group at 

baseline but were significantly elevated above baseline at 30d after stroke (p=0.0018). This 

increase was mainly due to elevated levels of IL-6 in the MCAo+scrambled group (planned 

comparisons, p=0.0023). At 60d and 100+d there were no differences between the groups. A 

similar pattern was seen in TNF-alpha (Fig 7B, time effect F(3,65): 6.915, p=0.0004), with a 

significant elevation over baseline at 30d in the MCAo+scrambled group (p=0.0160). At 60d 

and 100d there were no differences over baseline or between the groups. BDNF: Due to 

limited volume of serum samples, pre-stroke levels of BDNF are not available. BDNF levels 

were measured at 30, 60 and 100d after stroke. As shown in Fig 7C, BDNF expression 

decreased over this time course in the MCAo+scrambled group, such that neurotrophin 

expression at 100+d after stroke was one third of the level seen at 30d levels (p=0.0009). 

There was a time X treatment interaction effect F(2,34): 5.4, p=0.0092. By contrast, BDNF 

expression in the MCAo+mir363-3p group showed a scalloped pattern; BDNF levels 

decreased at 60d compared to 30d after stroke, and then recovered to 30d levels when 

measured at 100d post stroke. At 100d post stroke, BDNF levels were significantly higher in 

the MCAo+mir363-3p group as compared to the MCAo+scrambled group (p=0.0170).
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Mesostriatal projections after stroke:

Since BDNF levels and inflammatory cytokines are both known to affect neuroplasticity, we 

next investigated whether striatal infarction would, in the long term, affect reward circuitry. 

FluoroGold (Flg) was injected bilaterally into the striatum at 102 days after stroke to detect 

changes in the mesostriatal pathway. Shown in Fig 8A is a representative striatal injection 

site from the MCAO+scrambled and MCAo+mir363-3p groups. Visual inspection indicated 

that Flg label was detected throughout the striatum, spanning a rostrocaudal extent 1.7-1.9 

mm (Paxinos Bregma interaural 10.70 mm to 8.70 mm). There were no differences in the 

mean rostrocaudal extent of tracer distribution between the ischemic and non-ischemic 

hemispheres, or between the MCAO+scrambled and MCAo+mir363-3p groups (Fig 8B). 

Fig 8C shows retrogradely-labeled neurons in the VTA and SNc in the ischemic and non-

ischemic hemisphere of MCAo+scrambled and MCAo+mir363-3p animals. The proportion 

of retrogradely-labeled cells in these regions was significantly lower in the ischemic 

hemisphere (F(1,15): 5.068; p=0.04), compared to the non-ischemic hemisphere. 

Furthermore, there was a significant hemisphere X treatment interaction (F(1,15): 9.042, 

p=0.009), indicating lower numbers of retrogradely-labeled neurons in the ischemic 

hemisphere of the MCAo+scrambled group compared to the MCAo+mir363-3p group. 

These data indicate that the mesolimbic reward pathway undergoes stroke-induced plasticity, 

in association with depressive behaviors.

Discussion

The present studies employed middle-aged female rats to assess the development of post 

stroke depression. Post stroke depression occurs in a subset of stroke patients, and 

disproportionately occurs in older female stroke patients. Preclinical studies thus far have 

not focused on this demographic. Our studies have three major findings: first, MCAo causes 

an early loss of sensory motor function that resolves in the chronic phase. Second, stroke 

results in depressive-like behavioral changes as measured by a cluster of tests, that are 

observed between 30d and 3+ months after MCAo. Finally, treatment with mir363-3p, 

administered i.v. 4h after MCAo, reduces sensory motor impairment in the acute phase, and 

attenuates depressive-like behaviors in the chronic phase. Moreover, mir363-3p treatment 

attenuates the loss of BDNF in the chronic phase. MCAo also resulted in decreased numbers 

of retrogradely-labeled cells in the mesostriatal reward pathway, which was attenuated in the 

mir363-3p tested group. Overall, these results indicate that a microRNA that is 

neuroprotective for middle-aged females in the acute phase of stroke [25] also improves 

PSD among the same population. In contrast, early sensory motor deficits and post-stroke 

depressive-like symptoms are worse in scrambled controls, suggesting that early 

neuroprotection (by mir363-3p) improves later consequences of stroke.

MiRNAs are important regulators of mRNA transcript stability[36] and gene translation[37] 

and play a significant role in disease processes. MiRNA profiles are altered with stroke in 

both human[38, 39] and experimental[40–43] models, and specific miRNA are associated 

with pathogenic processes that contribute to or exacerbate stroke, such as hyperlipidemia 

(mir33), hypertension (mir155), atherosclerosis (mir21, mir126) plaque rupture (mir222) 

(reviewed in[44]). We were among the first to show that miRNA can serve as stroke 
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neuroprotectant. ICV injections of antagomirs to Let7f and mir1, which are predicted/

validated targets for IGF-1, a neuroprotective factor, reduced infarct volume in adult female 

rats[32]. Mir181 and mir29 have been shown to reduce ischemia-induced cell death[45, 46], 

by targeting members of the Bcl-2 family of pro- and anti-apoptotic proteins. Subsequent 

studies have shown that exosomes from mesenchymal stromal cells [47] enriched with 

mir133b[48], mir124[49], mir17-92 [50]or their upregulation in neural progenitor cells are 

neuroprotective for stroke and leads to functional recovery in rodents[42, 47–49, 51]. 

Expression of mir363-3p, identified through miRNA profiling analysis[25], was negatively 

correlated with infarct volume. Subsequently, we reported that iv injections of mir363-3p 

mimics effectively reduced infarct volume and behavioral impairment in middle-aged 

females, but not males. Only a handful of validated targets are known for mir363-3p, which 

includes caspase-3, a cell death effector, [52], and genes associated with tumor suppression 

such as proliferating cell nuclear antigen (PCNA) [53], high mobility group AT-Hook 2 

(HMGA2) [54], and phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha 

(PIK3CA) [55]. Our studies showed that mir363-3p treatment after stroke reduces caspase-3 

expression and activation in middle-aged females but not males. This is consistent with 

previous studies that have defined caspase-3 pathway as a sex-specific stroke pathway [56, 

57], and underscores the importance of sex-specific therapies for stroke. Few studies have 

examined the effect of miRNA treatment on long-term consequences of stroke. An exception 

to this is a recent study which showed that mir137 decreased depressive behaviors caused by 

stroke combined with chronic mild stress at 3 weeks, although it is not clear if mir137 is also 

neuroprotective[58]. The current studies show that mir363-3p, which exerts a 

neuroprotective effect in the early phase of stroke, also attenuates long-term consequences of 

stroke.

The present studies add to a growing literature showing that depressive behaviors develop 

after stroke and social isolation in a rodent model[19–21]. While it is a challenge to study 

depression in a rodent model, some inferences are possible using a cluster of tests that assess 

cardinal signs of the disease. A clinical (DSM-V) diagnosis of depression requires at least 5 

symptoms over 2 weeks that show impaired social or occupational functioning. Anhedonia, 

reduced interest in social interactions and propensity for negative mood are some of the 

major hallmarks of depression and these attributes were assessed in our behavioral tests. 

Reduced social interaction and despair behavior were measured by the social interaction 

test[19] and by immobility in the FST[59, 60] respectively. Anhedonia is usually assessed by 

the sucrose preference test, although recent work suggests that this test per se, is not as 

sensitive a measure of depressive behavior as “effort based” behaviors for palatable 

rewards[61]. As a refinement to the anhedonia test[62], we adapted the T-maze cost/benefit 

task where the test subject has to expend effort (climbing over a barrier) to obtain a food-

reward, a measure of diminished interest and low motivation. On these tests, performance 

after stroke (in the non-drug treated group) was worse when compared to baseline. The 

mir363-3p treated group either showed no change from baseline (as in the social interaction 

test and the FST) or a blunted response (as in the T-maze cost/benefit task). We further 

ensured that impairment on these depressive-behavior tests were not contaminated by loss of 

motor strength or dexterity or sensory-motor loss at the time of the tests. Moreover, it is 

possible that performance on the T-maze cost/benefit task may be impaired at 3+ months due 
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to cognitive decline rather than affective decline. However, in the novel object recognition 

test, both the scrambled and the mir363-3p treated stroke groups displayed a greater interest 

in the novel object to a similar extent, indicating that group differences in the T-maze cost/

benefit task is likely indicative of anhedonia and not loss of memory. Thus, by modeling 

three different components of depression, our data shows that depressive-like behavior 

develops in the long term in middle-aged female rats, which can be improved by mir363-3p 

treatment.

Multiple mechanisms have been proposed to explain the pathogenesis of depression. These 

include biochemical alterations, such as low levels of the monoamine neurotransmitters 

serotonin and catecholamine[10, 11], low expression of the neurotrophin BDNF in the 

frontal cortex and hippocampus[15, 16], or elevated expression of pro-inflammatory 

cytokines[14, 63]. Depression has also been linked to disruption of neural circuits that 

mediate forebrain reward pathways, including midbrain-striatum-cortex circuits[64, 65]. The 

present study shows partial support for several of these theories. Middle-aged female rats 

who received scrambled oligo treatment after stroke had increased levels of pro-

depressant[66–69] cytokines (IL-6, TNF-alpha) at 30d post stroke, lower levels of 

circulating BDNF and greater disruption of meso-striatal projection in the ischemic 

hemisphere by 100d. Loss of trophic support may lead to aberrant plasticity in neural 

circuitry[70] and the gradual development of depressive-like behavior. Most of these 

measures were alleviated in animals that received mir363-3p injections, including higher 

levels of circulating BDNF, less IL-6 at 30d and virtually no disruption of meso-striatal 

projection in the ischemic hemisphere. Our present study design does not allow us to define 

which events are primary and which events are secondary. It is possible that ongoing 

degeneration of the neural circuitry occurs first, which primes inflammation. Alternately, 

loss of trophic support from the ischemic striatum may be the primary event that leads to 

retrograde degeneration in mesostriatal circuits. Glial-cell derived neurotrophic factor 

(GDNF), for example, is retrogradely transported from the striatum to the VTA and SNc and 

protects dopaminergic neurons against injury[71, 72]. Similarly, BDNF is also retrogradely 

transported by dopaminergic projections from the midbrain to the striatum, and loss of 

BDNF-trkB signaling leads to progressive degeneration of the nigrostriatal pathway[73]. 

This loss of meso-striatal projection develops gradually after stroke, such that it is not 

observed in the acute phase of stroke (5d after stroke) but is evident as early as 45 days after 

stroke (unpublished observations). Our previous work showed that administration of 

mir363-3p mimics localizes to neurons and reduces the expression and activation of 

Caspase-3 in middle-aged female brain, suggesting an anti-apoptotic role for this miRNA 

[25]. We hypothesize that the changes in the level of the trophic factors and inflammatory 

cytokines over time may be a direct effect of infarction, and that mir363-3p stabilizes these 

changes by reducing the initial infarct volume. Future imaging studies would be important in 

evaluating initial infarction and consequent changes in meso-striatal projections at 3+ 

months.

In conclusion, these studies and others [74–76] indicate that post stroke depression may be 

more tractable to neuroprotectant therapy as compared to conventional anti-depressants. Our 

previous work showed that a single dose of mir363-3p injected intravenously after stroke 

reduced infarct volume in the cortex and striatum and attenuated the early loss of sensory 
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motor behavior in middle-aged females[25]. The present study shows that this early 

treatment may be sufficient to alleviate post stroke depression. While the precise mechanism 

underlying this outcome needs further study, we propose that neuroprotectants may be a 

better op t ion for older women after stroke instead of agonist/transmitter-based therapies, 

possibly due to their pleitrophic actions on other stroke-induced changes in the body.
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Highlights

• This study focuses on post stroke depression in acyclic middle-aged female 

rats

• Ischemic stroke causes depressive-like behaviors in the chronic phase

• Depressive-like behaviors are accompanied by a reduction in mesostriatal 

projection neurons

• Mir363-3p attenuates depressive-like behaviors, preserves mesostriatal 

projections and elevates BDNF levels
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Fig 1: 
Experimental timeline of behavioral tests in relation to stroke (MCAo): MCAo is 

demarcated as 0d (day 0). All animals were injected with Fluorogold (Flg) after the last test 

and terminated 5 days later. ATRT: Adhesive Tape Removal Test; FST: Forced Swim Test; 

SI: MCAo: Middle Cerebral Artery occlusion; NORT: Novel Object Recognition Test; 

Social Interaction test.
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Fig 2: 
Assessment of stroke-associated sensorimotor impairment: Histogram depicts mean±SEM 

of the latency (in seconds) to remove an adhesive tape from the forepaw of the limb 

contralateral to the ischemic hemisphere. This test was performed before (Pre) and at 2, 5, 

60 and 100d after stroke. Key: #: p<0.05, comparison of the group with its baseline levels; *: 

p<0.05, comparison of treated vs control groups at the same time point. ns: not significant.
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Fig 3: 
T-maze cost/benefit task Test: Stroke and sham animals, treated with either scrambled oligos 

or mir363-3p, were assessed on this test prior (Pre) to stroke (or sham) surgery and 30d, 60d, 

98d after stroke. Histogram depicts mean±SEM % preference for the high barrier/high 

reward high. Key: *: p<0.05, comparison of treated vs control groups at the same time point. 

ns: not significant.
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Fig 4: 
Social Interaction test: Stroke and sham animals, treated with either scrambled oligos or 

mir363-3p, were tested for social interaction with a conspecific stranger prior (pre) and 100d 

after stroke. Histogram depicts mean±SEM time spent with the conspecific. Key: *: p<0.05, 

comparison of the group with its baseline levels.
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Fig 5: 
Forced Swim Test: Stroke and sham animals, treated with either scrambled oligo or 

mir363-3p, were tested for immobility in the Forced Swim Test. Histogram depicts the mean

±SEM amount of time spent immobile. *:p<0.05, comparison of the group with its baseline 

levels; ns: not significant.
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Fig 6: 
Locomotion, motor strength and cognitive changes at 3+ months (99d) after stroke: (A) 

Locomotor impairment was assessed by the total number of beam breaks and beam breaks in 

the center in an open field apparatus. (A) The total number of beam breaks was no different 

between sham or MCAo groups treated with either scrambled oligos or MCAo+mir363-3p 

at 99d after stroke. (B) The percent time spent in the center of the open field was not 

different in any of the groups. (C) Motor impairment was tested using the grip strength 

meter. The peak tension force for forelimb grip was no different between the sham or MCAo 

groups treated with either scrambled oligos or MCAo+mir363-3p at 99d after stroke. (D) 

Novel Object Recognition: Novel object recognition test was used to assess loss of cognitive 

capacity. All groups showed a greater preference (>50%; dotted line) for the novel object 

than the familiar object and were statistically no different from each other.
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Fig 7: 
Time course of cytokine and neurotrophin expression after stroke: Circulating levels of IL-6 

(A) and TNF-alpha (B) were significantly elevated at 30d after MCAo as compared to 

baseline in the MCAo+scrambled group, but not the MCAo+mir363-3p treated animals. By 

100d after stroke, both cytokines returned to baseline levels. C) Circulating BDNF levels 

decreased at 60 and 100d after stroke compared to 30d after stroke in the MCAo+scrambled 

group. In the MCAo+mir363-3p treated group, BDNF levels decreased at 60d compared to 

30 days after stroke but returned to 30d levels by 100d after stroke. *: p<0.05; ns: not 

significant.
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Fig 8: 
Assessment of the mesostriatal pathway at 3+ months (107d) after stroke: A) 

Photomicrograph depicting bilateral injections of Fluorogold into the striatum. The outline 

of the brain and key landmarks are shown in stippled yellow. B) The rostrocaudal extent of 

Fluorogold dye was similar in both hemispheres and in both groups, indicating similar 

amount of dye at the target site. C) Fluorogold labeling of SNc and VTA neurons: 

Photomicrograph of a coronal section depicting Flg-labeled neurons in the VTA and SNC 

from the MCAo+scrambled group (Ci) and MCAo+mir363-3p treated group (Cii). Boxed 

area in each image is shown in higher magnification below. D) Histogram depicts mean 

(±SEM) number of Flg-labeled cells in SNc and VTA in the ischemic and non-ischemic 

hemisphere. *: p<0.05, ns: not significant. Single red asterisk: Lateral ventricle, double red 

asterisk: Corpus callosum
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