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ABSTRACT 

Nagarajan, Devipriyanka. M.S., Microbiology and Immunology, Wright State University, 

2016. Correlating Innate Functional Recovery from Stroke either With Stem Cell 

Proliferation and/or Limb Rehabilitation.   

 

In the present study 10-12 month female rats were examined for functional 

recovery from stroke and this recovery was compared with the stem cell/progenitor cell 

proliferation in the brain (which was measured by Ki67). The cell proliferation indicated 

by Ki67 showed a 6 fold increase in control animals compared to the rehabilitation 

animals. The contralateral functional recovery in control animals were 46.6% and in the 

rehabilitation animals were 24.5%. 

The physical rehabilitation was carried out to determine if limb rehabilitation can 

promote greater functional recovery. The results showed that when the animals were 

made to over use their impaired limb compared to non-impaired limb, they experienced 

physical stress that decreased the stem cell/progenitor cell proliferation in the 

subventricular zone. This is the first study which shows that increased physical stress 

(due to voluntary exercise) will decrease the Ki67 levels in the subventricular zone in 

animals after ischemic stroke. 
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I.  INTRODUCTION 

1.1 STROKE 

Stroke is considered the fourth leading cause of death in the world (1), with one 

out of every nineteen individuals dying because of stroke (2). Stroke is a primary cause of 

long term disability (2) and is said to affect/damage the arteries leading to the brain and 

the arteries within the brain (3). 

Stroke is the fifth leading cause of death in the United States of America. Nearly 

795,000 Americans suffer from new or recurrent stroke every year (4) . Stroke occurs 

every 40 seconds in the United States (6) and it kills about 129,000 a year (approximately 

60% females). It is also the leading cause of adult disability (4).  

Stroke risk factors can be high blood pressure , Diabetes Mellitus, disorders of 

heart rhythm, high blood cholesterol and other lipids , smoking / tobacco use, physical 

inactivity, nutrition and family history and genetics, as well as chronic kidney disease (4) 

. 

1.2 TYPES OF STROKE 

There are two major types of stroke: ischemic and hemorrhagic. Ischemic stroke 

occurs when the blood supply leading to the brain gets blocked, due to the blood in the 

vessel clotting. When this happens, the brain is deprived of blood and oxygen, therefore 

cells in the brain die (3).  
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Stroke-enabling clot formation occurs following the deposition of fatty acids 

(cholesterol), calcium and cellular waste products inside arteries. These settling substance 

are termed as plaque and results in the hardening and narrowing of the blood vessel 

(arteries) which is called Atherosclerosis. The blockage by a clot of the brain’s blood 

vessels which are atherosclerotic is called cerebral thrombosis (3). 

When a portion of clot breaks from the blood clots that have formed at other 

locations (arteries of upper chest, neck or heart), it travels through the bloodstream and 

reaches the brain blood vessels and blocks the blood supply. This is called as cerebral 

embolism. Embolism can also be caused due to atrial fibrillation (irregular heartbeat). 

Cerebral embolism and thrombosis are two types of ischemic stroke (3). 

Thirteen percent of stroke cases are hemorrhagic stroke which includes 

intracerebral hemorrhagic stroke (10%) and sub arachnoid hemorrhagic stroke (3%) (5). 

The weakening of the artery’s walls and bulging of the arteries is called an aneurysm. 

When these weakened arteries rupture, they burst and bleed in the tissue deep within the 

brain surface, then they are said to be intracerebral hemorrhagic stroke. The blood 

accumulation in the surrounding brain causes compression of the surrounding tissues 

there (6). Sudden increases in the blood within the brain cause pressure to be built up, 

which causes unconsciousness and death in severe cases (7). Subarachnoid hemorrhage is 

when the bleeding occurs from rupture of a surface artery, so the blood fills the space 

between the skull and the brain (3) 

The Transient Ischemic Attack (TIA) is caused due to a temporary clot and it 

causes minor damage to the brain. This might lead to full stroke, if it is left untreated (3). 

People suffering from TIA are at higher risk of having a stroke (8). 
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1.3 RISK FACTORS SPECIFIC TO WOMEN 

Women are more prone to suffer a stroke than men, and they seem to be 

approximately four years older at the time of their first stroke compared to men (9). In US 

approximately 55,000 more women have a stroke than number of men who are affected 

by stroke (10). Also women with Atrial Fibrillation (AF) are at higher risk of stroke 

occurrence than men (11-15). Women who use replacement estrogen and progestin 

during menopause, also seem to be at higher risk of getting a stroke (16). Data from 

Framingham Heart Study say that women with early menopause (before 42 years) have 

twice the risk of having a stroke (17). Females who use low-estrogen-dose oral 

contraceptives have a 93% increased chances of getting an ischemic stroke compared to 

women who do not take oral contraceptives (18, 19).  

1.4 ISCHEMIC STROKE TREATMENT  

Nearly two million brain cells die each minute, in a untreated stroke (6). About 

87% of stroke cases are of ischemic stroke.  So far the only successful treatment for 

ischemic stroke has been the tPA (Tissue plasminogen activator). It is the only drug 

approved by Food and Drug Administration (FDA) and it is administered intravenously 

into arm. tPA is an enzyme and it functions in the breakdown of fibrin in blood clots (20), 

tPA was approved in the year 1996 for stroke treatment (21). But, tPA can be only given 

to the patients within the first three to four hours after stroke onset, otherwise it would 

cause a bleeding in the brain (22). For that reason, many patients do not get to the 

hospital soon enough for this treatment. 

Mechanical thrombectomy is another alternative method to the tPA treatment, 

where a stent retriever is inserted into the groin arteries via catheter to the blocked up 
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brain clot, the stent will engulf the clot and stent is removed from the body with trapped 

clot (6). This technique must be performed within six hours of stroke occurance and the 

mechanical thrombectomy can be performed only after performing the tPA treatment 

(23). 

1.5 NEUROGENESIS 

Aging occurs concomitantly with alterations in the physiology and plasticity of 

neurons in brain (i.e. decrease in dendritic synapses or loss of synaptic plasticity) (24), 

increase in oxidative stress (25) and increase in pro-inflammatory cytokines (26). Such 

factors influence majority of neurodegenerative diseases (27). Neurogenesis refers to the 

production of new neurons from stem/progenitor cells in the subventricular zone (SVZ) 

of the lateral brain ventricles and the sub granular zone (SGZ) of the hippocampus (28).  

Neurogenesis can be altered by factors like drugs (29), exercise (30-32), 

environmental enrichment (30, 33), learning and stress (psychosocial and physical stress) 

(34-36). Stress and aging downregulated neurogenesis. Subventricular zone and 

subgranular zone are considered as two crucial stem cell locations or neurogenic niches 

in brain. A decrease in adult neurogenesis may cause disorders like Alzhemier’s disease, 

Parkinson’s disease and dementia. Researchers suggest aging could be a stem cell 

disorder, as a decrease in the proliferation of stem cell was observed during aging (37, 

38) 

 Stroke can trigger the striatal neurogenesis (measured by Ki67 expression in SVZ 

and DCX (striatum)) in older rats (39). Stroke has the ability to trigger neurogenesis not 

only in the neurogenic niches but allow these migrating neuroblasts to reach the injury 

site due to increased growth factors in the injured region of the brain  (39). 
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1.6 Ki67 

     Ki67 a nuclear protein which is used as marker for cell proliferation. It has also 

been called Antigen Ki67 in humans: at interphase it is seen within the nucleus and at the 

mitosis stage it would be seen at the surface of the chromosomes (40). Ki67 is present in 

cell division phases of G1, S, G2 and mitosis. Cells in G0 phase do not express it (41). 

For staining purpose, Ki67 antibody reacts with nuclear structure of the proliferating cells 

alone (40), so it is a very good marker for stem/progenitor cell proliferation in the brain.  

1.7 REHABILITATION POST STROKE 

     Functional deficits occurs when there is ischemic injury within the motor 

cortex, which greatly impairs routine life of patients (42). Patients with ischemic stroke 

show varied neurological deficits, which primarily depend on the location and size of the 

brain injury (42). Injuries in the motor cortex would result in functional deficits in the 

limbs (motor impairments) and it could potentially be shattering as they affect routine 

tasks like dressing, eating, drinking, using the bathroom, showering, shopping, 

transportation, and writing (42-45). Rehabilitation is important as it helps in the 

restoration of movement, stability and its co-ordination (46) Stroke physicians generally 

recommend rehabilitation therapies to maintain physical independence post stroke (47). 

A study also shows that rehabilitation therapy at an early stage post stroke (24-72 hours) 

have greater effects (48). It also might enhance self-esteem as the patient relearns basic 

skills impaired due to stroke (49). Rehabilitation post stroke has been seen as an effective 

therapy for stroke patients  with varying degrees of severity(50). 
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The enlargement of ischemic injury may be also prevented by exercise (51, 52). 

Exercise at the early stage also can suppress pro inflammatory response (53) or increase 

angiogenesis in ischemic injury site (54). Exercises are also said to regulate BDNF (brain 

derived neurotrophic factor) expression (55). BDNF is a growth factor which supports 

growth and survival of neurons (56), stimulation of neurogenesis (57), learning and 

memory (58-60) promotion of neuroplasticity (61). 

 

1.8 HYPOTHESES 

1. Functional recovery from stroke will be correlated with stem cell/ progenitor cell 

proliferation (measured by Ki67) in the Subventricular zone. 

2. Rehabilitation of impaired limb will lead to greater functional recovery. 

1.8.1 Specific Aims: 

 

1. Analyze the effect of limb rehabilitation on stem cell/ progenitor cell proliferation 

(Ki67 staining) and overall functional recovery, measured with Montoya 

Staircase. 

A larger population of women (aged) than men suffer from stroke and these 

studies are focused on older female rats who have undergone stroke. This study will 

examine the functional recovery from stroke and compare it with the stem cell/ 

progenitor cell proliferation in the brain, which will be measured using the Ki67 as a 

marker. These animals are not treated with any sort of drugs in the pre stroke and post 

stroke period. We measured stem/progenitor cell proliferation in the Subventricular zone 

as it is closest to the actual infarct produced in the forelimb motor cortex. An ischemic 
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stroke has the ability to trigger neurogenesis, which we hypothesized will promote 

functional recovery. From numerous stroke studies in the literature (22, 62-64), we also 

hypothesize the greater functional recovery can be achieved when there is physical 

rehabilitation treatment post stroke. 
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II.MATERIALS AND METHODS 

 

All the protocols mentioned here were done with the guidelines provided by Wright 

State University Institutional Animal care and use committee (IACUC). 

Twenty four Sprague Dawley female retired breeder rats of 10-12 months of age 

were used for the study. The weight of the rats was recorded before the start of the protocols 

and each week thereafter. 

2.1 PRE-STROKE TRAINING 

 Montoya staircase was used for Pre-stroke training. It is used to evaluate the 

independent use of forelimbs in skilled reaching and grasping tasks(65). Sucrose pellets 

are placed on the staircase and presented bilaterally at seven graded steps of reaching 

difficulty to provide objective measures of side bias, grasping skill and maximum 

forelimb extension (65). Three sucrose pellets were placed on each step in the staircase. 

Thus the staircase on each side of the platform which supports the rat’s body had 21 

pellets. Some of the pellets were coated with maple extract. Each rat was trained for 15 

minutes daily for one and half weeks during the dark cycle pre-stroke (66). Training data 

(number of pellets retrieved by each paw) were recorded to determine the pre-stroke 

function. The sucrose pellets collected by each forepaw were recorded and the total 

highest number of pellets achieved during the last three trials was considered as the pre-
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stroke function. The animals should at least have the ability to pick up nine pellets to be 

considered for the post stroke analysis (22) 

 

Figure 1: Image showing Montoya Staircase Setup 

2.2 DIET RESTRICTION 

The rats were placed on restricted diet to optimize the Montoya staircase results 

during the pre-stroke Training and post stroke testing. The diet was restricted to 15% of 

their normal intake. In general rats only lost about five to ten percent of their body weight  

(65) during the pre-stroke training and suffered no significant loss of weight during the 

post stroke testing. 

2.3 INTIAL RESPONSE TO REHABILITATION SHELVES 

Shelves which contained about 10-12 grams of peanut butter were hung outside 

the rat cages, to the left side of an opening at the front of the cage as one faces the cage, 

or to the right side of the opening as the rat faces the opening. The shelf was positioned in 

such a way that the rat could use only the left forelimb (which would be impaired after 
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stroke surgery) to consume the peanut butter. Animals which consumed peanut butter 

were considered for the rehabilitation study. 

2.4 STROKE INDUCTION 

All rats in the study had a stroke surgery (Animal approval protocol: AUP 1015). 

The surgery was carried out with the help of the stereotactic apparatus using non-

traumatic ear bars (Stoelting Co., USA) (22, 67). The stereotactic apparatus helps to align 

the microdrill tip with bregma position on the skull, which is necessary to determine the 

co-ordinates of the forelimb motor cortex (68). Initially the rats were placed in a closed 

plexi-glass chamber which we supplied with five percent of isoflurane to induce 

anesthesia. The animal was removed from the glass chamber and its head was shaven, 

then was quickly placed on the stereotactic apparatus, its head was stabilized using the 

non-traumatic ear bars and tooth hold and was supplied with approximately 2.5% of 

isoflurane during the surgery through an anesthesia mask. To determine if animal had 

reached a surgical plane of anesthesia its foot or tail was pinched (in a surgical plane of 

anesthesia there is no response to pain). Puralube® was applied on the animal's eyes to 

keep them hydrated/moist throughout the surgical procedure. Povidone Iodine was used 

to clean the incision site, it was followed by 70% ethanol and once again by povidone 

iodine to maintain sterility at incision site. An incision was made on the scrubbed region 

of the shaven head and few drops of bupivacaine (analgesic) was applied on the incision 

edges. Bupivacaine will numb the region up to twelve hours. Blood and fascia were 

removed from the incision site until the skull was fully exposed. Bregma was located on 

the skull and marked using a fine point marker (22). Stereotactic apparatus was used to 

determine the bregma co-ordinates. The forelimb motor cortex location on the right 
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hemisphere of the brain was calculated using bregma co-ordinates (68). The two 

locations are shown in the table, where the first hole is located at the edge of the forelimb 

motor cortex and the second hold is directly in the center of the forelimb motor cortex.  

Table 1: Stroke induction co-ordinates. AP refers to Anterior-Posterior and ML refers to Medial 

Lateral 

 AP Position from Bregma ML Position from Bregma 

First Hole 0 mm  2.5 mm 

Second Hole 1.5 mm 2.5 mm 

 

A micro drill (0.7 mm diameter, Fine Science Tools. Foster City, CA) was used to 

drill holes at the two positions. The site was cleared of the bone dust, and a Hamilton 

syringe with three micro liters of endothelin was positioned on the stereotactic apparatus. 

The syringe was positioned in the hole, a depth of two millimeter (69). Each of the holes 

were injected with about 1.5 micro liters of the endothelin. The endothelin-1 

(Human/Porcine, EMD Chemicals; 400 pmoles/microliter) was injected very slowly, 

about 0.1 microliter (69) for every ten exhalations. After endothelin administration, the 

surgical site was sutured (Vicryl absorbable sutures) and povidone iodine was applied on 

the incision site (to avoid microbial contamination). The animal was injected 

subcutaneously with 2 ml of saline and the anesthesia supply was cut off but oxygen flow 

was left on until the animal regained consciousness. The animal's tail was pinched at 

intervals to determine if the animal was leaving the surgical plane of anesthesia. When 

the animal woke, the anesthesia mask was taken off and the animal was put back in its 

cage, on a heating pad, until full locomotion was observed, at which time it was returned 



12 
 

to its normal housing area. The animal was given moist chow for three post stroke days 

and normal chow after that (22).  

2.5 POST STROKE TREATMENT 

The rats were given 4 grams of Pillisbury sugar cookie dough daily for sixty days 

(vehicle control) (62). The rat weights were recorded once a week. They were fed with 

rat chow daily, restricted only during the Montoya Staircase testing intervals (3 day 

periods) at various times post stroke. 

2.6 REHABILITATION SHELVES 

The animals that were selected for rehabilitation (see page 9) were given about 

12-14 grams of peanut butter on a hanging shelf, every other night beginning 8 days post 

stroke. The shelves were hung in such a way that the animals could use only their 

contralateral forelimb (left limb) to consume the peanut butter. Next morning, the amount 

of peanut butter consumed by the animal was measured and recorded. Rehabilitation 

continued over a total period of about fifty two days. The number of arm swipes the rat 

performed to get the peanut butter was also calculated to determine number of times the 

animal used its forelimb to reach the peanut butter. For this measurement, we weighed 

the peanut butter on the shelf before hanging it, and then waited until the rat had 

performed 5, 10, 15 or 20 arm swipes across the peanut butter in the shelf, and then 

reweighed the shelf with peanut butter to determine how much peanut butter an animal 

would obtain in a single swipe (average calculation). For example, if an animal ate 0.20 

grams of peanut butter with 20 arm swipes, then each arm swipe obtained a mean of 0.01 
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grams of peanut butter for that animal. We obtained values from at least ten rats to 

determine the mean amount of peanut butter obtained per arm swipe. 

2.7 POST STROKE FUNCTIONAL TESTING 

Montoya staircase testing was performed on post stroke days 3-5, 28-30 and 58-

60. The functional test on post stroke day 3-5 is carried out to determine the baseline 

deficit following the stroke and the rest of the days to determine the functional recovery 

post stroke. The animal's baseline deficit can be calculated as below 

The Montoya staircase was performed on post stroke day 3, 4, 5 and to identify if 

the animals that underwent the stroke surgery had a motor deficit or not. The Baseline 

Function pre stroke for the left and right forepaw was obtained from the highest amount 

of total pellets obtained in the last three days of pre-stroke training. For example, if the 

animal retrieved 13L, 15R one day, 14L, 15R the next day and 12L, 18R the final day, 

then the pre-stroke baseline function for the left would be 12 pellets and the baseline 

function for the right would be 18 pellets. The contralateral and ipsilateral function were 

recorded and the functional deficit was calculated accordingly. 

The contralateral and ipsilateral function were calculated by the following way: 

 

contralateral function = 
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑒𝑙𝑙𝑒𝑡𝑠  𝑃𝑆𝐷3

Baseline Function ( Left )
 

 

ipsilateral function = 
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑒𝑙𝑙𝑒𝑡𝑠  𝑃𝑆𝐷3

Baseline Function ( Right )
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              Contralateral Deficit = 1 − contralateral function 

 

Ipsilateral Deficit = 1 − ipsilateral function 

Total Deficit = contralateral function + Ipsilateral function 

 

 𝟐. 𝟕. 𝟏Functional Recovery Calculation for Post stroke days 30 and 60: 

For Post stroke day 30 

Contralateral Recovery 

=  Contralateral function ( PSD 30 ) –  Contralateral function ( PSD 3 ) 

Ipsilateral Recovery =  Ipsilateral function ( PSD 30 ) –  Ipsilateral function ( PSD 3 ) 

Total Recovery =  Contralateral Recovery +  Ipsilateral Recovery 

For Post stroke day 60  

Contralateral Recovery 

=  Contralateral function ( PSD 60 ) –  Contralateral function ( PSD 3 )  

Ipsilateral Recovery =  Ipsilateral function ( PSD 60 ) –  Contralateral function ( PSD 3 ) 

Total Recovery =  Contralateral Recovery +  Ipsilateral Recovery  

Contralateral refers to the side affected by stroke (Left side) or the opposite side 

from where the stroke was induced and ipsilateral refers to the paw on the same side that 

the stroke was induced. The right forepaw would be controlled by the left hemisphere, 

which did not have a stroke, so we do not normally see any functional deficit on this side. 
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2.8 EUTHANIZATION 

Sixty days post stroke the animals were euthanized. The animals were injected ip 

with euthasol (100mg/kg i.p pentobarbital) and the cardio-perfusion was carried out when 

the animal reached the surgical plane of anesthesia. The Cardio-perfusion was carried out 

to get rid of the blood from the animal's whole body by flushing it with phosphate 

buffered solution through a catheter in the left ventricle, allowing the blood to leave the 

body through a cut in the right atria. It was followed by 4% paraformaldehyde in 

phosphate buffered saline to fix the tissues. The rat's head was decapitated and brain 

dissected, and the brain coronally blocked and stored in the 4% paraformaldehyde 

solution overnight. Twenty four hours later the brain was removed from 

paraformaldehyde and stored in 30% sucrose solution for three days (67) to prepare it for 

cutting on a cryostat. 

2.9 CRYOSECTIONING OF BRAIN TISSUE 

The brain tissues were removed from sucrose solution and they were prepared for 

cryo-sectioning using OCT (Optimal cutting temperature) compound on a stage in 

combination with a freezing peltier device. Thirty minutes were given for the tissue to 

reach a frozen state and also to let the tissue temperature match with that of the chamber 

temperature (-25 degrees Centrigrade) of the cryostat.  The tissue was then placed in the 

pedestal support and sliced coronally (50 µm thickness). The sliced sections were 

collected starting before the infarct appeared and stopped when the infarct disappeared. 

The slices were collected in four vials and stored in Phosphate buffer solution. The vials 
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were numbered 1, 2, 3 and 4 and they were labelled as infarct, Ki67, Doublecortin (DCX) 

and control antibody staining (minus primary antibody) respectively. 

2.10 Ki67 ANTIBODY STAINING 

For the Ki67 antibody staining, the phosphate buffered saline solution (PBS) in 

the vials was removed and 1.5 milliliters of blocking solution (PBS with 0.3% tween and 

3% goat serum) were added to the vials and incubated for one hour. Then about of 1:750 

dilution (2µL) of  AbCam anti-Ki67 ab15580 GR181198-1 (rabbit anti-Ki67 primary 

antibody) was added to the Ki67 vial and incubated overnight in cold (5°C) and dark 

room, nothing was added to the control vial and it was just left with the blocking solution 

and incubated overnight in cold dark room. Sixteen hours later the vials were brought 

back to room temperature, the blocking solution and unbound antibody was removed 

from the Ki67 vial and washed thrice with PBS-Tween. To the Ki67 vial, 1.5 mL of 

blocking solution was added, followed by addition of 7.5 µL of biotinylated secondary 

antibody (goat-anti-rabbit IgG) from Vector ABC kit to both the vials (Ki67 and Ki67 

control). The vials were incubated for one hour and then washed thrice with phosphate 

buffer solution and replaced with 1.5mL of ABC reagent (Avidin, and biotinylated goat 

anti rabbit IgG labelled with horse-radish peroxidase) was incubated for forty five 

minutes and then removed, and washed twice with PBS-Tween. Finally, the DAB 

substrate was added and the reaction was stopped with water after 10 minutes of 

development. We then replaced this solution with phosphate buffered saline solution. 
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2.11 TISSUE MOUNTING 

The vials containing stained tissue slices were emptied into a petri-dish containing 

PBS. A thin tip paint brush was used to mount the coronal brain slices onto gel coated 

slides. About 4-5 slices were mounted in a slide. We tried to make sure that the slices 

were not folded or damaged. After the tissues were dry, DPX mountant was put over the 

slices and a coverslip was placed on top to cover and pushed down until all sections were 

covered with the mountant (Sigma- Aldrich). 

2.12 IMAGE ANALYSIS 

The slides were observed under the bright field microscope (40X total; 4X 

objective and 10X ocular) to spot Ki67 antibody staining along the sub ventricular zone, 

which was a dark staining. On identification of the Ki67 antibody staining in the slices, 

digital pictures were taken and saved with respect to rat's identification number, position 

on a particular numbered slide, and condition for staining ( Ki67 staining or control)   

The Ki67 antibody staining area was estimated by using image J software and a 

calibration scale for each microscope used. We first set the calibration scale for the 

microscope picture (number of pixles per mm), then adjusted the threshold until only the 

Ki67 staining was highlighted. We then saved the mask of Ki67 staining and measured it 

with a free-hand tool, enabling us to remove any extraneous dots. 

2.13 STATISTICAL ANALYSIS 

Graph pad prism 6 software was used to determine the statistical difference 

between the groups. Statistical methods used include T test (Welch’s correction for 
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unequal variances), linear regression, correlation analysis, two way ANOVA and 

contingency tests.  
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III. RESULTS 

There were twenty four initial animals in the following study and they were 

grouped as control with rehabilitation and control without rehabilitation. Table 2 shows 

number of animals in each of the groups. 

All twenty four animals were given ischemic stroke which was induced by 

endothelin-1 (a powerful vasoconstrictor). The surgery was successful and all the animals 

survived post stroke except for one animal in the control with rehabilitation group. 

Control without Rehabilitation animals are represented as Control and the control with 

Rehabilitation animals are represented as Rehab or Rehabilitation.  

Table 2: Showing number of animals in each groups 

 Control without 

Rehabilitation 

(CONTROL) 

Control with Rehabilitation 

(REHAB) 

Number of animals  12 12 

Number of animals after 

surgery  

12 11 
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3.1 RAT WEIGHTS 

3.1.1 Pre Stroke Rat Weight Analysis: 

We recorded the animals’ weight from the beginning of the study (5/31) until the 

rats were sacrificed (7/20).  The two group weights were compared statistically using a T 

test (Welch’s correction for unequal variance). We started recording the rats’ weight from 

pre stroke (5/31) and until post stroke day 60. The rats’ initial weight can be seen below, 

which shows the rat weight comparison between two groups at pre stroke period. 

 

Figure 2: Comparison of rat weights at pre stroke period. The x axis denotes two groups: control 

animals (red bar, n=12) and rehabilitation animals (green bar; n=12). The y axis denotes the rat 

weights in grams. The statistical comparison was performed using T test (with Welch’s correction 

for unequal variance) and was significantly different (P=0.021). Columns show mean weights for 

each group and error bars represent standard error of mean (SEM) 
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From the figure 2 we can observe that there is a significant difference (P=0.021) 

between two groups. The mean ±SEM for control was 341.6 ± 6.277 grams and rehab 

was 318.9 ± 6.577 grams. The animal grouping was chosen upon their ability to eat the 

peanut butter in a test pre-stroke. Animals which consumed large quantities of peanut 

butter were considered for rehabilitation procedure. It was just unfortunate that in the 

initial weight recordings, rehabilitation animals weighed lesser than the control animals. 

It might have also been due to animal’s appetite. The animals that weighed less were not 

eating enough rat chow, hence they were hungry all the time and ate more of peanut 

butter. The grouping was actually made only after the initial weight recordings, but were 

not based on the animal’s weight. 
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3.1.2 Post Stroke Rat Weight Analysis: 

Figure 3 shows the final weight recording (7/20) of the animals before they were 

sacrificed. It was recorded to determine, if there were any weight gain or significant 

differences between two groups due to peanut butter consumption in the rehabilitation 

group. 

   

Figure 3: Comparison of rat weights in both groups at post stroke day 60. The x axis denotes two 

groups: control (red bar; n=12) and rehabilitation animals (green bar; n=11). The y axis denotes 

the rat weights in grams. The statistical comparison was performed using T test (Welch's 

correction) and showed no statistical difference. Column show mean weights for each group and 

error bars represent SEM. 

 

There was no significant difference (P=0.087) between two groups at the end of 

this study (Figure 3). The mean ±SEM for control was 356.3 ± 7.354 grams and rehab 

was 339.6 ± 5.578 grams. The mean weights of the animals in the two groups at post 
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stroke day 60 did not differ significantly. Thus, initial significant weight difference seen 

in Figure 2 was abolished over time.  

3.1.3 Comparison of Initial Rat Weight and Final Rat Weight: 

 

 

Figure 4: Comparison of initial rat weight and final rat weight. The x axis denotes two groups 

change over time: control animals pre stroke weight ( red bar; n=12 ) , rehabilitation animals pre 

stroke weight ( green bar; n=12 ) , control animals post stroke weight ( red striped bar; n=12) and 

rehabilitation animals post stroke weight ( green striped bar; n=11 ). The y axis denotes the rat 

weight in grams. A repeated measures 2-way ANOVA was performed to determine the statistical 

differences. Columns show mean weights for each group and error bars represent standard error 

of mean (SEM). An asterix (*) denote P=0.035 and double asterix (**) denote P<0.001. 

 

In Figure 4 the initial rat weight (5/31) and the final rat weight (7/20) were 

compared for the two groups. The figure shows that there is a high statistical difference 

(P<0.001) between weights with respect to time periods, and also a statistically 
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significant difference between the groups at the initial weighing period (P=0.035). Thus 

all of animals gained significant weight over the period of study. 

3.1.4 Control Animals Weight History: 

 

Figure 5: Weight changes in control animals over time in x axis. Each of the patterned red bar 

(n=12) denote different time points. The y axis denote rat weights in grams. A one way ANOVA 

was done. Column show mean weights for each group and error bars represent standard error of 

mean. 

 

As shown in Figure 5 the weights measured weekly over a period of 60 days. The 

animals showed no significant difference (P=0.6411) in their weights over the time 

period. Thus the control animals’ weights were stable and there was no major weight loss 

following the stroke surgery. It also shows that the animal was not over eating and the 

diet restriction during the Montoya staircase testing had little effect on the animals’ 

weight. 
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3.1.5 Rehabilitation Animals Weight History: 

 

Figure 6: Rehabilitation animals weight history from pre stroke period until the rats were 

sacrificed. The x axis denote the rehabilitation animal weight change over time. Each of the 

patterned green bar (5/31, n=12; 6/7 through 7/20, n=11) denote different time points. The y axis 

denotes rat weights in grams. A one way ANOVA was done. Column show mean weights for 

each group and error bars represent standard error of mean. 

 

In the Figure 6 shows the rehabilitation animal weight history from the beginning 

of the study until the animals were sacrificed sixty days later. We can see a significant 

difference (P=0.028) in animal weights in this group over a period of time. Initially the 

animals weighed less and they started increasing over time period until they stabilized. 

This shows that the animals which weighed less initially compared to the control group, 

gained weight by eating sufficient amount of rat chow and peanut butter. This has 

improved their diet. Alternatively the animals did not lose any weight post stroke, 

showing that diet restriction during the Montoya staircase has not affected the animals’ 

health. These rehabilitation animals had stroke surgery on 6/1, 6/2 and 6/3. A little weight 

loss can be observed between 5/31 and 6/7, which was presumably due to the stroke 
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surgery. And a gain in weight is seen from 6/22, which is after we started rehabilitation 

procedures. 

3.2 FUNCTIONAL RECOVERY ANALYSIS  

3.2.1 Pre Stroke Training: 

Twenty four animals were used for the pre-stroke functional training. The 

Montoya Staircase was performed to obtain pre-stroke function data for right and left 

forelimb. Each animal was trained for seven days for about fifteen minutes. The Number 

of pellets picked by each paw was recorded to determine the pre-stroke function of the 

animal and their best performance in the last three day of training was set as their 

baseline pre-stoke performance. The baseline pre-stroke performance was required to 

find out the animal's functional deficit and functional recovery in the post stroke period 

(see Post-stroke Functional Testing in Methods). 

3.2.2 Contralateral Function Analysis: 

Figure 7 includes data from four different time periods and the functional 

recovery of two groups have been statistically analyzed. A statistically difference is not 

seen between the groups, whereas a high significant difference is seen with respect to 

time (P < 0.0001). The statistically significant difference is seen between the pre stroke 

period and post stroke day 3-5.  
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Figure 7: Comparison of contralateral function over time between control animals and 

rehabilitation animals. The x axis denotes different time periods: pre stroke, post stroke days 3, 30 

and 60. The y axis denotes contralateral function; 1.0 = normalized pre stroke contralateral 

function. Two way ANOVA was done. 

 

In Figure 7 the pre stroke function is normalized to 1 for the contralateral side for 

both the groups. Pre stroke function serves as the baseline function. For post stroke day 

3-5 function, the contralateral function for control group was only 32% percent of the 

pre-stroke function and for the rehabilitation group, it was only about 45.45% percent. 

Thus animals now had at least a functional deficit of about 68% (control) to 54.55% 

(rehabilitation) following stroke induction, thus the endothelin injection has impaired the 

forelimb movement in the animals. This also indicates that hit the right co-ordinates 

(forelimb motor cortex) during the surgical stroke induction. At post stroke day 28-30, 

the animals have regained more than fifty percent of their contralateral function, which is 

an unusual result for our laboratory. We generally only see about an 11% recovery at this 
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stage, which leads us to question whether some animals in the control group might have 

been pre-menopausal (still have estrogen release). At post stroke day 58-60 the control 

animals had a contralateral function of about 78.6% and the rehabilitation animals had a 

contralateral function of about 70%. Therefore the functional recovery for the control 

animals were about 46.6% and for the rehabilitation animals the recovery was 24.5%. 

3.2.3 Ipsilateral Function Analysis:  

 

Figure 8: Comparison of ipsilateral function over time between control animals and rehabilitation 

animals. The x axis denotes different time periods: pre stroke, post stroke days 3-5, 28-30 and 58-

60. The y displays ipsilateral function; 1 = normalized pre stroke baseline. Two way ANOVA 

yielded a P value of 0.0559. The error bars represent standard error of mean. 

 

The ipsilateral function analysis of control and rehabilitation animals was 

preformed over a period of 60 days. Figure 8 has been plotted with the data from four 

different time periods and the ipsilateral functional recovery of two groups has been 
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statistically analyzed. No statistical difference is seen between the groups or respect to 

time. Pre stroke function is 1 which means 100% ipsilateral function normalized at pre-

stroke. At post stroke day 3-5, ipsilateral function is about 83.5% for control animals and 

92% for rehabilitation animals, which means that the animal’s ipsilateral side was not 

affected much with the surgery. The animals seem to have an ipsilateral deficit less than 

20% for both the groups. 

At post stroke day 28-30, we see a slight increase (94.7%) in the ipsilateral 

function of the control animals from the post stroke day 3-5. By post stroke day 58-60, 

we see ipsilateral function has almost reached pre stroke function (99.1%). With the 

rehabilitation animals the ipsilateral function remained the same (91%) from post stroke 

day 3-5 through post stroke day 58-60.   
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3.2.4 Total Functional Recovery Analysis: 

 

Figure 9: Comparison of total functional recovery over time between control animals and 

rehabilitation animals. The x axis denotes different time periods: post stroke days 30 and 60. The 

y axis displays total functional recovery; 1 = 100% function on one side so that 2 would equal 

100% functional recovery on both sides. Two way ANOVA was done. 

 

The total functional recovery for control and rehabilitation animals is shown in 

figure 9. We can see Figure 9 the total functional recovery from post stroke days 28-30 

and post stroke days 58-60 for control and rehabilitation animals. Here we see a 

significant difference (P < 0.0001) between the groups in their total functional recovery. 

In Figure 7 and 8, we have seen that the contralateral function and ipsilateral function did 

not show any sort of significant difference with respect to groups. By contrast, here we 

can see that the total functional recovery for the control animals is higher compared to the 

rehabilitation animals. The total functional recovery for the control animals has a slight 

increase from post stroke days 28-30 (59.1%) through post stroke days 58-60 (62.3%). 
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         In the rehabilitation animals, the recovery has diminished slightly (not significant) 

by post-stroke days 58-60. The total functional recovery on post stroke day 58-60 is 

much lower (32.27%) for rehab group compared to the control, which probably led to the 

statistical difference of P<0.001 in the 2-way ANOVA. 

3.2.5 Bilateral and Unilateral Deficit: 

 

Figure 10: A contingency test is done to statistically compare the proportion of animals in each 

group with a bilateral deficit following stroke surgery. The x axis denotes the different types of 

deficits: bilateral and unilateral deficit. The y axis displays the number of animals. Contingency 

table analyses P=1 (Fischer’s exact test), shows no statistical difference between groups. 

 

The animals that had either Bilateral or unilateral deficit at post stroke day 3 are 

shown in Figure 10. From the graph, we can see that three animals in each of the groups 

had bilateral deficit. Therefore out of twenty three animals, six animals suffered bilateral 

deficit at post stroke day 3.The rest of the animals (seventeen total with 9 in the control 

group and 8 in the Rehabilitation group) had a unilateral deficit. A contingency test with 

Fischer’s exact test was done to produce the graph showing a P=1(Figure 20). P value 
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signifies that bilateral deficit probably happened due to errors in the surgical procedures 

(endothelin injection probably damaged the corpus callosum). 

 

3.3 VOLUNTARY PHYSICAL REHABILITATION  

 

 

 

 

 

 

 

 

 

Figure 11: This Figure shows a rat swiping at the peanut butter in the hanging shelf using the left 

paw (contralateral forelimb) 

3.3.1 Peanut Butter Consumption: 

The amount of peanut butter (PB) eaten by each animals was recorded and 

averaged for each day. The peanut butter shelves were hung every other night, beginning 

on post stroke day 8, until post stroke day 52, when the rats were euthanized. Therefore 

the rehabilitation days totaled 23 days (the shelves were not hung during Montoya 

staircase post-stroke testing due to the restricted diets required during testing) 
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A linear regression analysis was done to determine the relationship between the 

amount of peanut butter eaten per day (average amount of peanut butter consumed per 

day by all the animals) and rehabilitation days. No significant difference (P = 0.1531; 

deviation from zero) was seen (Figure 12) and the r square value (R2 = 0.007436) was 

very low, which indicates the linear regression fit is not very good. The slope obtained 

was negative and the b intercept was 4.36, which implies as the number of rehab days 

increased the amount of peanut butter consumption decreased (Figure 12).

 

Figure 12: Graph showing amount of peanut butter consumed by all the rehabilitation animals 

throughout the rehabilitation period. The x axis denotes the rehabilitation days and the y axis 

displays the amount of peanut butter in grams. Error bars represent standard error of mean. 

 

3.3.2 Forelimb Swipes Analysis: 

We watched several animals to count the number of arm movements (up to 20 

swipes) in order, to determine the average amount of peanut butter eaten per arm swipe. 

We converted the total amount of peanut butter consumed by the animal into the number 

of arm swipes by each animal. Figure 13 shows a better correlation compared to the 
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previous result (Figure 12). The R square value was 0.2861, which indicates a 40 fold 

better fit than the previous figure, and the P value (0.0086) was highly significant, which 

indicated a significant deviation from zero. A linear regression analysis was performed, 

to determine the relationship between the number of swipes and rehab days. The slope 

obtained was negative and b intercept was 93.67, which shows that the arm swipes 

decreased as the number of rehab days increased (Figure 13).

 

Figure 13: Graph showing linear regression of number of arm swipes made by all the 

rehabilitation animals per day throughout the procedure. The x axis denotes the rehabilitation 

days and the y axis displays the number of arm swipes per day. Error bars represent standard error 

of mean. 

 

3.4 KI67 STAINING  

Around 2000 digital images were taken using the brightfield optical microscope at 

40X (4X objective and 10X ocular) magnification to identify the Ki67 staining along the 

sub ventricular zone of the lateral ventricles. Images from both the groups were taken and 

analyzed using the NIH image J software before the group identifiers were assigned, to 

prevent any bias in image analysis.  
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Figure 14: Image showing control Ki67 antibody staining in the control animal (minus primary 

antibody, plus secondary antibody). Image shows very little secondary antibody nonspecific 

binding 

 

Figure 15: Image showing positive Ki67 antibody staining in the control animal(plus primary 

antibody and plus secondary antibody) 

 

 

Figure 16: Image showing control Ki67 antibody (no primary antibody, plus secondary antibody) 

staining in rehab animals 
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Figure 17: Image showing positive Ki67 antibody (plus primary antibody, plus secondary 

antibody) staining in rehab animals. 

 

3.4.1 Estimation of Ki67 Antibody Staining in the Anterior Sub Ventricular Region 

Pictures of about 6-8 anterior coronal slices per animal were taken with the digital 

camera on the brightfield scope to obtain the Ki67 antibody staining in the anterior 

portion of the sub ventricular zone.  In the anterior Subventricular zone, the ventricles 

have a tear-drop shaped if they are open and we often see staining on both sides of the 

ventricle. In the full coronal sections below, we see a line of Ki67 staining in the left 

panel and tear- drop shaped openings in the right panel 

A)  
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B)  

C)  

Figure 18 (A-C): Images show Ki67 antibody staining in the anterior portion of the 

subventricular zone. 

 

 

 

A)                                                        B) 
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C) D) 

 

Figure 19: Images A and C show full coronal section of Ki67 antibody staining in the anterior 

portion of the subventricular zone. Images B and D show the corresponding image from rat brain 

atlas. 

 

The Ki67 area staining in the anterior sub ventricular zone for control animals and 

rehabilitation animals were compared statistically using T test (Welch’s correction for 

unequal variance). The Ki67 area for the control animals seems to be higher compared to 

the rehabilitation animals (Figure 20). The two values are significantly different (P = 

0.0114). The mean ±SEM for control was 0.03262 ± 0.008474 mm2 and rehab was 

0.006830 ± 0.001522 mm2 which indicates about 5 fold increase in stem cell 

proliferation. 
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Figure 20: Graph showing average Ki67 antibody staining in the anterior portion of the sub 

ventricular zone in the control and rehabilitation animals. Each of the red (control; n=12) and 

green (rehabilitation; n=11) dots represent a single animal. The x axis denotes two groups and the 

y axis displays the Ki67 area in mm2. The broad horizontal bar indicates the group mean and the 

error bars represent SEM. P=0.0114 using T-test with Welch’s correction for unequal variance. 

 

ROUT method when Q=1% was used to identify outliers for the data in the Figure 

20, the cleaned data removed two values from the control group. A graph was created 

after removing the outliers and t-test with Welch’s correction for unequal variance was 

performed (Figure 21). The data still remained significantly different (P=0.0142). The 

mean ±SEM for control was 0.0218 ± 0.004898 mm2 and rehab was 0.006830 ± 

0.001522 mm2 which indicates about 3 fold difference in stem cell proliferation. 
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Figure 21: Graph showing average Ki67 antibody staining in the anterior portion of the sub 

ventricular zone after removal of outliers in the control and rehabilitation animals. Each of the red 

(control; n=10) and green (rehabilitation; n=11) dots represent a single animal. The x axis denotes 

two groups and the y axis displays the Ki67 area in mm2. The broad horizontal bar indicates the 

group mean and the error bars represent SEM. P=0.0142 using T-test with Welch’s correction for 

unequal variance. 

 

3.4.2 Estimation of Ki67 Antibody Staining In the Middle Sub Ventricular Region 

             Pictures of about 5-8 coronal brain slices per animal were taken using the digital 

camera on the bright field scope, to obtain the Ki67 antibody staining in the middle sub 

ventricular zone. In this region, we see that the ventricles have completely opened up and 

the Ki67 antibody staining was seen predominantly seen on the side of the ventricle away 

from the midline (sub ventricular zone). Visibly the staining looked denser in the control 

animals compared to the rehabilitation animals. 
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 A)  

B)  

Figure 22: Images A and B show Ki67 antibody staining in the middle portion of the 

subventricular zone of the lateral ventricles 

A) B) 

   

Figure 23: Image A shows full coronal section of Ki67 antibody staining in the middle portion of 

the subventricular zone. Image B shows the corresponding image from rat brain atlas. 
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T test (Welch’s correction) was performed on the data to compare the average 

Ki67 antibody staining area in the middle Subventriular zone for the two treatment 

groups (control vs rehab). The total Ki67 staining area was statistically higher (P = 

0.0066) in the control animals compared to the rehabilitation animals (Figure 24). The 

mean ±SEM for control was 0.02671 ± 0.006445 mm2 and rehab was 0.004104 ± 

0.001058 mm2, which indicates about a 6 fold difference in stem cell proliferation. 

 

Figure 24: Graph showing average Ki67 antibody staining in the middle portion of the sub 

ventricular zone. Each of the red (control; n=10) and green (rehabilitation; n=11) dots represent a 

single animal. The x axis denotes the two groups and the y axis displays the Ki67 area in mm2.  

The broad horizontal bar indicates the group mean and the error bars represent SEM. P=0.0066 

using t-test with Welch’s correction for unequal variance. 
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ROUT method when Q=1% was used to identify outliers for the data in the Figure 

24, the cleaned data removed one animal from the control group. A graph was created 

after removing the outlier and t-test with Welch’s correction for unequal variance was 

performed (Figure 25). The data highly significant (P<0.0001). The mean ±SEM for 

control was 0.02054 ± 0.002072 mm2 and rehab was 0.004104 ± 0.001058 mm2, which 

shows about a fivefold difference in stem cell proliferation. 

 

Figure 25: Graph showing average Ki67 antibody staining in the middle portion of the sub 

ventricular zone after removal of outliers in the control group. Each of the red (control; n=9) and 

green (rehabilitation; n=11) dots represent a single animal. The x axis denotes the two groups and 

the y axis displays the Ki67 area in mm2.  The broad horizontal bar indicates the group mean and 

the error bars represent SEM. P<0.0001 using t-test with Welch’s correction for unequal variance. 

 

3.4.3 Estimation of Ki67 Antibody Staining In the Posterior Sub Ventricular Zone 

Pictures of around 3-5 coronal brain slices per animal were taken using the digital 

camera on the bright field scope, to obtain the Ki67 antibody staining in the posterior sub 

ventricular zone. In the posterior Subventricular zone, the Ki67 antibody staining is seen 
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only at one corner of the ventricle, away from the midline. Generally the Ki67 present in 

the posterior portion of the ventricles will be much reduced compared to that in the 

anterior and middle portion of the ventricles. 

 

A) B) 

 

Figure 26: Image A shows full coronal section of Ki67 antibody staining in the posterior region 

of the Subventricular zone. Image B shows the corresponding image from rat brain atlas. 

 

 The Ki67 area in both the groups are compared using T test (Welch’s correction). 

Significant difference (P = 0.0189) is seen between the groups in the presence of 

statistical outliers. The mean ±SEM for control was 0.01832 ± 0.005499 mm2 and rehab 

was 0.002583 ± 0.0007364 mm2. The controls animals have denser Ki67 antibody 

staining than the rehabilitation animals (Figure 27). 
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Figure 27: Graph showing the average Ki67 Antibody Staining in the posterior portion of the 

Sub Ventricular Zone. Each of the red (control; n=10) and green (Rehabilitation; n=11) dots 

represent a single animal. The X axis denotes two groups and the Y axis denotes Ki67 Area In 

mm2.The broad horizontal bar indicates the group mean and the error bars represent SEM. 

P=0.0189 using T-test with Welch’s correction for unequal variance.  

 

ROUT method when Q=1% was used to identify the outliers for the data in the 

Figure 27, one animal was removed from the control group. A graph was created after 

removing the outlier and t-test with Welch’s correction for unequal variance was 

performed (Figure 28). The data were highly significantly different (P=0.0022). The 

mean ±SEM for control was 0.01328 ± 0.002459 mm2 and rehab was 0.002583 ± 

0.0007364 mm2, reflecting approximately a 4 fold change in stem cell proliferation. 
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Figure 28: Graph showing the average Ki67 Antibody Staining in the posterior portion of the 

Sub Ventricular Zone after removal of the outlier from the control group. Each of the red 

(control; n=9) and green (Rehabilitation; n=11) dots represent a single animal. The X axis denotes 

two groups and the Y axis denotes Ki67 area in mm2.The broad horizontal bar indicates the 

group mean and the error bars represent SEM. P=0.0022 using T-test with Welch’s 

correction for unequal variance.  

 

3.4.4 Estimation of Overall Ki67 Antibody Staining 

In total there were about 18-21 coronal slices per animal to analyze. Overall 

average Ki67 staining area from anterior through posterior subventricular zone for two 

groups were compared statistically. T test (Welch’s correction) was used to compare the 

staining in the groups. The control animals had higher mean Ki67 area staining compared 

to the rehabilitation animals. They were highly significant having a P value of 0.0093 

(Figure 29). The mean ±SEM for control was 0.03031 ± 0.008021 mm2 and rehab was 

0.005035 ± 0.001161 mm2, indicating about a six-fold difference in stem cell 

proliferation. 
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Figure 29: Graph showing overall mean Ki67 antibody staining throughout the whole 

Sub-ventricular zone. Each of the red (control; n=12) and green (rehabilitation; n=11) 

dots represent the mean Ki67 staining from a single animal. The x axis denotes the 

groups and the y axis displays the Ki67 area in mm2. The broad horizontal bar indicates 

the group mean of the average Ki67 staining throughout the Subventricular zone and the 

error bars represent SEM. P=0.0093 using T-test with Welch’s correction for unequal 

variance. 

 

ROUT method when Q=1% was used to identify the outliers for the data in the 

Figure 29, the cleaned data removed two animals from the control group. A graph was 

created after removing the outlier and t-test with Welch’s correction for unequal variance 

was performed (Figure 30). The data was highly significant (P<0.0001). The mean ±SEM 

for control was 0.01896 ± 0.002228 mm2 and rehab was 0.005035 ± 0.001161 mm2, 
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indicating at least a 3 fold difference in stem cell proliferation.

 

Figure 30: Graph showing overall mean Ki67 antibody staining throughout the whole Sub-

ventricular zone after removal of outlier from the control group. Each of the red (control; n=10) 

and green (rehabilitation; n=11) dots represent the mean Ki67 staining from a single animal. The 

x axis denotes the groups and the y axis displays the Ki67 area in mm2. The broad horizontal bar 

indicates the group mean of the average Ki67 staining throughout the Subventricular zone and the 

error bars represent SEM. P<0.0001 using T-test with Welch’s correction for unequal variance. 

 

3.4.5 Anterior Versus Middle versus Posterior Sub-ventricular Zones. 

The average Ki67 antibody staining varies with each of the regions. This graph 

was analyzed using two way ANOVA. We statistically compare the mean Ki67 area in 

the three different Sub-ventricular zone regions (anterior, middle and posterior) for 

control and rehabilitation animals. Control animals have higher Ki67 area staining in all 

the three regions of the Subventricular zone. A two way ANOVA was performed on the 

data to produce the statistical differences. There is a statistical difference between the 

treatment groups but not with respect to the three different regions (Figure 31) within 
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each treatment group. The P value shows that a highly significant (P < 0.0001) difference 

between treatment groups.  

 

Figure 31: Graph showing the comparison between different regions of the sub ventricular zones 

for mean Ki67 staining. The x axis denotes different regions of the sub ventricular zones for 

control and rehabilitation groups. The y axis displays the mean Ki67 staining area in mm2. A two 

way ANOVA found a significant difference between treatment groups (control versus rehab) with 

P<0.0001. Error bars represent Standard error of mean (SEM). 

 

3.4.6 Correlating Total Functional Recovery and Ki67 Staining 

The total functional recovery data from the Montoya staircase test were correlated 

with the aveage Ki67 staining area, to determine if there is any correlation between the 

two quantities and also to see if the Ki67 staining (proliferation of stem/progenitor cells 

in the Subventricular zone) contributed in functional recovery. In the Figure 32, the total 

functional recovery (post-stroke days 58-60) and the Ki67 antibody staining for the 

control group were analyzed using the linear regression analysis. The R square value for 

the Anterior SVZ was 0.1054, Middle SVZ was 0.09311 and Posterior SVZ was 0.04211, 
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which indicates little correlation. The highest correlation was seen in the anterior SVZ 

with a positive slope. 

 

Figure 32: Graph comparing total functional recovery and the mean Ki67 staining from 

anterior SVZ, middle SVZ and posterior SVZ in control group. The x axis denote the 

total functional recovery from post stroke day 60. The y axis displays the mean Ki67 area 

in mm2. The dots represent each region of the sub ventricular zone: green circles (anterior 

SVZ), red squares (middle SVZ) and blue triangles (posterior SVZ) 

 

In the Figure 33, the total functional recovery from post stroke day 60 and the 

Ki67 antibody staining for the rehabilitation group has been correlated. Linear regression 

analysis was performed to obtain the graph (Figure 33). The R square value for the 

rehabilitation group were anterior SVZ 0.03638, middle SVZ 0.002853 and posterior 

SVZ 0.1397. The highest correlation was seen in the posterior SVZ. All of the linear 

regression had a negative slope for this treatment group. No correlation was seen between 

total functional recovery and Ki67 staining (Anterior, middle and posterior SVZ). 
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Figure 33: Graph comparing total functional recovery and mean Ki67 staining from anterior 

SVZ, middle SVZ and posterior SVZ for the rehabilitation group. The x axis denote the total 

functional recovery from post stroke day 60. The y axis displays the mean Ki67 area in mm2. The 

dots represent each region of the sub ventricular zone: green circles (Anterior SVZ), red squares 

(Middle SVZ) and blue triangles (Posterior SVZ). 

 

 

In the Figure 34, the overall mean Ki67 staining was compared with the total 

functional recovery from post stroke days 30 and 60. A linear regression analysis was 

performed to correlate the quantities. The R square values for control animals on post 

stroke day 30 was 0.4135 and post stroke day 60 was 0.3842, showing some correlation 

with functional recovery. The slopes obtained were positive. 
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Figure 34: Graph comparing the mean SVZ Ki67 antibody staining and total functional recovery 

from post stroke days 30 and 60 for control animals. The x axis denotes overall mean Ki67 

antibody staining area in mm2. The y axis displays the total functional recovery. The dots 

represent total function recovery at post stroke days 30 (red circles) and 60 (green squares) 

 

In the Figure 35, the overall Ki67 staining and the total function recovery from 

post stroke days 30 and 60 for rehabilitation animals are correlated using the Linear 

regression analysis. The R square values for the rehabilitation animals on post stroke day 

30 was 0.008895 and post stroke day 60 was 0.01024, which shows no correlation with 

functional recovery. This would seem to indicate that in this group, any functional 

recovery was due to the rehabilitation, rather than the stem cell proliferation, which was 

almost non-existant. 
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Figure 35: Graph comparing the mean SVZ Ki67 antibody staining and total functional recovery 

from post stroke days 30 and 60 for rehabilitation animals. The x axis denotes overall mean Ki67 

antibody staining area in mm2. And the y axis displays the total functional recovery. The dots 

represent total function recovery at post stroke days 30 (red circles) and 60 (green squares) 

 

3.4.7 Correlating Arm Swipes with Total Functional Recovery and Ki67 Staining 

The amount of peanut butter consumed by the animals in the rehabilitation group 

was converted into number of arm movements (swipes) in the entire rehabilitation period. 

A correlation analysis was performed between total functional recovery and swipes. The 

R square value obtained was 0.03151and P value was 0.6016 (Figure 36), which shows 

little correlation and non-significant deviation from zero. 
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Figure 36:  Graph showing correlation between swipes and total functional recovery from post 

stroke day 60. The x axis denotes swipes and the y axis displays total functional recovery. Each 

of the dots represent a single animal. 

 

In the Figure 37, mean Ki67 antibody staining in the SVZ was plotted against the 

total swipes in the whole rehabilitation period. A correlation analysis was performed to 

statistically analyze the data. The R square value was 0.384, which is a good correlation, 

and P value was 0.0420. This figure shows that increases in the overall arm movements 

above 2000 had a negative impact on the stem/progenitor cell proliferation in the 

Subventricular zone. This was likely due to increased stress from the physical 

rehabilitation, as the animals used their impaired arm too much.  
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Figure 37: Graph showing correlation between total number of arm swipes during rehabilitation 

and Ki67 area in mm2. The x axis denotes swipes and y axis displays mean Ki67 area in mm2 

.Each of the dots represent a single animal in the group. 

 

3.4.8 Correlating Ipsilateral functional Recovery and mean Ki67 Staining 

 In the Figure 38, we see the correlation of the total ipsilateral functional recovery 

with the mean Ki67 staining in the SVZ for the control animals. A correlation analysis 

was performed. The R square value and P value for control animals 0.7827 and 0.0007 

respectively, which shows the highest correlation and significance for any of our 

correlation analysis. We separated the ipsilateral functional recovery since this would 

involve injury to the corpus callosum, which is physically closer to the SVZ region, and 

more likely to feel the impact of increased growth factors in this region.  
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Figure 38: The x axis denotes mean Ki67 staining area in mm2 for the whole SVZ and the y axis 

denotes total ipsilateral functional recovery for control animals. Each of the dots represent a 

single animal. 

 

In Figure 39, we see ipsilateral functional recovery correlated with the mean Ki67 

staining in the SVZ for the rehabilitation animals. The R square value and the P value 

were 0.04529 and 0.5550 respectively. This indicates virtually no correlation between 

ipsilateral recovery and the mean Ki67 staining area in the rehabilitation group, probably 

because the stem/progenitor cell proliferation was so reduced in this group. 
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Figure 39: The x axis denotes mean Ki67 staining area in mm2 for the whole SVZ and the y axis 

denotes total ipsilateral functional recovery for rehabilitation animals. Each of the dots represent a 

single animal. 
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IV DISCUSSION 

4.1 Rat Weight Analysis:  

We recorded weekly the rat weights from the beginning of the study until the rats 

were euthanized. Rat weights were recorded to determine their health conditions and 

ability to use their forelimb, and for animals receiving a drug treatment, to determine 

their fixed dosage of drugs. The initial rat weight recording was done at pre stroke period. 

From Figure 2, we see that there was a significant difference in the weights among the 

two groups (control and rehabilitation) analyzed here. We normally randomly assign 

animals to their groups, but in this case, we first tested whether they would eat the peanut 

butter on the hanging shelf before separating the animals into groups. Those that had 

readily eaten the peanut butter were put into the rehabilitation group: this may have been 

due to animal’s greater appetite at a lower weight. The animals that weighed less may not 

have been eating enough rat chow, hence they might have been hungry all the time and 

ate more of peanut butter when it was offered to them (thereby being chosen for 

rehabilitation group). 

 All the rats in this study underwent an ischemic stroke in the right hemisphere of 

their brain in the first week of June. From Figures 3 and 4, we see that the animals have 

gained weight from their pre stroke period and this gain remained consistent over time 

(from 6/29 through 7/20). This shows that the animals have used their forelimb for 

carrying out their routine work. This also indicates that the diet restriction during the 

Montoya staircase three day test periods did not affect the animal’s weight loss (there is 
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no any major loss). There is no significant difference in weight from post stroke day 30 

until post stroke day 60, showing that any weight loss after stroke surgery was rapidly 

recovered. 

The weight history of control animals does not show any statistical difference 

(Figure 5) over time whereas the rehabilitation animals’ weight history does show a good 

statistical difference over time (Figure 6). Because the animals in the rehabilitation 

groups weighed less initially (Figure 2), the statistical difference is seen with respect to 

time in post stroke period (between early dates of 6/7 and 6/15 and later dates). The 

additional fat content in the peanut butter (Jif brand) may have helped them recover this 

weight difference quickly (in about a week after starting rehabilitation on post stroke day 

8).  

4.2 Bilateral Deficit 

Bilateral deficits were seen in the some animals in each group at post stroke days 

3-5 functional testing of their right and left forepaw grasping, may have been due to 

either a surgical error (hitting wrong co-ordinates, wise Bregma positioned incorrectly), 

or the endothelin injections reached the corpus callosum. The corpus callosum connects 

the right and left hemisphere of the brain, so any damage in the corpus callosum can lead 

to a bilateral deficit in the animals. The bilateral deficit was analyzed from the functional 

test – Montoya Staircase. Animals with a functional deficit of more than 20% on both the 

sides (contralateral and ipsilateral), were considered to have suffered a bilateral deficit. 

The Bilateral deficit observed in the animals at post stroke day 3, seems to have 

vanished by either post stroke days 30 or post stroke day 60, which indicates there was 
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recovery in the white matter tracts either spontaneously (control group) or with 

rehabilitation. Since the control group recovered more (46.6%) than our previous female 

control groups (about an 11% recovery) we have to consider the possibility that this 

group may still have estrogen expression (pre-menopausal) (70), which has been shown 

to increase stem/progenitor cell proliferation, whereas most of our previously used 

control female rats were post-menopausal. Estrogen levels in animals have to be tested to 

determine if they have an influence in the increase in stem/progenitor cell proliferation 

and also white matter recovery. Estrogen can be tested by using ESTRADIOL ELISA kit, 

it can quantitatively determine the estradiol concentration in rat serum and plasma. 

4.3 Rehabilitation: 

As the rehabilitation days increase the animal’s ability to perform, the number of 

swipes started declining. In the beginning stage of the procedure, the animals were 

averaging about 90 swipes per night but later it decreased. Apart from eating the peanut 

butter, the animals were also eating 4 grams of sugar cookie dough and ad lib rat chow 

every day except for the functional testing days. We summarized only the average 

number of swipes performed to consume the peanut butter per night in the graph. Any 

animal could have either higher or lower number of arm swipes to get this amount peanut 

butter due to normal variation, if some arm swipe were ineffective in obtaining peanut 

butter. We obtained the swipes by converting the amount of peanut butter consumed by 

the animal into forearm movements. Previous rehabilitation studies from our laboratory 

showed that the rehabilitation animals recovered better than control animals, which is 

opposite what we see in this study (63). The previous study was carried out for about 19 

total rehabilitation days whereas this study was done for 23 total rehabilitation days. 
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Although the amount of peanut butter consumed by the animals and the arm swipes were 

not quantified in previous trial in our laboratory (Figure 40), the amount hung seems to 

be about one-fourth (63) the amount hung for this study (Figure 41). Animals in the 

previous study were also given a rest period before euthanasia (30 days) where they had 

no rehabilitation. This combination of factors made a big difference in the amount of 

recovery seen, which seems to indicate that too much physical stress in rehabilitation can 

work against recovery in that limb. 

 

Figure 40: Image showing rehab shelves with little amount of peanut from our previous 

laboratory study(63) 
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Figure 41: Image showing rehab shelves filled with trough full of peanut butter 

 

Figure 40 shows that the shelves had in our previous rehabilitation study had less 

peanut butter and animals would not have been physically stressed by consuming this 

quantity. In the previous study these animals were kept for 30 days post rehabilitation 

period, for a total of 90 days (63).  

The rehabilitation shelves were hung for almost 16 hours overnight, Although the 

procedure was voluntary, the animals may have been craving more peanut butter. 

Repeated movement of the impaired forelimb may have caused a physical stress in the 

animal. Hence it would have been increasingly tiring for the animals as the days passed. 

So, they started retrieving less peanut butter. The other reason might have been due to 

increased levels of BDNF (Brain derived neurotrophic factor), moderate exercise increase 

levels of BDNF in the brain (71-77) which in turn reduces the appetite (78-82). BDNF 

levels can be tested using immunohistochemistry technique, BDNF antibody to develop 

BDNF expression. 
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4.4 Functional Analysis: 

             In the rehabilitation animals both the contralateral and ipsilateral function seem 

to be affected post stroke. The contralateral function for the rehabilitation group 

decreased by 6% from post stroke day 30 to post stroke day 60 (Figure 7). Rehabilitation 

animals did not show any improvement in the contralateral side, initially they showed 

increase in function at post stroke day 30, but by post stroke day 60 their recovery 

decreased.  The ipsilateral function for the rehabilitation group remained the same from 

post stroke day 3 until post stroke day 60, showing no recovery over time. 

The control animals with a bilateral deficit showed a steady increase in ipsilateral 

function from post stroke day 3 through post stroke day 60 (Figure 8), although a two 

ANOVA did not reveal a statistical difference with respect to time or groups. This may 

reflect that only about three animals in each group had a bilateral deficit, so averaging 

across the group of 12 diluted the impact.  

This is the first time ever, that we have seen a very high recovery of contralateral 

function post stroke in control animals. This study shows contralateral function recovery 

of about 46.6 % with the control animals and 24.5 % with the rehabilitation animals. We 

see almost 2 fold increase in the contralateral function recovery with the control animals 

when compared to the rehabilitation animals. 

If we compare the total functional recovery, control animals had higher functional 

recovery compared to the rehabilitation animals. The control animals showed a nearly 2 

fold higher total recovery compared to the rehabilitation animals. 
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From our previous laboratory studies, we have seen contralateral function of 8.6 

% with control animals and 26% with rehabilitation animals on post stroke day 90. 

Previously the rehabilitation animals had a better functional recovery the control animals. 

The physical rehabilitation did not significantly alter the functional recovery in those 

animals, although there was a strong statistical trend. For these animals physical 

rehabilitation procedure was carried out for 19 days (63). In case of Female Long Evans 

rat, previous studies from our laboratory show recovery of only about 10.86% 

contralateral function with the control animals on post stroke day 30 (22). 

These results were unexpected, since we hypothesized that the rehabilitation 

procedure could to speed up the recovery in the animals, as we have previously seen a 3 

fold increase in the rehabilitation animals recovery post stroke (63). In this study, control 

animals showed the best functional recovery. The rehabilitation procedure seem to have 

suppressed the functional recovery in the rehabilitation animals. 

4.5 Ki67 antibody staining: 

The control animals showed higher mean Ki67 staining area in the SVZ compared 

to the rehabilitation animals. Average Ki67 staining area in the control group is almost 6 

fold higher than seen in the rehabilitation group. These animals did not received any 

drugs to alter the staining (stem/progenitor cell proliferation) either way. Possible reason 

for this decrease in stem/progenitor cell proliferation would be the overuse of the 

impaired limb to reach the peanut butter and to consume it, which resulted in a stress and 

induced decrease in stem/progenitor cell proliferation. The rehabilitation procedure we 

designed was completely voluntary and we did not predict that the animals would 
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voluntarily stress their impaired limb with over-use, but it appears that we were wrong in 

that assumption.  

Elevated levels of Ki67 in the control stroked animal show stem cell/ progenitor 

cell proliferation (neurogenesis) taking place although the animals received no drugs to 

stimulate neurogenesis. This may have been due to elevated estrogen or prolactin levels 

in this group (pre-menopausal), both of which would result in increased neurogenesis. An 

Elisa technique can be used to test estrogen levels.  

Mean Ki67 staining (stem/progenitor cell proliferation) was very low in the 

rehabilitation animals compared to control animals. We also saw that the total functional 

recovery with rehabilitation animals was poor. Stress is known to decrease stem cell 

proliferation(83). This can be tested by giving the control animals small quantities of 

peanut butter inside cage, expecting them to show non-elevated levels of corticosterone. 

We decided to correlate the total functional recovery with the Ki67 staining, to 

see if they follow the same trend. Increase in functional recovery was associated with an 

increase in Ki67 staining in the control animals.  

For the rehabilitation animals mean Ki67 staining was so low, we saw very little 

correlation with functional recovery with a very low R2 value (0.01024). To determine 

what was actually affecting the functional recovery in the rehabilitation groups, we tried 

to correlate the number of arm swipes with the Ki67 staining. The animals that performed 

arm swipes that totaled more than 2000 in the whole rehabilitation period, had lower 

mean Ki67 staining. As the physical effort increased, the mean Ki67 staining in the 
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Subventricular zone decreased. This suggests that physical stress in this limb was 

reducing the stem/progenitor cell proliferation in this region. 

Previous studies from our laboratory on Ki67 staining, showed a mean Ki67 

staining of about 0.0034 for control female retired breeder Sprague Dawley rats (10-12 

months old). These animals did not have a stroke. Based on the stem/progenitor cell 

proliferation level, we concluded that these animals were all post-menopausal (84). The 

animals from the present study show a mean Ki67 staining of 0.030, which is almost 8.8 

fold higher Ki67 staining than the previous studies. The stroke may have triggered 

increased neurogenesis (39) but this increase usually only lasts a week or two, or estrogen 

might still be around (if the animals are pre-menopausal). Estrogen can increase 

neurogenesis (85, 86) and lead to functional recovery (87). When animals are made to 

over use their impaired limb  compared to the non-impaired limb, they were shown to 

increase the volume of the injury (88). 

There are numerous research studies showing , that stress can elevate levels of 

glucocorticoids in brain, which in turn can cause death of cells in hippocampus (89), 

which is the other neurogenesis niche in the brain (Subgranular zone). These elevated 

glucocorticoids can inhibit the genesis of new neurons in this region and this study shows 

that the same seems to happen for the Subventricular zone of the lateral ventricles. To 

definitely prove this we would need to show elevated corticosterone in the Subventricular 

zone of the rehabilitation rats when their exercise is too intense compared to non-elevated 

controls. 

Most studies show corticosterone decrease stem/progenitor cell proliferation (90) 

and the voluntary exercise has the ability to increase stem/progenitor cell proliferation 
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(30), the combination of both the effects were discussed by Lee et.al, 2016. So far his 

study has been one of them to demonstrate that elevated levels of corticosterone with 

voluntary exercise will reduce neurogenesis in the subventricular zone in similar way to 

the hippocampus. The neurogenesis was measured by BrdU positive cells for their 

study(64) We could not use BrdU as a marker for stem/proliferation because we are using 

an injury model, and BrdU gives false positives when DNA is undergoing repair. 

The subventricular zone is a region with continuous neurogenesis. Researchers 

have found that neurogenesis in the SVZ have contributed in neuroprotective 

mechanisms, especially these stem/progenitor cells turn into neuroblast which migrate to 

cortex or striatum post stroke to modify prevailing synaptic connections inside the brain 

regions (91, 92) 

This research used Ki67 to measure the neurogenesis. This is the first study to 

show that increased physical stress (due to voluntary exercise) decrease the Ki67 levels in 

the animals after ischemic stroke. Further investigation in this study is required, to 

quantify circulating levels of corticosterone and quantify estrogen levels and lactate 

levels (muscle stress) and to limit the rehabilitation procedure to 30 minutes to an hour a 

day from 16 hours. Amount of peanut butter given to the animals can be reduced to 3-4 

grams from 10-12 grams a day. 

  



68 
 

 

 

V. REFERENCES 

1. Murphy SL, Xu J, Kochanek KD. Deaths: final data for 2010. Natl Vital Stat Rep 

2013;61(4):1-117. 

2. Go AS, Mozaffarian D, Roger VL, Benjamin EJ, Berry JD, Blaha MJ, et al. Heart disease 

and stroke statistics--2014 update: a report from the American Heart Association. Circulation 

2014;129(3):e28-e292. 

3. Deb P, Sharma S, Hassan KM. Pathophysiologic mechanisms of acute ischemic stroke: 

An overview with emphasis on therapeutic significance beyond thrombolysis. Pathophysiology 

2010;17(3):197-218. 

4. Mozaffarian D, Benjamin EJ, Go AS, Arnett DK, Blaha MJ, Cushman M, et al. Heart 

Disease and Stroke Statistics-2016 Update A Report From the American Heart Association. 

Circulation 2016;133(4):E38-E360. 

5. Greater Cincinnati/ Northern Kentucky Stroke Study, National Institutes of Neurological 

Disorders and Stroke. 1999. 

6. American Heart Association/American Stroke Association. 2016. 

7. Yadav YR, Mukerji G, Shenoy R, Basoor A, Jain G, Nelson A. Endoscopic management 

of hypertensive intraventricular haemorrhage with obstructive hydrocephalus. BMC Neurol 

2007;7:1. 

8. Easton JD, Saver JL, Albers GW, Alberts MJ, Chaturvedi S, Feldmann E, et al. 

Definition and evaluation of transient ischemic attack: a scientific statement for healthcare 

professionals from the American Heart Association/American Stroke Association Stroke Council; 

Council on Cardiovascular Surgery and Anesthesia; Council on Cardiovascular Radiology and 



69 
 

Intervention; Council on Cardiovascular Nursing; and the Interdisciplinary Council on Peripheral 

Vascular Disease. The American Academy of Neurology affirms the value of this statement as an 

educational tool for neurologists. Stroke 2009;40(6):2276-93. 

9. Kissela BM, Khoury JC, Alwell K, Moomaw CJ, Woo D, Adeoye O, et al. Age at stroke: 

temporal trends in stroke incidence in a large, biracial population. Neurology 2012;79(17):1781-

7. 

10. Kleindorfer DO, Khoury J, Moomaw CJ, Alwell K, Woo D, Flaherty ML, et al. Stroke 

incidence is decreasing in whites but not in blacks: a population-based estimate of temporal 

trends in stroke incidence from the Greater Cincinnati/Northern Kentucky Stroke Study. Stroke 

2010;41(7):1326-31. 

11. Friberg J, Scharling H, Gadsboll N, Truelsen T, Jensen GB, Copenhagen City Heart S. 

Comparison of the impact of atrial fibrillation on the risk of stroke and cardiovascular death in 

women versus men (The Copenhagen City Heart Study). Am J Cardiol 2004;94(7):889-94. 

12. Fang MC, Singer DE, Chang Y, Hylek EM, Henault LE, Jensvold NG, et al. Gender 

differences in the risk of ischemic stroke and peripheral embolism in atrial fibrillation: the 

AnTicoagulation and Risk factors In Atrial fibrillation (ATRIA) study. Circulation 

2005;112(12):1687-91. 

13. Dagres N, Nieuwlaat R, Vardas PE, Andresen D, Levy S, Cobbe S, et al. Gender-related 

differences in presentation, treatment, and outcome of patients with atrial fibrillation in Europe: a 

report from the Euro Heart Survey on Atrial Fibrillation. J Am Coll Cardiol 2007;49(5):572-7. 

14. Poli D, Antonucci E, Grifoni E, Abbate R, Gensini GF, Prisco D. Gender differences in 

stroke risk of atrial fibrillation patients on oral anticoagulant treatment. Thromb Haemost 

2009;101(5):938-42. 

15. Avgil Tsadok M, Jackevicius CA, Rahme E, Humphries KH, Behlouli H, Pilote L. Sex 

differences in stroke risk among older patients with recently diagnosed atrial fibrillation. JAMA 

2012;307(18):1952-8. 



70 
 

16. Wassertheil-Smoller S, Hendrix SL, Limacher M, Heiss G, Kooperberg C, Baird A, et al. 

Effect of estrogen plus progestin on stroke in postmenopausal women: the Women's Health 

Initiative: a randomized trial. JAMA 2003;289(20):2673-84. 

17. Lisabeth LD, Beiser AS, Brown DL, Murabito JM, Kelly-Hayes M, Wolf PA. Age at 

natural menopause and risk of ischemic stroke: the Framingham heart study. Stroke 

2009;40(4):1044-9. 

18. Gillum LA, Mamidipudi SK, Johnston SC. Ischemic stroke risk with oral contraceptives: 

A meta-analysis. JAMA 2000;284(1):72-8. 

19. Gillum LA, Johnston SC. Oral contraceptives and stroke risk: the debate continues. 

Lancet Neurol 2004;3(8):453-4. 

20. DeMers G, Meurer WJ, Shih R, Rosenbaum S, Vilke GM. Tissue plasminogen activator 

and stroke: review of the literature for the clinician. J Emerg Med 2012;43(6):1149-54. 

21. Zivin JA. Acute stroke therapy with tissue plasminogen activator (tPA) since it was 

approved by the U.S. Food and Drug Administration (FDA). Ann Neurol 2009;66(1):6-10. 

22. Corbett AM, Sieber S, Wyatt N, Lizzi J, Flannery T, Sibbit B, et al. Increasing 

neurogenesis with fluoxetine, simvastatin and ascorbic Acid leads to functional recovery in 

ischemic stroke. Recent Pat Drug Deliv Formul 2015;9(2):158-66. 

23. American Heart Association/ American Stroke Association. 2012. 

24. Barnes CA. Long-term potentiation and the ageing brain. Philos Trans R Soc Lond B 

Biol Sci 2003;358(1432):765-72. 

25. Gemma C, Vila J, Bachstetter A, Bickford PC. Oxidative Stress and the Aging Brain: 

From Theory to Prevention. In: Riddle DR, editor. Brain Aging: Models, Methods, and 

Mechanisms. Boca Raton (FL); 2007. 

26. Michaud M, Balardy L, Moulis G, Gaudin C, Peyrot C, Vellas B, et al. Proinflammatory 

cytokines, aging, and age-related diseases. J Am Med Dir Assoc 2013;14(12):877-82. 



71 
 

27. Acosta S, Jernberg J, Sanberg CD, Sanberg PR, Small BJ, Gemma C, et al. NT-020, a 

natural therapeutic approach to optimize spatial memory performance and increase neural 

progenitor cell proliferation and decrease inflammation in the aged rat. Rejuvenation Res 

2010;13(5):581-8. 

28. Patten AR, Moller DJ, Graham J, Gil-Mohapel J, Christie BR. Liquid diets reduce cell 

proliferation but not neurogenesis in the adult rat hippocampus. Neuroscience 2013;254:173-84. 

29. Zhang Y, Loh HH, Law PY. Effect of Opioid on Adult Hippocampal Neurogenesis. 

ScientificWorldJournal 2016;2016:2601264. 

30. Bednarczyk MR, Aumont A, Decary S, Bergeron R, Fernandes KJ. Prolonged voluntary 

wheel-running stimulates neural precursors in the hippocampus and forebrain of adult CD1 mice. 

Hippocampus 2009;19(10):913-27. 

31. Kwon SJ, Park J, Park SY, Song KS, Jung ST, Jung SB, et al. Low-intensity treadmill 

exercise and/or bright light promote neurogenesis in adult rat brain. Neural Regen Res 

2013;8(10):922-9. 

32. Yau SY, Li A, Xu A, So KF. Fat cell-secreted adiponectin mediates physical exercise-

induced hippocampal neurogenesis: an alternative anti-depressive treatment? Neural Regen Res 

2015;10(1):7-9. 

33. Fabel K, Wolf SA, Ehninger D, Babu H, Leal-Galicia P, Kempermann G. Additive 

effects of physical exercise and environmental enrichment on adult hippocampal neurogenesis in 

mice. Front Neurosci 2009;3:50. 

34. Duman RS, Malberg J, Nakagawa S. Regulation of adult neurogenesis by psychotropic 

drugs and stress. J Pharmacol Exp Ther 2001;299(2):401-7. 

35. Mirescu C, Gould E. Stress and adult neurogenesis. Hippocampus 2006;16(3):233-8. 

36. Lau WM, Qiu G, Helmeste DM, Lee TM, Tang SW, So KF, et al. Corticosteroid 

decreases subventricular zone cell proliferation, which could be reversed by paroxetine. Restor 

Neurol Neurosci 2007;25(1):17-23. 



72 
 

37. Carlson ME, Conboy IM. Loss of stem cell regenerative capacity within aged niches. 

Aging Cell 2007;6(3):371-82. 

38. Chambers SM, Shaw CA, Gatza C, Fisk CJ, Donehower LA, Goodell MA. Aging 

hematopoietic stem cells decline in function and exhibit epigenetic dysregulation. PLoS Biol 

2007;5(8):e201. 

39. Darsalia V, Heldmann U, Lindvall O, Kokaia Z. Stroke-induced neurogenesis in aged 

brain. Stroke 2005;36(8):1790-5. 

40. Scholzen T, Gerdes J. The Ki-67 protein: from the known and the unknown. J Cell 

Physiol 2000;182(3):311-22. 

41. Gerdes J, Lemke H, Baisch H, Wacker HH, Schwab U, Stein H. Cell cycle analysis of a 

cell proliferation-associated human nuclear antigen defined by the monoclonal antibody Ki-67. J 

Immunol 1984;133(4):1710-5. 

42. Caleo M. Rehabilitation and plasticity following stroke: Insights from rodent models. 

Neuroscience 2015;311:180-94. 

43. Gill TM, Williams CS, Tinetti ME. Assessing risk for the onset of functional dependence 

among older adults: the role of physical performance. J Am Geriatr Soc 1995;43(6):603-9. 

44. Guralnik JM, Ferrucci L, Simonsick EM, Salive ME, Wallace RB. Lower-extremity 

function in persons over the age of 70 years as a predictor of subsequent disability. N Engl J Med 

1995;332(9):556-61. 

45. Studenski S, Perera S, Wallace D, Chandler JM, Duncan PW, Rooney E, et al. Physical 

performance measures in the clinical setting. J Am Geriatr Soc 2003;51(3):314-22. 

46. National Institutes of Neurological Disorders and Stroke, National Institute of Health. 

2014. 

47. Kernan WN, Viscoli CM, Brass LM, Gill TM, Sarrel PM, Horwitz RI. Decline in 

physical performance among women with a recent transient ischemic attack or ischemic stroke: 



73 
 

opportunities for functional preservation a report of the Women's Estrogen Stroke Trial. Stroke 

2005;36(3):630-4. 

48. Matsui H, Hashimoto H, Horiguchi H, Yasunaga H, Matsuda S. An exploration of the 

association between very early rehabilitation and outcome for the patients with acute ischaemic 

stroke in Japan: a nationwide retrospective cohort survey. BMC Health Serv Res 2010;10:213. 

49. National Stroke Association. 2016. 

50. Nishioka R, Sugimoto K, Aono H, Mise A, Choudhury ME, Miyanishi K, et al. Treadmill 

exercise ameliorates ischemia-induced brain edema while suppressing Na(+)/H(+) exchanger 1 

expression. Exp Neurol 2016;277:150-61. 

51. Duncan P, Studenski S, Richards L, Gollub S, Lai SM, Reker D, et al. Randomized 

clinical trial of therapeutic exercise in subacute stroke. Stroke 2003;34(9):2173-80. 

52. Van Peppen RP, Kwakkel G, Wood-Dauphinee S, Hendriks HJ, Van der Wees PJ, 

Dekker J. The impact of physical therapy on functional outcomes after stroke: what's the 

evidence? Clin Rehabil 2004;18(8):833-62. 

53. Ma Y, He M, Qiang L. Exercise Therapy Downregulates the Overexpression of TLR4, 

TLR2, MyD88 and NF-kappaB after Cerebral Ischemia in Rats. Int J Mol Sci 2013;14(2):3718-

33. 

54. Gao Y, Zhao Y, Pan J, Yang L, Huang T, Feng X, et al. Treadmill exercise promotes 

angiogenesis in the ischemic penumbra of rat brains through caveolin-1/VEGF signaling 

pathways. Brain Res 2014;1585:83-90. 

55. Chang HC, Yang YR, Wang SG, Wang RY. Effects of treadmill training on motor 

performance and extracellular glutamate level in striatum in rats with or without transient middle 

cerebral artery occlusion. Behav Brain Res 2009;205(2):450-5. 

56. Miller FD, Kaplan DR. Neurotrophin signalling pathways regulating neuronal apoptosis. 

Cell Mol Life Sci 2001;58(8):1045-53. 



74 
 

57. Schabitz WR, Steigleder T, Cooper-Kuhn CM, Schwab S, Sommer C, Schneider A, et al. 

Intravenous brain-derived neurotrophic factor enhances poststroke sensorimotor recovery and 

stimulates neurogenesis. Stroke 2007;38(7):2165-72. 

58. Bekinschtein P, Cammarota M, Katche C, Slipczuk L, Rossato JI, Goldin A, et al. BDNF 

is essential to promote persistence of long-term memory storage. Proc Natl Acad Sci U S A 

2008;105(7):2711-6. 

59. Binder DK, Scharfman HE. Brain-derived neurotrophic factor. Growth Factors 

2004;22(3):123-31. 

60. Ploughman M, Windle V, MacLellan CL, White N, Dore JJ, Corbett D. Brain-derived 

neurotrophic factor contributes to recovery of skilled reaching after focal ischemia in rats. Stroke 

2009;40(4):1490-5. 

61. Madinier A, Bertrand N, Rodier M, Quirie A, Mossiat C, Prigent-Tessier A, et al. 

Ipsilateral versus contralateral spontaneous post-stroke neuroplastic changes: involvement of 

BDNF? Neuroscience 2013;231:169-81. 

62. Corbett A, McGowin A, Sieber S, Flannery T, Sibbitt B. A method for reliable voluntary 

oral administration of a fixed dosage (mg/kg) of chronic daily medication to rats. Lab Anim 

2012;46(4):318-24. 

63. Moner Ragas MB, Amber Hensley, Kenney Reynolds, Danny Wright, Bryce Kerr, 

Adrian M. Corbett. Stroke Physical Rehabiliatation: Impact on Motor Functional Recovery in 

Drug-Treated versus Vehicle-Treated Rats. 2013. 

64. Lee JC, Yau SY, Lee TM, Lau BW, So KF. Voluntary wheel running reverses the 

decrease in subventricular zone neurogenesis caused by corticosterone. Cell Transplant 2016. 

65. Montoya CP, Campbell-Hope LJ, Pemberton KD, Dunnett SB. The "staircase test": a 

measure of independent forelimb reaching and grasping abilities in rats. J Neurosci Methods 

1991;36(2-3):219-28. 



75 
 

66. Dauchy RT, Dauchy EM, Tirrell RP, Hill CR, Davidson LK, Greene MW, et al. Dark-

phase light contamination disrupts circadian rhythms in plasma measures of endocrine physiology 

and metabolism in rats. Comp Med 2010;60(5):348-56. 

67. Ragas MA, Balch M, Hensley A, Reynolds K, Wright D, Kerr B, et al. Stroke Physical 

Rehabilitation: Impact on Motor Functional Recovery in Drug Treated versus Vehicle Treated 

Rats. Stroke 2015;46. 

68. Fonoff ET, Pereira JF, Jr., Camargo LV, Dale CS, Pagano RL, Ballester G, et al. 

Functional mapping of the motor cortex of the rat using transdural electrical stimulation. Behav 

Brain Res 2009;202(1):138-41. 

69. Windle V, Szymanska A, Granter-Button S, White C, Buist R, Peeling J, et al. An 

analysis of four different methods of producing focal cerebral ischemia with endothelin-1 in the 

rat. Exp Neurol 2006;201(2):324-34. 

70. Westwood FR. The Female Rat Reproductive Cycle: A Practical Histological Guide to 

Staging. Toxicologic Pathology 2008;36(3):375-384. 

71. Ding Y, Li J, Luan X, Ding YH, Lai Q, Rafols JA, et al. Exercise pre-conditioning 

reduces brain damage in ischemic rats that may be associated with regional angiogenesis and 

cellular overexpression of neurotrophin. Neuroscience 2004;124(3):583-91. 

72. Neeper SA, Gomez-Pinilla F, Choi J, Cotman CW. Physical activity increases mRNA for 

brain-derived neurotrophic factor and nerve growth factor in rat brain. Brain Res 1996;726(1-

2):49-56. 

73. Oliff HS, Berchtold NC, Isackson P, Cotman CW. Exercise-induced regulation of brain-

derived neurotrophic factor (BDNF) transcripts in the rat hippocampus. Brain Res Mol Brain Res 

1998;61(1-2):147-53. 

74. Rasmussen P, Brassard P, Adser H, Pedersen MV, Leick L, Hart E, et al. Evidence for a 

release of brain-derived neurotrophic factor from the brain during exercise. Exp Physiol 

2009;94(10):1062-9. 



76 
 

75. Vaynman S, Ying Z, Gomez-Pinilla F. Exercise induces BDNF and synapsin I to specific 

hippocampal subfields. J Neurosci Res 2004;76(3):356-62. 

76. Widenfalk J, Olson L, Thoren P. Deprived of habitual running, rats downregulate BDNF 

and TrkB messages in the brain. Neurosci Res 1999;34(3):125-32. 

77. Schmolesky MT, Webb DL, Hansen RA. The effects of aerobic exercise intensity and 

duration on levels of brain-derived neurotrophic factor in healthy men. J Sports Sci Med 

2013;12(3):502-11. 

78. Pelleymounter MA, Cullen MJ, Wellman CL. Characteristics of BDNF-induced weight 

loss. Exp Neurol 1995;131(2):229-38. 

79. Wang C, Bomberg E, Billington C, Levine A, Kotz CM. Brain-derived neurotrophic 

factor in the hypothalamic paraventricular nucleus reduces energy intake. Am J Physiol Regul 

Integr Comp Physiol 2007;293(3):R1003-12. 

80. Wang C, Bomberg E, Levine A, Billington C, Kotz CM. Brain-derived neurotrophic 

factor in the ventromedial nucleus of the hypothalamus reduces energy intake. Am J Physiol 

Regul Integr Comp Physiol 2007;293(3):R1037-45. 

81. Wang C, Godar RJ, Billington CJ, Kotz CM. Chronic administration of brain-derived 

neurotrophic factor in the hypothalamic paraventricular nucleus reverses obesity induced by high-

fat diet. Am J Physiol Regul Integr Comp Physiol 2010;298(5):R1320-32. 

82. Noble EE, Billington CJ, Kotz CM, Wang C. The lighter side of BDNF. Am J Physiol 

Regul Integr Comp Physiol 2011;300(5):R1053-69. 

83. Koutmani Y, Karalis KP. Neural stem cells respond to stress hormones: distinguishing 

beneficial from detrimental stress. Front Physiol 2015;6:77. 

84. Neelima Sharma TS, Samantha Gagle and Adrian M.Corbett. Comparsison of Stem Cell 

Proliferation in the SVZ of the Lateral Brain Ventricles in 10-12 month old Male and FEmale 

Sprague Dawley rats, and the response to drug combinations of fluoxetine, simvastatin and 

ascorbic acid. In; 2015; 2015. 



77 
 

85. Suzuki S, Gerhold LM, Bottner M, Rau SW, Dela Cruz C, Yang E, et al. Estradiol 

enhances neurogenesis following ischemic stroke through estrogen receptors alpha and beta. J 

Comp Neurol 2007;500(6):1064-75. 

86. Oboti L, Ibarra-Soria X, Perez-Gomez A, Schmid A, Pyrski M, Paschek N, et al. 

Pregnancy and estrogen enhance neural progenitor-cell proliferation in the vomeronasal sensory 

epithelium. BMC Biol 2015;13:104. 

87. Engler-Chiurazzi EB, Brown CM, Povroznik JM, Simpkins JW. Estrogens as 

neuroprotectants: Estrogenic actions in the context of cognitive aging and brain injury. Prog 

Neurobiol 2016. 

88. Kozlowski DA, James DC, Schallert T. Use-dependent exaggeration of neuronal injury 

after unilateral sensorimotor cortex lesions. J Neurosci 1996;16(15):4776-86. 

89. Sapolsky RM, Pulsinelli WA. Glucocorticoids potentiate ischemic injury to neurons: 

therapeutic implications. Science 1985;229(4720):1397-400. 

90. Hitoshi S, Maruta N, Higashi M, Kumar A, Kato N, Ikenaka K. Antidepressant drugs 

reverse the loss of adult neural stem cells following chronic stress. J Neurosci Res 

2007;85(16):3574-85. 

91. Yuan TF, Liang YX, So KF. Occurrence of new neurons in the piriform cortex. Front 

Neuroanat 2014;8:167. 

92. Hicks AU, Hewlett K, Windle V, Chernenko G, Ploughman M, Jolkkonen J, et al. 

Enriched environment enhances transplanted subventricular zone stem cell migration and 

functional recovery after stroke. Neuroscience 2007;146(1):31-40. 

 

 

 



78 
 

 

 

 

 

 

 

 

 

  

 

 

 


