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Abstract 25 

Pharmacological activation of the cholinergic anti-inflammatory pathway (CAP), specifically by 26 

activating α7 nicotinic acetylcholine receptors has been shown to confer short-term improvements 27 

in outcome in experimental stroke models. To date, 7 agonists have been administered within 24h 28 

of stroke and few studies have investigated drugs approved for use in human patients. We 29 

investigated whether delayed administration of varenicline, a high affinity agonist at α7 nicotinic 30 

receptors and established therapy for nicotine addiction decreased brain inflammation and improved 31 

functional performance in a mouse model of experimental stroke. 32 

CSF-1R EGFP (‘MacGreen’) mice were subjected to transient middle cerebral artery occlusion and 33 

administered varenicline (2.5mg/kg/day for 7 days) or saline (n=10 per group) starting 3 days after 34 

stroke. Forelimb asymmetry was assessed in the Cylinder test every 2 days after surgery and 35 

structural lesions were quantified at day 10. EGFP and GAP43 immunohistochemistry were used to 36 

evaluate the effect of varenicline on inflammation and axonal regeneration respectively. 37 

Varenicline-treated animals showed a significant increase in impaired forelimb use compared to 38 

saline-treated animals 10 days after stroke. Varenicline treatment was associated with reduced 39 

EGFP expression and increased GAP43 expression in the striatum of MacGreen mice.  40 

Our results show that delayed administration of varenicline promotes recovery of function 41 

following experimental stroke. Motor function improvements were accompanied by decreased brain 42 

inflammation and increased axonal regeneration in non-penumbral areas. These results suggest that 43 

administration of an exogenous nicotinic agonist in the sub-acute phase following stroke may be a 44 

viable therapeutic strategy for stroke patients. 45 
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Introduction 53 

Brain injuries, such as stroke, are associated with profound activation of inflammatory pathways. 54 

Whilst inflammation is important in resolving injury, prolonged inflammation hinders tissue repair 55 

and ultimately, patient prognosis 
1-3

. 56 

Immune responses and inflammation are regulated in part by neural mechanisms 
4
. The 57 

parasympathetic nervous system can inhibit cytokine release and prevent tissue injury via an 58 

efferent neural signalling pathway termed the cholinergic anti-inflammatory pathway (CAP) 
4, 5

. 59 

Stimulation of the vagus nerve attenuates production of TNF and other pro-inflammatory 60 

cytokines from macrophages in the spleen through a mechanism dependent on α7 nicotinic 61 

acetylcholine receptors (nAChRs) 
4, 6-8

. 62 

It remains unclear why this homeostatic mechanism fails to limit the extent of brain inflammation 63 

that occurs after stroke. Clinically, low heart-rate variability and chronic inflammation correlate 64 

with poor neurological outcomes in stroke patients 
9-13

. This suggests that parasympathetic nervous 65 

system tone is reduced following stroke and that this autonomic imbalance leads to suboptimal 66 

activation of the CAP, increased inflammation and inhibition of recovery and repair processes. 67 

Autonomic regulation via stimulation of the vagus nerve has been shown to be a viable strategy for 68 

targeting diseases with an inflammatory component such as rheumatoid arthritis and haemorrhagic 69 

shock 
14, 15

. Vagal nerve stimulation within 30 minutes of injury has also been shown to reduce 70 

brain damage in experimental models of stroke 
16-18

. More recently direct activation of α7nAChRs 71 

has been investigated as a less invasive and more applicable therapeutic strategy to reduce brain 72 

inflammation and ultimately promote functional recovery after stroke. Both 7 nAChR agonists and 73 

allosteric modulators display neuroprotective and anti-inflammatory effects in rodent models of 74 

focal 
19, 20

 and global ischaemia and traumatic brain injury 
21

.  To date, these studies have initiated 75 

administration within 6h of injury and none have demonstrated functional improvement beyond 7 76 

days post stroke
20

. It is not known whether activation of nAChRs in the sub-acute phase (>24h) 77 

after stroke can also modulate brain inflammation and promote recovery of function. 78 
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The CSF1R-EGFP (‘MacGreen’) mouse has been show previously to provide a model system in 79 

which to investigate brain inflammation following experimental stroke. The aim of this study was to 80 

investigate whether delayed administration of the 7 nAChR agonist varenicline reduced brain 81 

inflammation and improved motor function in CSF-1R-EGFP mice.  82 

 83 

Materials and Methods 84 

 85 

Ethical Statement 86 

All animal work was carried out in accordance with the Animal Welfare act 1999 and was pre-87 

approved by the University of Auckland Animal Ethics committee (Approval number: R842).  88 

 89 

Animals 90 

Founder CSF-1R-EGFP (MacGreen) mice were gifted by the Queensland Brain Institute, University 91 

of Queensland, Australia. Generation of the strain has been described elsewhere 
22, 23

. The 92 

MacGreen colony was maintained as homozygote and all offspring were positive for the transgene. 93 

The ongoing presence of the transgene within the colony was confirmed every 2 months from tail 94 

biopsies using standard PCR methods. Tail tipping was performed under isofluorane anesthesia. 95 

DNA extraction from tail biopsies was performed using REDExtract-N-Amp Tissue PCR kit 96 

(Sigma-Aldrich, USA) using forward 5’-CTGGTCGAGCTGGACGGCGACG-3’ and reverse 5’-97 

CACGAACTCCAGCAGGACCATG-3’ primers, producing a 650bp product.  98 

All animals were housed in single sex cage and supplied with standard rodent chow and water 99 

available ad libitum. Housing was maintained at 20
o
C with 12 hour day and night cycle. CSF-1R-100 

EGFP ‘MacGreen’ mice (25-30g, approximately 10-12 weeks) were assigned to treatment groups 101 

(varenicline or saline, n=10 per group) using a randomisation table generated by Excel. Body 102 
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weight, neurological score and exploratory forelimb use in the cylinder test was recorded at baseline 103 

and for 10 days following stroke  104 

 105 

Cerebral ischaemia 106 

Monofilament occlusion of the middle cerebral artery (MCA) was performed in adult male 107 

MacGreen mice (25–30g, approximately 10–12 weeks) as previously described
24

. Briefly, the right 108 

common carotid (CCA), external carotid (ECA) and internal carotid (ICA) arteries and their 109 

branches were exposed through a midline cervical incision. A 6-0 silk suture was tied around the 110 

CCA proximal to the bifurcation of the ECA and ICA and a second suture tied around the ECA 111 

distal to the superior thyroid artery (STA). The STA and occipital artery (OA) were occluded by 112 

electrocoagulation. An 8-0 silicone-coated monofilament (diameter 200µm) was introduced into the 113 

CCA and advanced 10mm distal to the carotid bifurcation, occluding the origin of the MCA. Mice 114 

were subjected to occlusion of the MCA in their dominant hemisphere (based on baseline functional 115 

performance) for 45 minutes. Core temperature was maintained at 36.5
o
C ± 0.5

o
C throughout the 116 

course of the surgery by means of a rectal probe connected to a homoeothermic heating blanket 117 

(Harvard Apparatus).  118 

At the end of the occlusion period the monofilament was removed and the surgical site sutured 119 

closed. Animals were recovered in a humidified incubator until freely moving and then returned to 120 

their home cages.  121 

 122 

Drug Delivery 123 

Due to its short half-life in mice (1.4h) 
25

 varenicline was administered by mini-osmotic pump to 124 

maintain a steady plasma concentration. The dose of varenicline used in this study was based on 125 

previous studies in mice 
26, 27

. 126 

Varenicline tartrate (YES Pharma Ltd, Israel) was dissolved in 0.9% saline with a few drops of 127 

0.4M NaOH added to aid dissolution. The quantity of drug required to deliver 2.5 mg/kg/day for 10 128 
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days was calculated from the individual body weight of each mouse. Mini-osmotic pumps (Alzet® 129 

1007D, Canada) were filled with saline (n-10) or varenicline (2.5mg/kg/day, n=10) one day prior to 130 

insertion surgery and incubated overnight at 37
o
C. Mice were briefly anaesthetised 3 days after 131 

stroke surgery and osmotic pump subcutaneously implanted between the shoulder blades.  132 

 133 

Neurological Evaluation 134 

The general welfare of the animals was monitored post-operatively. Animals were weighed and 135 

their gross neurological deficit was assessed daily using a 15 point neurological deficit scoring 136 

(NDS) system adapted from a modified clinical assessment 
28

. This assessment examined general 137 

condition (2), mobility (2), spontaneous circling behaviour (1), righting reflex (1), forepaw reach 138 

(2), forepaw placement (2), posture re-adjustment on inclined platforms (3), swivel movement of 139 

during when rotating by base of tail (2). Normal animals display an NDS of 15 while animals 140 

subjected to MCAo typically have neurological scores ranging between 8 and 10.  141 

 142 

Cylinder Test 143 

Forelimb asymmetry was assessed in the cylinder test using a modification of the protocol 144 

previously described by Sschallert et al 
29

. Briefly, animals were placed in a Perspex cylinder (10cm 145 

x 15cm) and two mirrors were placed behind the cylinder at 90
o
 relative to each other to allow 146 

visualisation of all movements. A video camera was used to record all lateral exploratory 147 

movements during a 5min trial. One trial was carried out per day on days -1, 2, 4, 6, 8, and 10 148 

relative to stroke surgery. A total of 10 rearing movements were examined on a frame-by-frame 149 

basis by an observer blinded to the conditions of the study to identify weight-bearing limbs during 150 

lifting, climbing, stepping, and landing movements. Each movement was categorised as 151 

predominantly left sided, right sided, or neutral.  152 
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 153 

Histological Analysis 154 

Ten days after stroke surgery, animals were killed by trans-cardiac perfusion with 4% 155 

paraformaldehyde under deep anaesthesia (pentobarbitone, 60 mg/kg i.p.) and the brains removed 156 

and processed for quantitative histological analysis. Microtome sections (30 µm) were stained with 157 

thionin and examined for damage at nine stereotaxic levels by light microscopy. Image analysis 158 

(Neurolucida, MicroBrightField Inc., U.S.A.) was used to determine the volume of damage by an 159 

observer blinded to the experimental condition 
28

.  160 

Incidence maps showing the patterns of ischaemic damage at the level of the striatum (Bregma 161 

+0.98) were generated by manually tracing the outline of regions of pallor on thionin stained 162 

sections using a Nikon E800 upright microscope with a 4x lens.  Outlines were transferred onto an 163 

electronic stereotaxic atlas template using Photoshop. The rate of occurrence of histological 164 

damage occurring in specific regions were then indicated by colour (regions with histological 165 

damage in 25-49% of the animals were coloured light grey; 50-74% of animals, dark grey; 75-100%  166 

of animals,  black).  167 

 168 

Immunohistochemistry 169 

Adjacent free-floating sections were taken for immunohistochemistry as previously described 
30, 31

. 170 

EGFP transgene expression was enhanced using an antibody to GFP (rabbit anti-GFP, 1:5000 171 

Abcam, UK). Tile scan images of the signal enhanced sections at Bregma +0.74mm were generated 172 

using a Nikon Eclipse TE2000E microscope and used to quantify the volume of tissue displaying 173 

increased expression of EGFP. 174 

A second series of free floating sections were incubated with an antibody to GAP43 (Rabbit anti-175 

GAP43, Abcam, UK, 1:2000).The secondary antibody used was AlexaFluor 594 (goat anti-rabbit, 176 

1:500, Invitrogen, U.S.A.). 177 
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Two representative high power images of EGFP and GAP43 expression were acquired using a 178 

Nikon TE2000E Inverted microscope on a 20x objective lens taken with GFP and FITC filters 179 

respectively at 500ms exposure time. Images of the ischemic core in the striatum and cortex, and 180 

tissue within the immediate vicinity of the ischemic core (peri-infarct) in the striatum and cortex 181 

were acquired in the ipsilateral hemisphere and in corresponding areas of the contralateral 182 

hemisphere. 183 

Incidence maps showing the general patterns of increased EGFP expression at Bregma +0.98mm 184 

were generated using the same principle described for histological damage.  185 

 186 

Cell Counts & Signal Intensity 187 

The number of EGFP positive cells within core and peri-infarct regions of the striatum and cortex 188 

was assessed semi-quantitatively. Two sections from each animal at Bregma -0.1mm were analyzed 189 

at 20x magnification. Three images were taken from predefined areas (1.2mm
2
) and the number of 190 

EGFP positive cell bodies counted manually to determine an estimated cell density/mm
2
.  191 

The signal intensity of EGFP immunofluorescence was estimated by converting the acquired 192 

images to 8 bit grey scale. A thresholding function was manually defined using ImageJ and the 193 

relative area displaying increased EGFP expression, integrated optical density and mean area 194 

intensity were measured using ImageJ to acquire fluorescence unit/µm
2
. 195 

The signal intensity of GAP43 (fluorescence unit/µm
2
) in the ischemic core and peri-infarct region 196 

of the striatum and cortex was measured in the ipsilateral and contralateral hemispheres. GAP43 197 

expression in the ipsilateral regions of interest was corrected by subtracting contralateral signal 198 

intensity in corresponding regions. 199 
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 200 

Statistics 201 

Values presented in this study are mean +/- S.E.M. The randomization code was broken after all 202 

data was acquired to allow allocation to experimental groups. All data collected were processed 203 

using Excel. All statistical analyses were conducted using SPSS (PASW Statistics 18, 2009) and 204 

SigmaPlot (version 12.0, Systat Software, Inc.). Two-way repeated measures ANOVA with post-205 

hoc analyses were performed to assess differences in weight, and forelimb asymmetry between 206 

saline and varenicline treated animals.  Neurological deficit scores were analysed using Friedman 207 

one-way repeated measures ANOVA followed by rank sum t-tests (Mann-Whitney).  Experimental 208 

data for histological and immunohistological analyses were analysed using two-way ANOVA with 209 

Bonferonni test for pairwise comparisons. The statistical level of significance was established at 210 

p<0.05. 211 

 212 

Results 213 

 214 

Varenicline treatment did not alter the recovery of neurological deficits  215 

This study investigated whether delayed administration of varenicline reduced inflammation and 216 

enhanced short-term functional recovery in CSF-1R-EGFP following experimental stroke. All 217 

animals showed a decrease (12.2 ± 1.8 %) in body weight immediately following and up to 2 days 218 

post-stroke. A gradual recovery of body weight was observed from day 3 to day 10 post-stroke (F11, 219 

155=19.27; p<0.01, Figure 1A). No significant difference was observed in the pattern of body weight 220 

recovery between the two treatment groups (F1, 155=1.012; p=0.336; Figure 1A). 221 

 222 

Daily assessments of gross neurological deficits were performed using a 15 point neurological 223 

deficit scoring system (Figure 1B).  Non-parametric statistical analysis revealed a significant effect 224 
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of time in both varenicline (p<0.001) and saline treated (p<0.001) groups.  All animals were 225 

neurologically normal at baseline (NDS=15) and showed a reduction in neurological score 226 

immediately after stroke (8.7±0.40).  Both treatment groups displayed comparable partial recovery 227 

at day 4 post stroke (saline 10.7±0.18, varenicline 10.3±0.56,  p=0138) and the difference in 228 

average neurological score between varenicline (10.5±0.5) and saline-treated animals (11.7±0.18) at 229 

day 6 post stroke failed to reach statistical significance (p=0.051).  Both groups of animals 230 

displayed comparable neurological deficits on day 10 post stroke (saline 11.9±0.14, varenicline 231 

11.8±0.17 p=0.945). 232 

 233 

Chronic varenicline administration increased impaired forelimb use 234 

All animals showed comparable baseline performance in the cylinder task prior to stroke surgery 235 

(saline: 28.3±6.0%; varenicline: 35.0± 2.2%, t=9.21; p=0.323). Forelimb asymmetry was examined 236 

every 2 days post stroke (Figure 1C). Following stroke, but prior to treatment, animals displayed 237 

comparable reductions in use of the forelimb contralateral to MCA occlusion (3.3%±2.1%; t=6.457; 238 

p<0.01). Saline treated animals showed no change in forepaw asymmetry at any time-point 239 

following stroke and use of the impaired forelimb remained around 7.5% (F4,34=1.103; p=0.373). In 240 

contrast, varenicline-treated animals displayed a statistically significant increase in use of the 241 

impaired forelimb at day 10 post stroke (30.0±10.6%; t=2.457; p<0.05). 242 

 243 

Delayed varenicline administration did not affect lesion volume 244 

Qualitatively, saline treated and varenicline treated MacGreen mice exhibited comparable patterns 245 

of ischaemic damage. All animals subjected to 45 min MCAo displayed striatal and cortical damage 246 

(Figure 2A). No damage was observed out with the vasculature territory of the MCA in any of the 247 

animals investigated. Quantitative histopathology demonstrated no significant differences in the 248 
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area of ischaemic damage across 9 stereotaxic levels through the rostro-caudal extent of the brain in 249 

saline and varenicline-treated mice (F1, 116=0.00261; p=0.96; Figure 2B).   250 

 251 

Varenicline treatment reduced EGFP signal intensity in the ipsilateral 252 

hemisphere 253 

MacGreen mice subjected to sham stroke surgery showed a low basal level of EGFP expression 254 

(data not shown). MacGreen mice subjected to 45 min MCAo displayed increased EGFP expression 255 

in the ipsilateral hemisphere but no change in contralateral expression at 10 days post stroke.  256 

Saline and varenicline-treated mice exhibited qualitatively different patterns of EGFP expression. 257 

Saline-treated animals displayed increased EGFP expression in both striatal and cortical regions 258 

while EGFP expression was increased in predominantly striatal regions in varenicline-treated mice 259 

(Figure 3A).  EGFP positive cells appeared densely packed within a central ‘core’ and displayed a 260 

distinct amoeboid morphology with enlarged cell bodies and retracted processes in saline-treated 261 

animals.  In contrast, EGFP positive cells in varenicline-treated animals displayed a less amoeboid 262 

shape and more processes (Figure 3B). 263 

 264 

Quantitative analyses showed that the while the volume of tissue showing upregulated EGFP 265 

expression was comparable between treatment groups (t=0.611; p=0.547; Figure 4A), we observed 266 

a significant reduction in EGFP signal intensity in both the ipsilateral cortex (t=2.987; p<0.01) and 267 

striatum (t=2.099; p<0.05) of varenicline-treated animals (Figure 4B).  Manual cell counts 268 

confirmed that varenicline treatment did not affect the density of EGFP positive cells in these brain 269 

regions (F=0.152; p=0.697; Figure 4C). 270 
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 271 

GAP-43 expression was increased in the striatum of varenicline-treated animals 272 

In order to further investigate the relationship between inflammation and recovery of function, we 273 

performed immunohistochemistry with GAP43, a 43 kDa growth associated protein expressed in 274 

the plasma membrane of sprouting axons 
32, 33

 on parallel brain sections.  275 

Qualitative examination of brain sections showed GAP43 was expressed throughout both 276 

hemispheres at 10 days post stroke but was down-regulation within and around the infarct area 277 

(Figure 5A). In contrast, GAP43 expression appeared further decreased in cortical but increased in 278 

striatal regions in varenicline-treated animals compared to saline –treated controls (Figure 5B)  279 

Net changes in GAP43 signal intensity were compared between the ipsilateral and contralateral 280 

hemisphere While there was no difference in the intensity of GAP43 expression in boundary (peri-281 

infarct) regions of the striatum or cortex, a significant increases in GAP43 signal intensity was 282 

observed in core regions of the striatum in varenicline-treated animals compared to saline control 283 

(t=2.373; p<0.05; Figure 5C). In addition, the density of GAP43 positive cells within this region of 284 

varenicline-treated animals was reduced compared to corresponding regions in control-treated 285 

animals (Figure 5D; t=2.337; p<0.05). No difference in GAP43 positive cell density was observed 286 

in any other regions investigated (striatum peri-infarct (t=0.632; p=0.528), cortex (t=1.808; 287 

p=0.073), and cortex peri-infarct (t=0.281; p=0.779).  288 

 289 

Discussion 290 

Brain injuries such as stroke strongly activate inflammatory pathways. While inflammation can help 291 

resolve injury, prolonged inflammation hinders tissue repair and ultimately, patient prognosis
1-3

. 292 

The parasympathetic branch of the autonomic nervous system inhibits inflammation through a 293 

neural signalling pathway termed the cholinergic anti-inflammatory pathway (CAP)
4, 5

. Activating 294 

the CAP reduces the production of pro-inflammatory cytokines through a mechanism dependent on 295 
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α7 nicotinic acetylcholine receptors (nAChRs)
34

.   Indeed, acute administration of selective 7 296 

agonists and allosteric modulators has been shown to afford neuroprotection and produce anti-297 

inflammatory effects in models of ischemic stroke 
20, 35

.    298 

The current study demonstrated that treatment with varenicline, an α7 nAChR agonist and an 299 

established therapy for nicotine addiction starting 3 days after stroke significantly reduced brain 300 

inflammation in CSF-1R-EGFP (MacGreen) mice.  Brain regions demonstrating reduced EGFP 301 

expression also displayed up-regulation of GAP43, a marker of neurite outgrowth. This reinforces 302 

the observations of previous studies showing that increased GAP43 expression was associated with 303 

improved functional performance up to 4 weeks after stroke 
32, 36, 37

.  GAP43 upregulation is 304 

however typically observed in penumbral areas post stroke and few studies report upregulation in 305 

core regions 
38

.  It is possible therefore that the elevated GAP43 expression observed in core regions 306 

in the present study may originate from newly generated neurons 
39-41

.   Varenicline-treated animals 307 

also demonstrated an 80% recovery in the use of their impaired paw 10 days after stroke.   308 

Quantitative histological analysis confirmed that varenicline did not affect the volume of structural 309 

damage and that improved functional performance did not result from a preservation of tissue.  310 

Taken together, these results imply that an extended time-window exists in which to modulate brain 311 

inflammation and support the hypothesis that reducing inflammation in the subacute phase after 312 

stroke can promote recovery. 313 

 314 

We have shown previously that EGFP expression is increased in the ipsilateral hemisphere of 315 

MacGreen mice up to 35 days post stroke and that the increased EGFP expression post-stroke 316 

resulted from changes in both M/M cell density and morphology 
28

.  Since morphological 317 

appearance is an important indicator of functional activation
42

,  the change in EGFP+ cell 318 

appearance from an amoeboid to a more ramified appearance following varenicline treatment 319 

suggests that the beneficial effects observed in this study may at least in part be mediated via 320 
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activation of  a7nAChRs.  It cannot be discounted however, that the action of varenicline at other 321 

nAChR subtypes may also play a role. 322 

 323 

Varenicline is a partial agonist at 4β2, α3β2, α6β2 nAChR receptors
25

.   Nicotinic agonists like 324 

varenicline increase basal locomotor activity acutely in normal rodents 
43, 44

.   Dopamine release via 325 

activation of striatal 4β2 nAChRs may therefore contribute to the observed improvements in 326 

motor function 
45

.  327 

 328 

Agonists at 2 subunit containing nAChRs have also been shown to produce hypothermic effects in 329 

mice (de Moura).   Therapeutic hypothermia initiated in the acute phase after stroke has been shown 330 

to be both neuroprotective and anti-inflammatory 
46

.  While body temperature was not measured in 331 

the days following drug administration, varenicline is a less potent inducer of hypothermia than 332 

other nicotinic agonists including epibatidine and nicotine 
47

.   At the dosing regimen used in the 333 

current study, varenicline is likely to have produced minimal effects on body temperature
47

.  Further 334 

studies are required to determine whether varenicline reduces pro-inflammatory cytokine 335 

production and to establish the phenotype of M/M cells.    336 

 337 

In addition to its effects at nAChRs, varenicline binds with moderate affinity and acts as a partial 338 

agonist at 5HT3 receptors 
48, 49

.   It is possible therefore that the dual properties of partial efficacy at 339 

5HT3 receptors and a7 blockade synergistically contribute to the potential immunomodulatory 340 

properties of varenicline
50

.  341 

While the precise mechanisms underlying the beneficial effects in this study remain unresolved, our 342 

observations suggest that blockade of inflammatory responses and stimulation of cell survival 343 

signalling pathways may underlie the improved functional recovery in varenicline-treated animals.  344 

 345 
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Conclusion 346 

This study shows that delayed administration of varenicline, an established therapy for nicotine 347 

addiction suppressed inflammation, enhanced axonal growth, and improved impaired forepaw use 348 

following experimental stroke. This study adds to the current literature that nicotinic agonists have 349 

beneficial effects in experimental model of focal ischemia and demonstrates that an extended time-350 

window exists in which inflammation can be modulated pharmacologically. Further studies are 351 

warranted to determine whether these beneficial effects are sustained beyond the drug 352 

administration period, and whether varenicline can confer longer-term improvements in function in 353 

the weeks following stroke.  354 

Designed to be administered in the days after stroke, this therapeutic approach has significant 355 

implications for stroke patients who arrive late to hospital and are not suitable for thrombolytic 356 

therapy. Identifying an easily administered, well tolerated intervention that is currently available for 357 

other treatment indications may simplify the translation from preclinical investigation to clinical 358 

practice.  359 
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Figure 1: Changes in body weight, neurological score and impaired forelimb following stroke in 511 

varenicline and saline treated mice. (A) Varenicline treatment did not influence weight loss 512 

following stroke (F1, 155=1.012; p=0.336). (B) Recovery of gross neurological deficits were 513 

comparable between both treatment groups. (C) Unilateral impaired forelimb use was observed in 514 

both groups immediately after stroke (t=6.457; p<0.01). Varenicline significantly increased use of 515 

the impaired forelimb 10 days post stroke (t=2.747; p<0.01). Data are presented and mean ± S.E.M, 516 

n=10 per group,  *p <0.05.  517 

 518 

Figure 2: Patterns of ischaemic injury assessed by thionin histology in saline and varenicline-519 

treated MacGreen mice. (A) Incidence maps at the level of the striatum (Bregma +0.98mm) show 520 

comparable histological damage in both experimental groups 10 days following a 45 min MCA 521 

occlusion. (B) The area of ischemic damage at 9 stereotaxic levels through the rostro-caudal extent 522 

of the brain in saline and varenicline-treated mice was comparable in both treatment groups 523 

(t=0.0327; p=0.974).  Data are presented as mean ± SEM, n=10 per group, *p <0.05.  524 

 525 

Figure 3: Patterns of EGFP expression in saline and varenicline-treated MacGreen mice 10 days 526 

after MCA occlusion.  (A) Incidence maps at the level of the striatum (Bregma +0.98mm) show a 527 

lower incidence of EGFP upregulation in cortical regions in varenicline-treated compared to control 528 

animals. (B) Tile-scan images showing EGFP expression in the ipsilateral hemisphere of median 529 

animals in saline and varenicline treatment groups (scale=500µm). Images were taken at the level of 530 

Bregma +0.74mm. Note the decrease in signal intensity in cortical and striatal areas in varenicline-531 

treated animals.  Inserts show EGFP positive cell morphology within boxed regions of the 532 

respective tile scan images.      533 

 534 
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Figure 4: Quantification of EGFP expression in saline and varenicline treated MacGreen mice.  (A) 535 

No statistical difference was observed between lesion volume (t=0.0327; p=0.974) and EGFP 536 

expression volume (t=0.611; p=0.547) between treatment groups at 10 days after stroke.  EGFP 537 

volumes were typically 2.5 fold greater than the volume of infarct outlined thionin histology.  (B) 538 

EGFP signal intensity was decreased in the ischaemic cortex (t=2.987; p<0.01) and striatum 539 

(t=2.099; p<0.05) following varenicline-treatment compared to control animals but was unchanged 540 

in peri-infarct areas.  (C) There was no significant difference in the number of EGFP expressing 541 

cells per unit area in regions of interest between the two treatment groups (F=0.152; p=0.697). Data 542 

are presented as mean ± SEM, n=8-9 per group, *p<0.05. 543 

 544 

Figure 5: GAP43 expression in saline and varenicline-treated MacGreen mice 10 days after MCA 545 

occlusion treated animals.   Representative photomicrographs showing GAP43 expression in the 546 

ipsilateral cortex and striatum of (A) saline and (B) varenicline-treated mice (scale = 500µm).  547 

Images were taken at the level of Bregma +0.98mm.  Inserts show higher magnification images 548 

from boxed regions of the respective photomicrographs (scale = 50µm). (C) GAP43 signal intensity 549 

(corrected for contralateral expression) was significantly increased in the ischemic core of the 550 

striatum in varenicline-treated animals (t=2.373; p<0.05). (D) The number of GAP43 expressing 551 

cells in the ischemic core of the striatum was significantly lower in varenicline-treated animals 552 

compared to saline controls (t=2.337; p<0.05). Data are presented as mean ± SEM, n= 8-9 per 553 

group, *p<0.05. 554 

 555 
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