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0� :#"� (�&�� Hypoxia ischemia stroke method in vivo. Two main sources of blood to the 
forebrain are via the common carotid arteries; one for each hemisphere. The common 
carotid bifurcates forming the internal (and external) carotid artery that irrigates the 
cerebrum. Occluding one common carotid with electro-coagulation (bottom left) may 
potentially reduce blood flow to the ipsi-occlusion hemisphere affecting the internal (and 
external) carotid and its branches, the middle cerebral and anterior cerebral arteries. 
Common carotid artery occlusion alone does not produce ischemia because of collateral 
anastomoses with the opposite hemisphere; the middle cerebral via the arterial circle 
formed by junctions of the internal carotid arteries and also the posterior cerebral artery; 
and, the anterior cerebral artery via the azygos communicating artery linking the 
hemispheres. An ischemic stroke is produced by further reducing blood pressure to the 
whole brain during subsequent exposure to low oxygen for an extended period of time 
(8% O2 for 90 minutes).
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the floor when descending from a rear.

�����#����������� ��!

The food maneuvering task assesses a rats’ ability to manipulating food items with their 

forelimbs and digits during feeding (Whishaw et al., 1997). The food maneuvering task is 

an ecologically-relevant behaviour that does not require training and can be used in 

juvenile or adult rats. In this task, a rat familiar to the food items and testing environment 

will spontaneously begin to eat a food item placed on the floor immediately. The 

forelimbs and digits are used to grasp and maneuver the item into the mouth (Fig 1.2. 

#����� ).

The food maneuvering task was administered in the thesis experiments between 

postnatal days 42-45 to obtain a measure of limb preferences in the juvenile period. The 

behaviour of the rat is scored on their preference to use ipsi-lesion forelimb and digits to 

facilitate feeding. The performance of juvenile rats in this task has not been previously 

described following neonatal stroke.

$!������%�������� ��!

The skilled reaching task assesses a rats’ ability to use a forelimb to reach for a single 

small food item and put it in the mouth (Whishaw et al., 1991). The skilled reaching task 

is an ecologically-relevant behaviour that is goal-directed requiring training over several 

daily sessions and can be used in adult rats. In this task, a rat is trained to use a forelimb 

to reach through an opening in the testing apparatus box, grasp a food item, and transport 

the food item to the mouth (Fig 1.2. &�������
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stroke treatment-induced changes; and, c) post-stroke motor skill learning-induced 

changes. Maps in the ipsi-lesion hemisphere were of priority and were assessed first. 

Pilot experiments determined that there were no obvious differences which hemisphere 

was mapped first, or if mapping one hemisphere altered the forelimb map borders in the 

opposite hemisphere (data not shown).

The details of the ICMS mapping parameters were selected because they are 

known to detect changes in map organization from experiences, such as early brain 

injury, and reorganization from experiences, such as motor learning in adulthood 

(Williams et al., 2006). The chosen ICMS protocol is considered ‘threshold’ mapping 

because the least amount of current intensity, below a maximum of 60 [xA, was used to 

allocate evoked-movements to the motor map. To further ensure that the least amount of 

current was used for mapping, the fewest number of stimulation sites necessary to 

complete the forelimb map at high-resolution was used. That is, only forelimb maps and 

their immediate borders were investigated. Motor mapping started by locating a site that 

evokes forelimb movement and moving the electrode in steps to neighbouring sites to 

make an outline the forelimb map, and then to fill in the map completely (Fig 1.3). The 

location and size of the CFA is more predictable and larger than the RFA, so the CFA 

was mapped first, followed by the RFA. After mapping the CFA and RFA, multiple 

border sites of the forelimb map in medial, lateral, posterior and anterior orientations 

were re-tested for confirmation.
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1.5.6. Anatomy

Body and brain weights were measured to compare the general growth of the rats. The 

most common approach to describe lesion pathology in models of stroke is to measure 

the size of an infarct core. Hypoxia ischemia does infarct brain tissue, however, it can be 

difficult to determine the extent of an infarct core because the ischemia is global. There is 

less known about the organization of the residual brain tissue following neonatal stroke 

and is surprising considering that residual tissue presumably mediates the motor 

outcomes in adulthood.

The histological approach of the thesis experiments describes the pathology from 

neonatal hypoxia ischemia stroke, if any, in residual brain structures important for the 

control of motor behaviour. Cortical thickness measured in cresyl violet stained sections 

provided a gross assessment of cortical integrity in regions with corticospinal projections 

(cingulate, motor, and somatosensory areas). Myelin histochemistry (Schmued, 1990) 

provided a measure of axonal integrity in pathways connecting each hemisphere (corpus 

callosum), or pathways connecting to the spinal cord (internal capsule).

(�8�� �,@"�$�!"����-��%�)$+"�"�

The main objectives of the present thesis were to characterize the nature of motor deficits 

in a model of neonatal stroke. A secondary objective was to determine if motor deficits 

could be ameliorated with treatments. Based on previous work in the Kolb lab indicating 

that age, and extent, of brain injury are the most influential factors to predict outcomes, a 

reasonable hypothesis is that there are differences in the nature of the deficits following 

hypoxia ischemia occurring on different neonatal ages. However, the direction of the
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effects (for better or worse) is not easily predicted for age and extent of injury following 

hypoxia ischemia because the stroke model shows focal (ischemia core), and diffuse 

(whole hemisphere) pathological features. That is, if brain injury from hypoxia ischemia 

is mainly focal, then the P7 group may show the best outcomes (Kolb and Whishaw, 

1985; Kolb and Cioe, 2000), whereas if the brain injury is mainly global, then the P3 

group may show the best outcomes (Kolb and Tomie, 1988; Kolb et al., 1992). The 

treatments are likely to show the most benefit in neonatal stroke age groups with the 

worst outcomes.

1.7. Research Questions

The foremost question of the thesis studies asks whether varying the neonatal age-at- 

stroke produces similar outcomes in motor behaviour, anatomy, or motor maps in 

adulthood. A second question asks to what effect post-stroke drug treatments promote 

recovery of the deficits, if any. Chapter 2 investigates the short-term (12 days post­

stroke) effects of postnatal day 7 hypoxia ischemia (P7HI) on anatomy and development 

of the motor map. Chapter 3 investigates the long-term effects of P7H3 on juvenile 

behaviour, adult anatomy, and adult motor maps. Chapter 4 investigates the effects of 

drug treatment, either nicotine or bFGF, following P7HI on juvenile and adult motor 

behaviour, adult anatomy, and adult motor maps.' Chapter 5 investigates the effects of 

postnatal day 3 hypoxia ischemia (P3HI) on adult motor behaviour, adult anatomy, and 

adult motor maps. Chapter 6 investigates the effects of postnatal day 14 hypoxia ischemia 

(P14HI) on juvenile and adult behaviour, adult anatomy, and adult motor maps. New 

evidence is provided about the mechanisms of behaviour-brain plasticity.
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2.2. Introduction

Pediatric stroke is a leading cause of long-term neurological motor disabilities. The 

impairments from pediatric stroke are marked by limb spasticity, hemiparesis, poor 

dexterity and coordination, and cerebral palsy in severe cases. The prevalence of pediatric 

stroke is 1/4000 births, and is becoming increasingly recognized as a major contributor to 

childhood disorders (Lynch et aL, 2002). The majority of perinatal ischemic strokes, as is 

true in adult strokes, affect brain areas irrigated by the middle cerebral artery and may 

directly or indirectly damage motor areas and their pathways. Indeed, cross-sectional 

imaging studies following pediatric stroke have shown that the development of the 

corticospinal tract (CST) is impaired (Berweck et al., 2008; Kirton et al., 2007). Integrity 

of the CST has been well established across many species as an important pathway for 

voluntary motor control (Iwaniuk and Whishaw, 2000).

A milestone of CST maturation is the emergence of neural networks capable to 

influence spinal motor circuitry for the control of movements (Martin, 2005). Motor 

cortex and the corticospinal tract (CST) may be vulnerable to neonatal stroke because 

both structures mature substantially during the postnatal period. Developmental studies 

using various types of neonatal lesions to directly damage motor cortex areas have shown 

tremendous plasticity of behaviour, the developing CST, and motor maps, when assessed 

in adulthood (Brus-Ramer et al., 2007; Castro, 1975; Eyre, 2007; Gibson et al., 2000; 

Kennard, 1936; Kennard, 1938; Kolb et al., 2000a; Kolb et al., 2000b; Monfils et al., 

2005; Rouiller et al., 1991). It is less clear what the effects of diffuse and variable injuries 

sparing motor cortex, such as neonatal stroke, are on motor map development and this

29



0����������	����������	��������	��3�'�������1����������������������������������������������1�

���� �������� ��� ��������� ������ �����8� ���� �����"������� "���0���(� ���� ���� ���������

������ ��������� ���� ����������� 0���� ��������� ������ ��"�3� '�������� ����� ��	��� ��	�����

�	������ ����� ����1�� ��������� ��� �"��9���������"� ����	����������	"���� ��� ������������������

������������ B&��0�� ��� ��3(� ,--7N� &��0�� ��� ��(� ,--ID� ���� ���� ����� ���� �������� 0��1��

B������0��������3(�,--5N�������0��������3(�,--IN�#	�������/����1��(� 4..HD3

%�"�8���������������	�������"�������������7�B�7%'D����������������������	����

���� ������ ��� ��	��� "��������� ��������� ��������� ����1�� BO���	���� ���� O���	���(� ,--5D3�

������	�� ��	���������� ���0������� �7%'� "���	������������������������� �1����������	�������

B���0� ��� ��3(� ,--FN� ��������	� ��� ��3(� ,--,D� �����	��� ���� ��	���� 	����"�������� � ������

��������� ���� "������ 	���������3� ��� ������������ ���� ���	��� ���"��������� �������� ��� ������

��"�� �����0������������� ����1�(� �7%'� 0��� ���	���� ��� ���������������������� ����	�����

�����0������ �8"��	��������"�8���BI6��8���������.-����	���D3� ����������	���� ���������

��"��������������	�1��0�����������������0�������������������������������������������� ����

���� ����� 0������ 	���� ����������� �������� ��� ����1�� ��	����3� ���� ��	��"�������������

������	���� ��� ������ ��"� ������"����� ���� ��� ��	����� ��� ����� 0���� ��������������

���������	�������B')/�D�B)��1�������� ���� /�����(�,---D3� �������������������������������

���������� ��	��� ��� ���1��� 0��� ����������� ��� ������� ����� 	����� ')/�� 	����� ������

1�������� "��"��������� ��� �������� "��������� ����3� '�� �� ������� �8"�������(� �� ���	"� 0���

������ �7%'� ���� ������ ��"� ���������� 0��� ������������3� ���� ��""���� ���	���� ����

����	����� ��������������������������������	���� ��������"����� ��:�(� �������������1����(� ����

�����������������"���0���3

F-



2.3. Methods

Subjects and Housing

Long-Evans male rat pups (N=30) from four dams bred at the Canadian Centre for 

Behavioural Neuroscience breeding colony were used in this study. There are two 

experiments in this report. Experiment 1 was a cross-sectional timecourse study in naive 

pups to determine when movements can be first evoked by intracortical microstimulation 

(ICMS). ICMS was performed with separate pups on postnatal day (P) 10, 12, and 14 

(N’s=2); 15, 17 and 19 (N’s=3). In Experiment 2, rat pups received Sham or Postnatal 

day 7 Hypoxia Ischemia (P7HI). ICMS mapping commenced on P19 (Sham N=5; P7HI 

N=5) or P25 (Sham N=2; P7HI N=3). Group assignment was counterbalanced within and 

across two litters used for Sham (N=7) and P7HI (N=8). One additional Sham was 

mapped prior to full adulthood on P52. Rats were housed in standard laboratory cages 

with food and water available ��� ��	�����  Weaning occurred on P23 and consisted of 

separating the litter by sex. This study was approved by University of Lethbridge 

Animal Welfare Committee and procedures followed institutional and the Canadian 

Council for Animal Care guidelines. Use of animals was minimized and effort was taken 

to reduce discomfort.

Experiment 1 

Motor Mapping

Intracortical microstimulation (ICMS) was used to map the emergence of forelimb 

representations during development. Both hemispheres were mapped in at least one rat at
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a heating pad to maintain body temperature. Pups were initially anesthetized in an 

induction chamber with Isoflurane (4%). Pups were placed in a supine position on an 

operating table where they were maintained under Isoflurane (2%) delivered through a 

modified nose cone. The ventral neck was cleaned and an incision along midline was made. 

Exposed muscles were separated permitting access to the common carotid artery (CCA). 

The right CCA was ligated and vagus nerve separated. The CCA was tied with 2 sutures 

(5-0 silk) 2-3 mm apart caudal to internal and external carotid artery branches. Exposed 

arterial tissue was permanently occluded with bipolar electrocoagulation. Muscles were 

repositioned and the incision was closed using Vetbond tissue adhesive. Pups were placed 

in an incubator (36.5°C) for 30 minutes to recuperate. Small groups of pups were placed 

in a glass jar maintained at 36.5°C with surrounding water bath. Hypoxic conditions were 

created by delivering 8 % oxygen (balance nitrogen) at 110 mm Hg via a tube inserted into 

the jar. Pups were returned to the incubator for 10 minutes of recovery. Once mobile, the 

pups were returned to their dam. Sham surgery included all procedures except right CCA 

occlusion (and vagus nerve separation). There was no mortality from CCA occlusion or 

hypoxia exposure.

Motor Mapping

The ipsi-lesion hemisphere in the P7HI group was of primary interest so the right 

hemisphere was mapped first (including Sham). Both hemispheres were mapped except 

for the contra-lesion hemisphere equivalent in one Sham. The electrode was transferred 

between hemispheres after every five microstimulation sites tested as a control procedure.
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Ipsi-lesion hemisphere [F(l,8)=0.01, P>0.05] or in the Contra-lesion hemisphere 

[F(l,8)=0.01, P>0.05].

Motor Mapping

Forelimb motor maps were assessed in both hemispheres at developmental timepoints 

that ICMS evoked movements identified in Experiment 1. There was no delay of map 

emergence or reduction in size on P I9 in the P7HI group with moderate lesions (Fig 2.3 

and 2.5).

There was no difference in the number of microstimulation Sites probed between 

Sham and P7HI subjects examined on P19 [Ipsi-lesion: F(l,8)=0.89; Contra-lesion: 

F(l,8)=0.03, P’s>0.05)]. Additionally, there was no difference in average stimulation 

Threshold to evoke forelimb movements [Ipsi-lesion: F(l,7)=0.47 (one case missing); 

Contra-lesion: F(l,6)=0.31, P’s>0.05 (two cases missing)]. The electrode tip depth that 

movements could be evoked with the lowest threshold was consistent between Sham and 

P7HI subjects (approximately 1300 pm).

The Total area of forelimb representations in the Ipsi-lesion motor cortex was 

similar between Sham and P7FII [F(l,8)=2.62, P>0.05, Fig 2.5]. Further analysis indicated 

that the P7HI group had less area of shoulder and elbow movements, but there was no 

difference in area of wrist or digit movements compared to Sham [Proximal: F(l,8)=6.34, 

P<0.05; Distal: F(l,8)=0.03, P’s>0.05],
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Figure 2.3. Histology and corresponding motor maps for Sham and postnatal day 7 
hypoxia ischemia (P7HI) cases. Left Panel: A representative P7HI case (middle) shows a 
moderate lesion with an enlarged ventricle and smaller striatum and hippocampus in the 
ipsi-lesion hemisphere (right side). Porencephalic cysts were present in two severe P7HI 
cases although motor cortex was spared (bottom). Sections stained for myelin (Schmued) 
revealed that the internal capsule was diminished in the ipsi-lesion hemisphere yet the 
corpus callosum thickness was comparable to Sham and the pyramidal tract appeared 
symmetrical. White lines show areas of cortical thickness measurements. Numbers show 
distance to Bregma. Boxed area shows approximate region of the motor map. Right Panel: 
Intracortical microstimulation on postnatal day 19 in the ipsi-lesion hemisphere showed 
that moderate P7HI did not affect the size of the forelimb map (P7HI-A), whereas a 
severe P7HI case had an abnormally small map (P7HI-B, mapped on P25). 
Abbreviations: C is cingulate cortex area 1; cc, corpus callosum; Cp, caudate putamen; fi, 
fimbria of hippocampus; H, hippocampus; M, motor cortex; S, somatosensory cortex; St, 
striatum; R, retrosplenial granular cortex b; py, pyramidal tract; V, lateral ventricle.

There were no differences in analyses of areal representations in the Contra-lesion 

hemisphere between Group [Total: F( 1,8)=0.12; Proximal: F(l,8)=0.91; Distal: 

F(l,8)=0.01, P’s >0.05].

There were no differences in motor map organization between PI9 and P25 in 

Sham operates. Movements were evoked at thresholds below 150 pA and electrode tip 

depths of 1300 pm. Two P7HI operates that were mapped on P25 had abnormally small 

or absent forelimb representations in the ipsi-lesion hemisphere (P7HI-B, Fig 2.3). These 

two P7HI cases had severe infarcts, yet the ipsi-lesion motor cortex was spared. An 

additional P7HI case confirmed as a moderate lesion was found to have a motor map the 

same size as Sham, but the forelimb representation consisted of mostly Distal movements 

(86%), paralleling the observation in P7HI cases mapped on P19 (statistics not 

performed). The size of the forelimb representations in the contra-lesion hemisphere were 

not different than Sham.

45



Donoghue, J.P., Wise, S.P., 1982. The motor cortex of the rat: cytoarchitecture and 
microstimulation mapping. J Comp Neurol. 212, 76-88.

Eggermont, J.J., 1992. Development of auditory evoked potentials. Acta Otolaryngol. 
112, 197-200.

Eyre, J.A., 2007. Corticospinal tract development and its plasticity after perinatal injury. 
Neurosci Biobehav Rev. 31, 1136-49.

Eyre, J.A., Smith, M., Dabydeen, L., Clowry, G.J., Petacchi, E., Battini, R., Guzzetta, A., 
Cioni, G., 2007. Is hemiplegic cerebral palsy equivalent to amblyopia of the 
corticospinal system? Ann Neurol. 62,493-503.

Finger, S., Beyer, T., Koehler, P.J., 2000. Dr. Otto Soltmann (1876) on development of 
the motor cortex and recovery after its removal in infancy. Brain Res Bull. 53, 
133-40.

Friel, K.M., Martin, J.H., 2007. Bilateral activity-dependent interactions in the 
developing corticospinal system. J Neurosci. 27, 11083-90.

Fritsch, G., Hitzig, E., 1870. Uber die elektrische Erregbarkeit des Grosshims. Arch. 
Anat. Physiol. Wiss. Med. 37, 330-332.

Gharbawie, O.A., Gonzalez, C.L., Williams, P.T., Kleim, J.A., Whishaw, I.Q., 2005. 
Middle cerebral artery (MCA) stroke produces dysfunction in adjacent motor 
cortex as detected by intracortical microstimulation in rats. Neuroscience. 130, 
601-10.

Gharbawie, O.A., Karl, J.M., Whishaw, I.Q., 2007. Recovery of skilled reaching 
following motor cortex stroke: do residual corticofugal fibers mediate 
compensatory recovery? Eur J Neurosci. 26, 3309-27.

Gharbawie, O.A., Williams, P.T., Kolb, B., Whishaw, I.Q., 2008. Transient middle
cerebral artery occlusion disrupts the forelimb movement representations of rat 
motor cortex. Eur J Neurosci. 28, 951-63.

Gibson, C.L., Amott, G.A., Clowry, G.J., 2000. Plasticity in the rat spinal cord seen in 
response to lesions to the motor cortex during development but not to lesions in 
maturity. Exp Neurol. 166,422-34.

Goldman, P., 1974. An alternative to developmental plasticity: Heterology of CNS 
structures in infants and adults.. In: Plasticity and recovery of function in the 
central nervous system. Vol., J.R. DG Stein, and N Butters, ed.Aeds. Academic, 
New York, pp. 149-174.

Grow, J.L., Liu, Y.Q., Barks, J.D., 2003. Can lateralizing sensorimotor deficits be
identified after neonatal cerebral hypoxia-ischemia in rats? Dev Neurosci. 25, 
394-402.

Iwaniuk, A.N., Whishaw, I.Q., 2000. On the origin of skilled forelimb movements. 
Trends Neurosci. 23, 372-6.

Jankowska, E., Padel, Y., Tanaka, R., 1975. The mode of activation of pyramidal tract 
cells by intracortical stimuli. J Physiol. 249,617-36.

Kennard, M.A., 1936. Age and other factors in motor recovery from precentral lesions in 
monkeys. Amer. J. Physiol. 115, 138-46.

Kennard, M.A., 1938. Reorganization of motor functions in the cerebral cortex of
monkeys deprived of motor and premotor areas in infancy. J. Neurophysiol. 1, 
477-96.

60



;�����(��3(�������(�/3(�O����������(��3(���O����(��3(�,--73�A	�����������������"�����������
����	�����������������"���������������������1���	�����3� ����1�3�FI(�.7G9I-3

;����(�>3�3(�&�����(� �3(�#	��(��3>3(�4..I3��	�����������������:�����������������������
�����8������0�����������1������������3�>�#�	��"������3�I-(�FF,4953

;����(�>3�3(�&�����(� �3(�)��"��(�#3�3(�%���(��3/3(�������(�)3#3(����"��(�/3�3(�#	��(�
�3>3(�,--,3�/�������������9��"�����������"�������������������:�������	�����������
��������:��������������83�#�	�������������/��3�77(�HF9773

;���(�&3(�)���(�>3(�+�����0(�'3A3(�,---�3�'������������"����������������������������������
�����8��������]�'3�&��������������������������� 	�����������������������������8�
�������������������"��������������4(4-(����������	������3�&��������3� II,(H,97G3

;���(�&3(�)���(�>3(�+�����0(�'3A3(�,---�3�'������������"����������������������������������
�����8��������]�''3��������	������������������������ 	���������	����������������
�����8������������"��������(�������(�������	�������3��������#�	����#�	�����3� 47(�H49�
7-3

��0�����(�!3�3(�;	�"���(�%3�3(�4.H53���������������#��9��������������0����'��
/��1���K�����������������	���������)����������3��������3� 4GI(�.7F953

�����(��#3(�,--I3�!����������"���0��������������������3����	�����#�	�����3�F4(4.59�
,4I3

��	(�S3(������������(��3�3(��1���(��3(�&��1�(�>3!3(�,--,3�%�"�8��9���������
�������������������2	������������������������3������������3�54(,59FF3

�����(�>3;3(�%���:(�!3�3(�!�O����(��3(�#�����(�;3&3(�,--,3���"�����������#��������
'�����	���� ��#�	����������!�����������������1��0��1���"����"�������������
��������������1�3�����������3� 4-.(�44H9,F3

/�����(�>3%3(�,--53�������������"�����������K������������"���������������������3�
#�	�����������3� 44(�4H497F3

/�����(�>3%3(�$�����(�!3(�/���(�@3(�,--53�$������������������	������"��������
������"�����������������������������"���������������"������������������8��������
���3�>�#�	��"������3�.F(,I,,9F43

/�����(�>3%3(������(�;3/3(�������(�'3(�)��1�������(��3(�,--73���������9�����	��9��"�������
"�����������������������"������������"�����������3�#�	��������������&�������������
�����0�3�F4(�44,59F53

/���(�@3(���(�A3(�/�����(�>3%3(�,--G3���������������������������"����������������������
�	����������������������"�����������3�>�#�	�����3�,G(�H-594G3

/������(�/3%3(�!�������(�'3(�O���������(��3/3(�������(�#3>3(�!��1�(�!3(�;����(�>3�3(
;���(�&3(�,--53�&�������������������0��������������	�������	������������������������
�������������������������������8��������3�#�	���������3� 4FG(49I3

#������(�$3>3(� �������(�)3(�4.I,3�������������������������������8�������������������������83�
&��������3�,F,(�4549H3

#����������(��3>3(���������(�!3/3(�������(�$3/3(����������(��3>3(�/�����(��3>3(�,--43
$�������	�����������������������"�8��9�������������������������������������0�����
����������	����������������"�"�����3�#�	�������������!������3� I(,-79,4.3

#	��(��3>3(�/����1��(��3+3(�4..H3���������:��������������������"���������������
"������������������8������0���������������������������������	���� 	���������1���3�
>�#�	��"������3�75(,4GG9.3

H4



Nudo, R.J., Milliken, G.W., Jenkins, W.M., Merzenich, M.M., 1996. Use-dependent
alterations of movement representations in primary motor cortex of adult squirrel 
monkeys. JNeurosci. 16, 785-807.

O'Leary, D.D., Wilkinson, D.G., 1999. Eph receptors and ephrins in neural development. 
Curr Opin Neurobiol. 9, 65-73.

Paxinos, G., Watson, C., 1998. The rat brain in stereotaxic coordinates, Vol., Academic 
Press, San Diego.

Plautz, E.J., Milliken, G.W., Nudo, R.J., 2000. Effects of repetitive motor training on
movement representations in adult squirrel monkeys: role of use versus learning. 
Neurobiol Learn Mem. 74, 27-55.

Qiao, M., Meng, S., Scobie, K., Foniok, T., Tuor, U.I., 2004. Magnetic resonance 
imaging of differential gray versus white matter injury following a mild or 
moderate hypoxic-ischemic insult in neonatal rats. Neurosci Lett. 368, 332-6.

Rouiller, E.M., Liang, F.Y., Moret, V., Wiesendanger, M., 1991. Trajectory of redirected 
corticospinal axons after unilateral lesion of the sensorimotor cortex in neonatal 
rat; a phaseolus vulgaris-leucoagglutinin (PHA-L) tracing study. Exp Neurol. 114, 
53-65.

Skoff, R.P., Bessert, D.A., Barks, J.D., Song, D., Cerghet, M., Silverstein, F.S., 2001.
Hypoxic-ischemic injury results in acute disruption of myelin gene expression and 
death of oligodendroglial precursors in neonatal mice. Int J Dev Neurosci. 19, 
197-208.

Stone, B.S., Zhang, J., Mack, D.W., Mori, S., Martin, L.J., Northington, F.J., 2008. 
Delayed neural network degeneration after neonatal hypoxia-ischemia. Ann 
Neurol. 64, 535-46.

Stoney, S.D., Jr., Thompson, W.D., Asanuma, H., 1968. Excitation of pyramidal tract 
cells by intracortical microstimulation: effective extent of stimulating current. J 
Neurophysiol. 31, 659-69.

Terashima, T., 1995. Anatomy, development and lesion-induced plasticity of rodent 
corticospinal tract. Neurosci Res. 22, 139-61.

Tomimatsu, T., Fukuda, H., Endoh, M., Mu, J., Watanabe, N., Kohzuki, M., Fujii, E.,
Kanzaki, T., Oshima, K., Doi, K., Kubo, T., Murata, Y., 2002. Effects of neonatal 
hypoxic-ischemic brain injury on skilled motor tasks and brainstem function in 
adult rats. Brain Res. 926, 108-17.

Tuor, U.I., Kozlowski, P., Del Bigio, M.R., Ramjiawan, B., Su, S., Malisza, K., Saunders, 
J.K., 1998. Diffusion- and T2-weighted increases in magnetic resonance images 
of immature brain during hypoxia-ischemia: transient reversal posthypoxia. Exp 
Neurol. 150, 321-8.

Vannucci, R.C., Vannucci, S.J., 2005. Perinatal hypoxic-ischemic brain damage: 
evolution of an animal model. Dev Neurosci. 27, 81-6.

Vinay, L., Brocard, F., Pflieger, J.F., Simeoni-Alias, J., Clarac, F., 2000. Perinatal
development of lumbar motoneurons and their inputs in the rat. Brain Res Bull.
53, 635-47.

Westmacott, R., MacGregor, D., Askalan, R., deVeber, G., 2009. Late emergence of 
cognitive deficits after unilateral neonatal stroke. Stroke. 40, 2012-9.

62



Williams, P.T.J., Davidov, D.I., Steed, J. W., Muhammed, A., Kolb, B., 2007. Effects of 
hypoxia ischemia on behavioural asymmetry and intracortical microstimulation 
motor maps. In: Soc. Neurosci. Abstr., Vol., ed.Aeds., San Diego, CA.

Zhang, L.I., Bao, S., Merzenich, M.M., 2001. Persistent and specific influences of early 
acoustic environments on primary auditory cortex. Nat Neurosci. 4, 1123-30.

63



/+3�$"#�?

����������"��9���������������"�������	������������0����"�������������7���"�8��
����������������3

HG



3.1. Abstract

Pediatric stroke induces a range of behavioural deficits that may be severe and persist 

into adulthood. The neural correlates of the deficits remain poorly understood. Pediatric 

cases with motor impairments are particularly elusive because motor cortex is seemingly 

intact. The present study used the most common animal model of neonatal stroke to 

determine if the motor impairments are related to aberrant organization of cortical motor 

maps in adulthood. Postnatal day 7 hypoxia-ischemia (P7HI) was achieved by occluding 

a common carotid artery and exposure to hypoxia (8% oxygen for 90 min). Preferences in 

forelimb use in the cylinder task and during food manipulation were documented in 

juveniles. Forelimb motor maps were investigated with intracortical microstimulation in 

adulthood. Cortical thickness was obtained from sections stained with cresyl violet. 

Pathological variability from P7HI was classified as Moderate or Severe. The Moderate 

P7HI group did not show changes in motor, somatosensory, or cingulate cortex thickness, 

whereas the Severe P7HI group had thinner posterior somatosensory cortex that typically 

showed cortical cysts. The P7HI groups demonstrated a mild preference to use the ipsi- 

lesion forelimb for contact with the cylinder wall and when manipulating food items. 

Motor maps from the ipsi-lesion hemisphere indicated that the caudal forelimb area was 

abnormally small, regardless of lesion size, yet the rostral forelimb area was not affected 

in the P7HI groups. This is the first study to directly demonstrate that motor maps are 

mutable to neonatal stroke and may contribute to motor impairments in adulthood. That 

Moderate or Severe hypoxia ischemia diminished the maps similarly in adulthood 

suggests there may be a common trigger, not related to lesion size, to render motor map 

development abnormal.
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3.2. Introduction

Cerebral ischemic stroke occurs in humans less than 30 days old at a rate of 1 in every 

4,000 (Lynch et al., 2002). Pediatric stroke produces deficits in motor function in 30-40% 

of cases and the impairments may be diagnosed immediately or after months to years 

after the stroke (deVeber et al., 2003). An hypoxic ischemic episode at birth is most 

common, second only to premature births, and can lead to spasticity, poor fine motor 

control and skill learning, hemi-paresis or -plegia, and cerebral palsy in severe cases 

(deVeber, 2002; Eyre, 2007; Perlman, 2006). The ensuing neural correlates of the motor 

impairments following pediatric stroke are poorly understood.

Animal models of pediatric stroke can foster advancements in stroke diagnosis 

and treatment. An experimental model of human stroke at full-term birth has been 

developed for rats by inducing hypoxia ischemia on postnatal day 7 (P7HI) (Vannucci 

and Vannucci, 2005). Investigations of the long-term outcomes following P7HI 

demonstrate various cognitive and motor deficits (Grow et al., 2003), including 

symptoms of motor cortex damage such as deficits in reaching for food task (Kohzuki et 

al., 2006; Tomimatsu et al., 2002), although motor cortex was seemingly spared in those 

reports. Based on findings from adult stroke studies in primates and rodents, it is possible 

that the neurophysiology of motor cortex may be compromised despite it apparent 

anatomical intactness and this in turn could contribute to the motor deficits (Nudo, 2003).

The objective of this study was to investigate the long-term outcomes of P7HI on 

forelimb-use preferences and dexterity, and to determine if there were alterations in 

motor map organization in adulthood. Changes in motor map organization following 

stroke can be studied in detail with intracortical microstimulation (ICMS) (Frost et al.,
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Figure 3.1. Timeline of experimental procedures.

Postnatal Day 7 Hypoxia Ischemia

The litter was removed from the dam on postnatal day 7 and placed in a standard cage on 

a heating pad. Pups were anesthetized with Isoflurane and maintained under anesthesia 

through a modified nose cone. The ventral neck was cleaned and a midline incision was 

made. The right common carotid artery (CCA) was ligated (not including vagus and 

sympathetic nerves) and tied with two sutures (5-0 silk) 2-3 mm apart caudal to the 

branches of the internal and external carotid artery. The CCA was occluded with bipolar 

coagulation. The muscles were repositioned and the incision was closed with Vetbond 

tissue adhesive. The duration of the surgery was typically 5 minutes. Pups were placed in 

an incubator (37 °C) for 30 minutes to recover. Pups were transferred in groups of three 

or four to a glass jar with the temperature set at 36.5°C and humidified in a water bath. 

Exposure to hypoxia for 90 min was achieved by delivering 8 % O2 at 110 mm Hg 

through a tube into the jar. Pups were placed in the incubator until mobile (15-20 

minutes) and returned to their dam. Sham surgery did not include right CCA occlusion 

Group assignment was random across litters and there was no mortality.
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Behavioural Assessment

Cylinder Task

Rats were individually placed into the cylinder for 5 minutes on postnatal day 30. Rats 

will spontaneously rear and use their forelimbs for support on the wall when placed in a 

narrow Plexiglas cylinder (Schallert et al., 2000). Videorecords were scored for the 

number of rears on the wall or in the centre, the forelimb used first for support during a 

wall rear, the total touches for each forelimb on the wall, and the first forelimb to touch 

the floor on descent from a rear. Forelimb preference scores were calculated for First 

forelimb to contact the wall upon rearing, Total forelimb touches on the wall, and first 

forelimb to contact the Floor after a rear, using the following formula: [(# ipsi-lesion / 

#ipsi-lesion + #contra-lesion)*100].

The cylinder was 20 cm in diameter and 30 cm in height placed on clear Plexiglas 

tabletop. A mirror was positioned on an angle below the tabletop to capture videorecords 

from a ventral perspective of the rat.

Food Maneuvering Task

Rats are adept in manipulating food items with their forelimbs and digits to present food 

items to the mouth (Whishaw et al., 1997). Rats were familiarized to the food items by 

placing small pieces of angel hair pasta (<1 cm dried) in the home cage for three days 

before testing. Testing began on postnatal day 42 and the rats were filmed on postnatal 

day 45 for scoring. Rats were placed in cylinder for two minutes for habituation purposes 

and then briefly removed to clean feces or urine in order to ensure unobstructed 

videorecords. Rats were returned to the cylinder and three Short pieces of 4 cm long
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image using Canvas (ACD Systems) to guide and record electrode penetration sites 

(Remple et al., 2001). The electrode was made of a platinum filament inserted in a 

borosilicate glass micropipette (20-40 pm tip diameter, 15° bevel) filled with 

concentrated saline (3.5 M). The electrode tip was lowered to 1550-1600 pm beneath the 

cortical surface corresponding to layer V pyramidal cell bodies giving rise to 

corticospinal tract fibers (Donoghue and Wise, 1982). Microstimulation trains of thirteen, 

200 ps, 350 Hz cathodal pulses, were delivered from a stimulation isolation unit. At each 

site (350 pm interpenetration distance) the current intensity was gradually increased from 

0 pA up to 60 pA, or until a movement was evoked. During microstimulation trains, an 

experimenter supported the rat’s forelimb from underneath the elbow and visually 

classified evoked forelimb movements as shoulder or elbow (proximal) or wrist or digit 

(distal). The movement obtained at the lowest threshold was recorded along with the 

threshold intensity.

After completion of motor mapping under these parameters, forelimb 

representations were abnormally small in some rats. In such cases, non-responsive sites 

were reinvestigated, first re-testing sites with the same parameters as above, and if still 

unresponsive, current intensities up to 150 pA were used across multiple depths between 

1000 pm and 1800 pm (200 pm increments).

The midpoint distance between outskirt forelimb movements and neighbouring 

non-forelimb movements was outlined and the enclosed area calculated using Canvas 

software. Areas of shoulder and elbow or wrist and digit representations were outlined 

and separately measured for the CFA and RFA.
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Anatomy

Body and Brain Weight

Body weight was measured before ICMS. Brain weight was measured after the mapping 

session and perfusion.

Histology

Rats were given an overdose of Euthansol and perfused with saline and 4 % formalin 

fixative. The brain was post-fixed in 4 % formalin and cryoprotected in 30 % sucrose in 4 

% formalin solution in refrigeration. Coronal sections were cut at 40 pm with a freezing 

microtome. Every tenth section from the anterior to posterior pole of the brain was 

transferred to a glass slide prepared with a 1 % gelatin and 0.2 % chrome-alum coating. 

Sections were stained for Cresyl Violet and digital images were taken. ImageJ (NIH 

freeware) was used to measure hemisphere size and cortical thickness. The atlas plates 

correspond to Paxinos and Watson (Paxinos and Watson, 1998).

Hemisphere Size

Hemisphere size was estimated by measuring width from the rhinal fissure to the midline 

in a posterior coronal plane (Bregma -2.30, respectively). The percentage of ipsi-lesion 

hemisphere size was calculated [Ipsi-size / (Ipsi-size + Contra-size) * 100.

Cortical Thickness

Cortical regions with corticospinal projections including the cingulate (Cgl), motor (Ml), 

somatosensory (SI), and retrosplenial (RSGb) were measured from anterior, central, and
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4.1. Abstract

Hypoxia ischemia stroke is a leading cause of neurological motor deficits arising from 

infant brain injury in humans. Psychomotor stimulants and growth factors are potential 

pharmacological treatments for neonatal stroke patients because they have been shown to 

alleviate motor impairments and to induce cortical changes in neural structure following 

several other types of lesion etiologies, including adult stroke and neonatal cortical 

lesions. To determine if psychomotor stimulants or growth factors promote beneficial 

outcomes in a neonatal stroke model, motor behaviour and skill learning using the 

forelimbs as well as neurophysiological motor map organization were assessed in 

adulthood. Rat pups on postnatal day 7 were given an hypoxic ischemic stroke (P7HI) by 

permanent occlusion of one common carotid artery and subsequent exposure to hypoxia 

(8% 02 for 1.5 hr). Drug treatments commenced one day following P7HI using either 

nicotine (0.1 mg/kg, s.c.) or basic fibroblast growth factor (bFGF, lOng/g, s.c.) with daily 

subcutaneous injections for seven consecutive days. Forelimb motor behaviours were 

assessed in juveniles during a food maneuvering task and in adulthood during a skilled 

reaching task using the contra-lesion forelimb. P7HI produced an enduring deficit in food 

maneuvering and reaching abilities, however the motor deficit was attenuated by nicotine 

or bFGF treatments. The motor skill learning from reach training was robust in Sham and 

P7HI with treatment groups when re-evaluated over 8 months later. Analysis of the ipsi- 

lesion motor maps with intracortical microstimulation indicated that P7HI diminished the 

size of the caudal forelimb area map whereas the rostral forelimb area map was 

abnormally large compared to Shams. P7HI rats treated with nicotine or bFGF showed 

maps that were more normal than non-treated P7HI counterparts, particularly with more
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wrist representation in the caudal map. Maps in the contra-lesion hemisphere indicated no 

differences in organization between Sham, P7HI, and P7HI with treatment groups. 

Histological analysis indicated that P7HI did not alter cortical thickness in motor or 

somatosensory areas, but did reduce cortical thickness in cingulate areas compared to 

Shams. P7HI rats treated with nicotine or bFGF did not show the same reduction in 

cingulate thickness as the no treatment group. Together, these findings suggest that motor 

deficits from P7H3 are attributable, at least in part, to abnormal ipsi-lesion motor maps 

and that nicotine or bFGF treatment attenuated the affected forelimb and motor map 

deficits in adulthood. This study provides evidence that two different treatment strategies 

may be beneficial following neonatal stroke.
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roles in cellular proliferation and survival, especially during development. For example, 

basic fibroblast growth factor (bFGF) potently modulates neurogenesis (Vaccarino, 1999) 

and cortical development (Raballo, 2000). Given stimulants or growth factors alter neural 

organization of normal brain, albeit in different ways, it is conceivable stimulants or 

growth factors may work to improve behavioural and anatomical outcomes following 

brain injury. Indeed, nicotine or bFGF treatments following neonatal and adult cortical 

injuries have been separately shown to alleviate motor (Gonzalez et al., 2006; Monfils et 

al., 2006) and cognitive (Brown et al., 2000; Brown et al., 2001; Comeau et al., 2008) 

impairments. The use of nicotine or bFGF following neonatal stroke however, is 

unknown.

The novelty of the current study is that nicotine or bFGF drug treatment following 

neonatal stroke was assessed on motor skills and neurophysiological outcomes in 

maturity. Rat pups were given an hypoxia ischemia stroke on postnatal day 7 (P7HI) by 

occlusion of one common carotid artery and subsequent exposure to hypoxia (8% 02 for 

1.5 hr). To explore the effects of nicotine or bFGF treatments following neonatal hypoxia 

ischemia, either nicotine (0.1 mg/kg, s.c.) or bFGF (lOng/g, s.c.) was administered with 

daily subcutaneous injections for seven consecutive days beginning 24 hours after 

ischemia. Forelimb motor behaviour was assessed in juveniles during a food 

maneuvering task and in adults during a reaching-for food task using the contra-lesion 

forelimb. The neurophysiological organization of forelimb motor maps was determined 

with intracortical microstimulation (ICMS) following reach testing.

It is pertinent to determine if treatment-induced improvements to motor skills 

show savings over long intervals. There is little known if motor skills initially learned
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and practiced persist after a long interval without concurrent practice (Whishaw et al.,

2008). If treatments after neonatal stroke do alter the savings of motor skills, it is more 

likely that alternative neural mechanisms were engaged during initial learning only 

transiently promoting compensation, and the impairments may re-appear. To assess if 

treatments following neonatal stroke alter savings of the learned motor skills, a subgroup 

of rats was re-tested on the reaching task 8 months later.

.�?�� �"$+)-�

Subjects and Housing

Long-Evans rat pups (N=59) from five dams bred at the Canadian Centre for Behavioural 

Neuroscience breeding colony were used in this study. There were roughly equal 

numbers of male and female rats in each condition. The cross-litter design contained four 

groups of rats (Sham=18, P7HI=5, P7HI+Nicotine=18, and P7HI+bFGF=18). Figure 4.1 

provides an outline of the experimental timeline.

Pups were weaned on postnatal day 23 and housed in same-sex groups of two or 

three in standard laboratory cages with food and water available ad libitum. Food was 

reduced to 85% daily serving during behavioural testing as a motivator for food reward 

(postnatal day 32-35 for the food maneuvering task; adulthood for three consecutive days 

before the single pellet reaching task). Food was reduced to 25% daily serving 16-20 

hours before motor mapping surgery to minimize variability in response to anesthetics. 

The University of Lethbridge Animal Welfare Committee approved this study and 

procedures followed institutional and Canadian Council for Animal Care guidelines. 

Effort was taken to use the fewest possible animals and to minimize discomfort.
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between Treatment groups indicating that the P7HI group made more attempts than the 

other groups however, the P7HI+Nicotine or P7HI+bFGF were not different than Sham 

[F(3,55)=4.00, P<0.05, Fig 4.5 A],

Repeated measures ANOVA run for Success (# hits/20trials) showed an effect of 

Session indicating that there was improvement in reaching success during testing 

[F(5,255)=T7.72, P<0.05]. The Session X Treatment interaction was also significant and 

attributable to the P7HI group not showing improvement in success across testing 

sessions [F(15,275)=2.63, P<0.05, Fig 4.5 B]. Additionally, there was a difference for 

Success between Treatment groups indicating that the P7HI group was impaired at 

reaching success compared to Sham, but were not different from the P7HI+Nicotine or 

P7HI+bFGF groups, whereas the P7HI+Nicotine or P7HI+bFGF groups were not 

different than Sham. [F(3,55)=4.00, P<0.05, Fig 4.5 B].

 ���� ,�  A subgroup of rats was re-tested eight months after Test 1 (Sham 7, 

P7HI+Nicotine 12, P7HI+bFGF 9). Not all of the rats were completing a session of 20 

trials until Session 4. Repeated measures ANOVA run on Attempts for Session 4-7 

indicated that there were no differences within Session, or Session X Treatment, nor 

between Treatments [F(3,75)=1.24; F(6,75)=1.34; F(2,25)=0.41, P’s > 0.05 respectively]. 

Success was analyzed for Session 4-7 and did not reveal any differences within Session, 

or Session X Treatment, nor between Treatments [F(3,75)=3.75; F(6,75)=0.79; 

F(2,25)=0.59, P’s >0.05 respectively].

112



4.5. Discussion

This study combines anatomical, behavioural, and neurophysiological measures to 

determine the effectiveness of nicotine or bFGF treatment following neonatal hypoxia 

ischemia stroke. The main findings were that P7HI: (1) produced a moderate lesion 

although there was an increased the percentage of ipsi-lesion cingulate cortical thickness 

and this was partially ameliorated by the treatments; (2) impaired the contra-lesion 

forelimb in tests of maneuvering and reaching for food and this was partially ameliorated 

by the treatments; and, (3) diminished the size of the ipsi-lesion hemisphere motor map 

and again this was partially ameliorated by the treatments.

3�������������������������4����'�5*6���������������

The results of the current experiment did not find that P7HI altered body or brain weight 

in adulthood. There were no changes in cortical thickness in motor or somatosensory 

cortex although the P7HI group showed a decrease in cingulate cortex thickness in both 

hemispheres compared to Sham and P7HI with treatment groups. The P7HI+Nicotine or 

P7HI+bFGF groups did not show reduced cortical thickness in either hemisphere. 

Unexpectedly, the percentage of ipsi-lesion cortical thickness relative to the contra-lesion 

hemisphere was increased in the P7HI group compared to the P7HI+bFGF group 

although neither group differed from Sham or P7HI+Nicotine. The cingulate regions are 

located distal from the infarct core and may indicate a compensatory response from 

damage in posterior parts of the cortex following neonatal hypoxia ischemia in the 

absence of treatment. Endogenous bFGF has been show to be upregulated in the lesion 

hemisphere following adult motor cortex lesions (Rowntree and Kolb, 1997).
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Motor behaviour following P 7HI and treatments
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to motor abilities have been noted in following other types of cortical injury (Gonzalez et 

al., 2006; Monfils et al., 2005) and blocking bFGF after cortical injury can have a 

detrimental effect on outcomes (Rowntree and Kolb, 1997). The beneficial endpoint 

behavioural measures should be taken with some caution because it is unclear why some 

cases in the treatment groups did not complete the food maneuvering task. Cases that 

were scored likely did not completely spare/recover motor skills and instead were 

compensating with postural and kinematics adjustments (Whishaw and Pellis, 1990). 

Nevertheless, the more normal endpoint measures in the P7HI with treatment groups 

suggest that the neural organization supporting adaptive postural and kinematics 

adjustments ensuing from neonatal stroke changed in favourable ways.

An important feature of motor skill learning in humans is that learned motor skills 

can be performed with proficiency even after a long interval without practicing. Human 

stroke patients show ‘forgetting’ of motor skills if there is a break in physical 

rehabilitation (Winstein et al., 1999). One intriguing study on the stability of learned 

motor skills revealed that motor cortex lesion in adult rats, but not controls, showed 

‘forgetting’ in retention of a recently acquired motor skill after a two-week interval 

without practice, whereas savings of the memory was spared (Whishaw et al., 2008). The 

present study retested Sham and P7HI with treatment groups 8 months later on the skilled 

reaching task and found that the motor memory was not forgotten and the prior learning 

was saved. It is worth noting that although the motor aspect was unchanged over the long 

interval, the groups required a few days of training to regain the cognitive component of 

re-setting between trials. These findings suggest that the treatment effects following P7HI 

do not ‘wear-off, even without practice over a long interval.
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Motor skill deficits are associated with abnormally large motor maps in adulthood 
following postnatal day 3 stroke in rat pups.
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hypoxia ischemia (P3HI) on motor skills or the neurophysiological function of motor 

cortex in adulthood are unknown.

The objective of the current study was to investigate the nature of motor skills and 

the neurophysiological organization of motor cortex in adulthood following P3HI. Rats 

were tested in adulthood to determine forelimb-use preferences in the cylinder task and 

motor skill learning with the contra-lesion forelimb in a reaching for food task. The 

functional integrity of motor cortex was assessed with intracortical microstimulation 

(ICMS) in both hemispheres. ICMS is the most direct assessment tool to measure the 

organization of motor maps (Donoghue and Wise, 1982; Martin et al., 2007) and provides 

insights into learning- and stroke-induced re-organization of the motor system (Nudo, 

2003).

5.3. Methods

Subjects, Housing and Feeding

Long-Evans rat pups (N-36) from three litters bred at the Canadian Centre for 

Behavioural Neuroscience breeding colony were used in this study. The study used a 

cross-litter design with roughly equal numbers of male and female rats in each condition. 

The study design was composed of two lesion conditions (Sham and Lesion) and two 

training conditions (No training and Training) yielding four groups (No training: 7 Sham 

and 9 Lesion; Training: 7 Sham and 9 Lesion). A summary of the experimental timeline 

is provided in Figure 5.1.

Weaning occurred on postnatal day 23 and separated the litter by sex with food 

and water available �����	�����  Subjects were housed in pairs of two or three in standard
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Skilled Reaching Task

The reaching task was used to assess the rats ability to reach through an opening with one 

forelimb to grasp and obtain a food reward (Whishaw and Pellis, 1990). Rats were trained 

to reach with their contra-lesion forelimb (left forelimb in Shams). Rats were habituated 

to the food target (45mg banana flavoured sugar pellets, Bioserv, Inc, Frenchtown) in 

their home-cage for 3 days before training began. The reaching test apparatus consisted 

of a Plexiglas box (50 cm length, 12 cm width, and 30 cm height) with an opening 1 cm 

wide on the front panel and a shelf mounted on the outside 2.5 cm above the floor. The 

contra-lesion forelimb (left forelimb in all rats) was trained by placing the pellet off- 

center on the contralateral side of the shelf (i.e. in the natural trajectory of the forelimb to 

cross midline of the body during a reach). Each rat was trained to approach the slot at the 

front panel, to determine if a pellet is present (using olfaction), and to make reaching 

attempts through the aperture with a forelimb to obtain the target. Multiple attempts were 

permitted until the target was displaced. The rat was required to re-set after each pellet by 

returning to the back of the box before a new trial. A successful trial was scored if the 

target was transferred into the mouth. The duration of each training session was 20 

minutes for the initial sessions. Once the rat was reaching consistently, each training 

session consisted of 5 warm-up pellets followed by 20 trials. Training consisted of 20 

trials/day for 16 sessions. The number of attempts, success (# hits/20), and reaching 

average (#hits per attempts) were recorded for analysis.
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Digital photographs of the whole brains were taken of dorsal, lateral, and ventral 

orientations and inspected for porencephalic cavities.

Statistics

Cylinder task data were analyzed with ANOVA and Reaching Task data were analyzed 

with repeated-measures ANOVA on a subset of Training sessions (Sessions 6, 8, 10, 12, 

14, 16). Post-hoc test were performed for within-subject effects with ANOVA or t-tests 

(corrected with Bonferroni-Holm’s procedure). Motor mapping data was analyzed with 

ANOVA and comparisons between hemispheres were made with paired t-tests (corrected 

with Bonferroni-Holm’s procedure). Analyses were conducted using SPSS software with 

an alpha level below 0.05 for significant results. Missing data were random. The factor 

Sex only affected the analyses for body weight. The results are similar if Sex is used as a 

covariate.

5.4. Results

Anatomy

The general appearance of the P3HI group was normal except for a ptotic eye on the 

lesion side. Ptosis can be caused by ischemia to the facial arteries and indicates that the 

hypoxia ischemia parameters used did produce a deficiency in CCA blood flow 

downstream of the occlusion. The ipsi-lesion hemisphere appeared reduced in the P3HI 

group (Fig 5.2).

138



���� ��������� ��2	��� ���� ������ �����8(� ����� "���	��� �������� ��"�� ���� ��� ����� ������ ���

���	��� ��� ��� ������� ���� B�3�3(� +�������� ��� ��3� ,--HD3� ���:	���� ����� ����� ���0�� ���

������������������������ ��:�����������������"��B���1��������3(�,--,N�S�	��������3(�,--.D�

���� ��	��� ����	��� ���� ������ ���	���(� ��0����(� ������ 0���� ��� �����	�� ������ ������:	����

�����0�����F%'3

'�� ��� ������������� �""��������������"��������� ����1�� ���� ��"��������������"��������

�����8����E���������������"��������������������������	����������������������������������3�����

��������"��������������������2��������������������"���0��� ��������������8����������"�����

���	����� �	���������"��������� "�����3� '���	����(� ��������"���� ������������ ����� ������

�����8� ������ ���� ��������"����� ������B)��D� ��� �"����� ������	����� ���� ������	����� ����

����������������������������������3� ���������������������� ����	�������B�/�D�����"���	���

$/�� ���"������ ��� "��8����� ���� ������� �	������ ��� ���� ���� ��� ������ ��� ,H� 0��1��

"��������"����� B$���� ��� ��3(� ,---D3� %�0����(� �/�� ��� �	����� ����� ���� "���	��� ������

�����������������������	����������0��B#�:	������3(�4..7D3

����)��������"����� ����������1�������0�����������0���� ������ ��������2	���B%��1��

���� !J�����(� 4.75D3� ��� ������������ ����	��� ������� )��� ��������� ��� �������	��� ��� ����

��"�������������)��������0�����	�����������"����������������������"�����������)����������

����	���	�� ���� ������� �����8� B>������� ��� ��3(� 4.I7D3� '�� ����(� )��� ������������ ����

������������ ��� ���� ������ ��0�"��������� ����� ���� ���0������������ ������������ ������������

�������� ����� ������������ B)��0��� ��� ��3(� ,--GD3� )�������� ��2	��� �	����� ���� ������ "���������

0��1� ��� ����(� ���� ��"������� ���� ��� ������ ����(� �""����� ��� ����	"�� ���� ������� "�	����� ���

����������)���������3� '��������������0�(� �����8��"��(� ����� �	��������������� ���������������

�����8� ��� ���� ��0� ����� �������� ���	��� ��� ���� ����	��� ������������ ������������ ��� ��� "�	���

4G.





Another mechanism of map reorganization is to adjust the physiological properties of the 

networks, for example, by altering LTP and LTD (Monfils et al., 2004; Rioult-Pedotti et 

al., 2000; Teskey et al., 2007).

An important question rarely considered in the neonatal stroke literature is 

whether the neural mechanisms that support motor learning are spared in maturity. The 

already grim prognosis of an aberrant map would be worse if the map was not adaptive to 

motor learning. This study suggests that the mechanisms supporting reorganization of the 

maps from learning and practicing a new motor skill in adulthood are spared following 

P3HI. Furthermore, this study was able to determine that reorganization from motor 

learning occurred in the ipsi-lesion (i.e., trained) map, whereas the contra-lesion (i.e., not 

trained) map did not reorganize from the neonatal lesion, or the training in adulthood.

5.6. Conclusion

There is an optimal size of the forelimb motor map that is often altered by brain injury 

such as stroke. The unique findings that postnatal day 3 stroke abnormally increased the 

size of the motor map and was accompanied by motor skill impairments in adulthood 

suggests that a bigger map is not necessarily better.
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organization between Sham and P14HI, and there were no effects of nicotine. 

Histological analysis suggested that the ipsi-lesion hemisphere was smaller than normal 

although there were no large cysts in any of the cases. Assessment of myelin indicated 

that the P14HI groups showed reduced staining in the internal capsule in the ipsi-lesion 

hemisphere. Together, these findings suggest that motor deficits from neonatal stroke are 

attributable, at least in part, to abnormal ipsi-lesion motor maps in adulthood and that 

nicotine treatment was not able to reverse the deficits. It thus appears that more heroic 

efforts are needed for treating childhood stroke.
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6.2. Introduction
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Skilled Reaching Task

All rats learned to reach by the end of training although not all cases were reaching 

successfully for pellets within the first four sessions. The use of a bracelet to restrict the 

non-reaching forelimb was required in a subgroup of rats. The number of attempts 

decreased across testing sessions and the level of success increased. The P14HI group 

typically took longer to complete a session (data not shown).

There was a general decrease in the number of Attempts during testing but no 

group differences. Repeated measures two-way ANOVA indicated there was a decrease 

in the number of attempts during testing comparing Session 6,8,10,12, and 14 [Session 

F(4,108)=2.51, P<0.05]. The within-subject interactions were not significant [Session X 

Lesion F(4,108)=T.20; Session X Treatment F(4,108)=0.74; Session X Lesion X 

Treatment F(4,108)=0.72, P’s>0.05]. There was a general increase in Success during 

testing. Repeated measures two-way ANOVA indicated there was a decrease in success 

during testing comparing Session 6,8,10,12, and 14 [F(4,108)=3.04, P<0.05]. The within- 

subject interactions were not significant [Session X Lesion F(4,108)= 1.05; Session X 

Treatment F(4,108)=0.09; Session X Lesion X Treatment F(4,108)=0.82, P’s>0.05].

Not all of the cases were able to complete a 20 trial session by Session 6 and thus 

were excluded from the previous analysis. To determine if there were group differences 

at the end of testing when every case completed a 20 trial session, a separate two-way 

ANOVA was conducted for Session 14. There were no differences in Attempts between 

the groups on the last day of testing [Lesion F(l,35)=1.48; Treatment F(l,35)=2.73; 

Interaction F(l,35)=0.14, P’s>0.05, Fig 6.5 A]. However, analysis of Success on the last
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CFA and RFA motor maps in the ipsi-lesion hemisphere was consistent between the 

groups relative to Bregma. There was no difference in the number of microstimulation 

sites, microstimulation thresholds, or changes in the minimum threshold, nor electrode 

depth (approximately 1550 pm) amongst the groups.

Ipsi-lesion hemisphere: The Total area of forelimb representations in the ipsi-lesion 

hemisphere was abnormally small in the P14HI groups compared to the Sham groups 

[Lesion F( 1,29)=13.61 *; Treatment F(l,29)=0.06; Interaction F(l,29)=1.04, *P<0.05, Fig 

6.6 A and 6.7]. The reduction in forelimb representations in the P14HI groups was 

evident in a smaller CFA compared to the Sham groups [Lesion F(1,29)=14.23*; 

Treatment F(l,29)=0.04; Interaction F(l,29)=1.97, *P<0.05, Fig 6.6 A and 6.7]. Further 

analysis within the CFA showed the decreased map size amongst the P14HI groups was 

attributable to reductions in the area of elbow and shoulder representations [Proximal: 

Lesion F(l,29)=4.06; Treatment F(l,29)=2.83; Interaction F(l,29)=0.06, P’s>0.05]. 

Additionally, the P14HI groups also showed reductions in the amount of wrist and digit 

representations compared to the other groups [Distal: Lesion F(l,29)=3.95*; Treatment 

F(l,29)=3.69; Interaction F(l,29)=0.70, *P<0.05, 6.6 B and 6.7]. Finally, the nicotine 

treated rats had a higher Percentage of wrist and digit representation compared to the 

vehicle treated rats [Lesion F(l,29)=0.36; Treatment F(l,29)=5.82*; Interaction 

F(l,29)=0.31, *P<0.05]. There were no differences in the size of the RFA between the 

groups [RFA: Lesion F(l,29)=0.12; Treatment F(l,29)=0.71; Interaction F(l,29)=0.02, 

P’s>0.05, Fig 6.6 A and 6.7],
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Chapter 7

General Discussion
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7.1. Overview

Stroke is a leading cause of mortality and neurological morbidity worldwide. There is a 

gap in understanding how stroke early in development affects behaviour-brain function 

later in life. The primary objective of the thesis was to determine if the nature of motor 

deficits ensuing after neonatal stroke are similar if age-at-stroke is varied. A second 

objective was to evaluate the use of drug treatments to promote compensation and 

recovery for the motor deficits. This thesis modeled high-risk pediatric stroke populations 

to understand the nature of the motor deficits in maturity using a multidisciplinary 

approach in rats. The rat neonatal stroke model was useful to examine the anatomical and 

neurophysiological changes in the lesion and non-lesion hemisphere that may account for 

neonatal stroke-induced impairments in behaviour later in life. The stroke model was also 

useful to determine if there are drug treatments, such as nicotine or fibroblast growth 

factor, that can at least partly reverse the motor deficits from neonatal stroke. The 

following discussion is structured to amalgamate the novel findings, propose mechanisms 

to account for the results, discuss caveats, and outline new directions for future stroke 

research.

7.2. Novel Findings

Perhaps the most significant finding from the thesis studies was that the details of motor 

deficits following neonatal stroke depended on the age that stroke occurred during 

development, even if the timing of the stroke was varied by only a few days. The age-at- 

stroke (postnatal day 3, 7, or 14) deficits arose from aberrant anatomical and 

neurophysiological organization. There was evidence of ischemia damage in the neonatal
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7.3. Proposed Mechanisms

This thesis investigated the motor deficits and underlying brain changes following 

neonatal stroke using similar protocols for the different ages studied to allow direct 

comparisons. It is possible that the mechanisms supporting behaviour-brain plasticity 

varied in the different stroke age-groups although some similarities can be anticipated.

Hypoxia Ischemia

Stroke has many etiologies and may infarct the brain to a different extent via different 

mechanisms. In the rat model of neonatal hypoxia ischemia, an ischemic infarct is 

produced (following permanent common carotid artery occlusion) when the pup 

hyperventilates during low oxygen conditions and becomes hypoxic and hypocapneic 

(Yager and Ashwal, 2009). The rat brain is tolerable to hypoxia and hypocapnia although 

if a common carotid artery is experimentally occluded durations exceeding 60 minutes 

lead to ischemia. During an hypoxic-ischemic episode, blood pressure (systemic) declines 

approximately 25% and cerebral blood flow is reduced between 17-40% in the ipsi-lesion 

hemisphere (Vannucci et al., 1993). In addition, there is metabolic energy failure because 

of a decrease in glucose and a loss of high-energy phosphatases. Ischemia is halted when 

normoxic conditions are restored.

Recovery from hypoxia ischemia triggers a proinflammatory response 

upregulating chemokines and macrophage inflammatory protein within the first 24 hours.

motor maps in adulthood. Nicotine administration following P14HI did not ameliorate the

motor deficits or increase the size o f the ipsi-lesion motor maps in adulthood.
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signalling important for building and maintaining motor maps in cortex during the second 

postnatal week. There was no benefit of nicotine administration following P14HI, 

perhaps because nicotine administration at the later timepoint was less effective to 

facilitate NMD A signalling in motor cortex. For instance, nicotine administration during 

the second postnatal week, but not before or after, can enhance the NMDA receptor- 

mediated component of excitatory postsynaptic signalling in thalamocortical neurons in 

auditory cortex ��� �����  (Armakis and Metherate, 1998; Armakis et al, 2000). There is 

evidence that nicotine treatment can also induce hypertrophy of synaptic connections in 

cortical pyramidal cells (Brown and Kolb, 2001; Gonzalez et al., 2006).

There is recent evidence that nicotine can indirectly stimulate angiogenesis that 

could help provide relief to the vasculature system following stroke. The activation of 

nAChRs can upregulate growth factors involved in angiogenesis, such as vascular 

endothelin growth factor (VEGF) (Costa and Soares, 2009). It has also been shown that 

nAChR activation upregulates bFGF which can also promote angiogenesis. Given the 

similarities in the benefits of nicotine or bFGF treatment to behavioural and 

neurophysiological outcomes following P7HI, it is possible that stimulating angiogenesis 

was common mechanism between the treatments.

	���

Treatment with bFGF following P7HI had little anatomical effect, if any, on body weight, 

brain weight, or cortical thickness so it is unlikely that bFGF reduced the size of the 

stroke infarct. Flowever, the P7HI+bFGF group was not as impaired as the P7HI group
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Figure 7.2. Facial abnormalities following neonatal hypoxia ischemia. Neonatal hypoxia 
ischemia disrupts blood flow to the external carotid artery that supplies blood to the facial 
artery. Ischemia to territories of the facial artery decreased the size of the ipsi-lesion 
hemisphere (left of dotted line), eye (arrow), and -vibrissae (pink lines). The ipsi-lesion 
vibrissae pad appears abnormal with ectopic whiskers (double arrow).

Motor Mapping

Motor mapping was done in a between-subjects design because of the complications of 

re-mapping rats. It is of great interest to see how the maps change over time. The results 

from Study 1 indicate that the ontogeny of the maps may not be affected by neonatal
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should evaluate other types of behaviour, such as cognitive, emotional, and sensory 

systems and adopt a similar comprehensive approach that this thesis took.

*�4�������������������������������4��!�� �����A� ������A�����������������?

The behavioural and neurophysiological improvements from nicotine or bFGF in the 

P7HI group raise the question whether other psychomotor stimulants or growth factors 

may also influence behaviour-brain plasticity. It is possible that the drug treatment 

benefits could be attenuated if the drugs were administered immediately or delayed after 

stroke, for shorter or longer periods after stroke, or in some combination (Kolb et al., 

2007). The best timing of drug administrations are details that still need to be worked out, 

and may help explain why nicotine was not effective in the day 14 stroke group. It is 

likely the case that more treatment is needed, not less.

It has yet to be determined if treatments would be beneficial following P3HI. The 

P3HI group showed abnormally large maps in the ipsi-lesion hemisphere posing a 

different treatment problem; how do you make the map smaller. Further study is needed 

to determine if the P3HI group maps are larger because of disruptive seizures. For 

instance, Teskey and colleagues have shown that specific types of seizures can impair 

motor skills and produce abnormally large maps (Henry et al., 2008). They further 

showed that low frequency stimulation could ‘de-potentiate’ the abnormally large maps 

(Ozen et al., 2008; Teskey et a l, 2008).

One of the challenges is to redirect new growth in appropriate ways, especially 

axons that may have long distances to travel and make new connections. Promising drug 

treatments, such as inosine and antibodies to No-Go, administered following adult stroke
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circuit re-wiring due to CIMT is shaped by ecologically-relevant patterns of neural 

activity driven by the subjects’ own behaviour during activities of daily living. Thus, a 

new way of thinking about treatment for aberrant synaptic organization in the ipsi-lesion 

hemisphere (stroke) may be ameliorated by increasing the synaptic activity of the 

deprived pathway, or by restricting the synaptic activity of opposing pathways 

(Chakrabarty et al, 2009).
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