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ABSTRACT 

Mice and rats undergoing medial frontal cortex (MFC) lesions in the second 

postnatal week show veritable neural regeneration. Given that processes central to neural 

development are likely recapitulated during regeneration, we thought it pertinent to 

investigate the role of serotonin (5-HT), a molecule known to play an important role in 

the developing nervous system, in mediating both anatomical and behavioural recovery 

following early brain injury. We hypothesized that increased and decreased levels of 5-

HT would facilitate and impede, respectively, cell proliferation, filling-in of a lesion 

cavity, and behavioural recovery following bilateral aspiration lesion in M F C (bMFC). 

To test our hypotheses, we used three model systems wherein levels of 5-HT were 

transiently modulated. Monoamine oxidase-A knockout ( M A O - A KO), clorgyline-

treated (CLOR) and 5,7-dihydroxytryptamine-treated (DHT) mice received a bMFC on 

postnatal day (PD) 7, followed by administration of bromodeoxyuridine (BrdU) from PD 

7 to 9. Animals were perfused at either PD 28 or 50, their brains were removed, and 

coronal sections were cut and processed for BrdU and NeuN immunohistochemistry. To 

assess behavioural recovery, a subset of CLOR and DHT mice were trained in the Morris 

water maze. 

Quantification of BrdU immunoreactivity revealed increased levels of cell 

proliferation following bMFC in M A O - A K O , CLOR, DHT and saline-treated animals, 

relative to sham operates. However, the degree of lesion-induced cell proliferation was 

attenuated by treatment with 5,7-DHT. Furthermore, C L O R , but not DHT animals 

demonstrated learning in the Morris water maze. 

Together, the results of the present thesis suggest that increased levels of 5-HT do 

not appear to facilitate either anatomical or behavioural recovery following bMFC. In 

contrast, treatment with the serotonergic neurotoxin 5,7-DHT appears to attenuate lesion-

induced increases in cell proliferation, and compromise spatial navigation learning in the 

Morris water maze. 
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Chapter 1: General Introduction 

1.1 Ubiquity of brain injury 

Of the different types of injury that one may encounter in a lifetime, injury to the 

brain, in general, is most likely to result in death or permanent disability (National Center 

for Injury Prevention and Control, 2001). According to 1995-96 statistics for the U.S. 

population, traumatic brain injury ((TBI), encompassing both open- and closed-head 

injury) alone accounted for the treatment and subsequent release of 1 million people from 

hospital emergency departments (Guerrero et al., 2000), the hospitalization of 230,000 

people who survived (Thurman and Guerrero, 1999), and some 50,000 deaths (National 

Center for Health Statistics, 1996). Given that, in addition to TBI, the brain can be 

damaged in a multitude of ways, including: (1) disease (e.g. cerebrovascular disorders 

(i.e. stroke), cancer (i.e. brain tumors), Alzheimer's disease, Parkinson's disease, 

Huntington's disease, multiple sclerosis), (2) infection (e.g. syphilis, rabies, mumps, 

herpes) or (3) exposure to neurotoxins (e.g. mercury, lead), it seems almost impossible to 

estimate the enormous monetary cost of brain injury to society, not to mention the 

immeasurable and formidable human cost. 

A logical starting point in combatting the individual and socioeconomic ravages 

of brain injury is the basic neuroscience laboratory. The development of effective 

treatments and therapies for brain injury, irrespective of cause, will necessarily be rooted 

in a foundation of basic and rigorous research. What needs to be established first is a 

clear understanding of the biological processes that mediate brain injury and the cellular 

and molecular mechanisms that hold the potential to enable brain repair. 

1.2 A changing view of recovery following brain injury 

The current approach to treating brain injury involves the relief of symptoms and 

the limitation of further damage post-injury (Kirschstein and Skirboll, 2001). What 

biases this approach is a longstanding, dogmatic belief that humans have a finite pool of 

neural cells, that, when lost due to injury or disease, are irreplaceable. Thus, in the past, 

the response of the central nervous system (CNS) to injury has been thought to consist 
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predominantly of a reorganization of the remaining circuitry, a type of 'reactive' neural 

change, or plasticity. 

This approach is changing. We are now in the early stages of understanding the 

potential for the CNS to actually heal itself using a class of cells known as neural stem 

cells. Whereas, before, the outlook for a person recovering from brain injury involved 

making do with what neural tissue remained, the current outlook for contemporary 

therapies entails a more 'proactive' type of neural plasticity: namely, the repopulation of, 

and regeneration of, damaged neural tissue (Fallon et al., 2000). Indeed, the idea that 

medical science will someday enable the rebuilding of a damaged CNS is now a reality, 

albeit optimistic, and not simply wild speculation. 

1.3 Anatomical recovery: Cortical regeneration following neonatal injury 

There are two distinct, though related, aspects to recovery from brain injury -

anatomical and behavioural recovery. Essentially, anatomical recovery involves the 

structural, or physical, responses of the CNS to injury or disease that have positive 

consequences for the organism. When the brain is damaged, there are numerous physical 

processes that occur, and the full complement of these responses that lead to a beneficial 

behavioural outcome for the organism fall under the heading of 'anatomical recovery'. 

From a 'levels of analysis' point of view, behavioural (or functional) recovery sits atop 

anatomical recovery, given that certain physical processes that occur in the brain 

following injury are responsible for subsequent improvements in an animal's behaviour. 

Stated differently, anatomical recovery is thought to mediate, or underlie, behavioural 

recovery. 

The focus of the current section is on one particular form of anatomical recovery, 

neural regeneration. Pioneering studies from the lab of Dr. Bryan Kolb that demonstrate 

regeneration of neural tissue within midline frontal cortex (MFC) following injury in rats 

are discussed. It should be noted that cell proliferation, while not synonymous with 

neural regeneration, is a necessary process that precedes regeneration. That is, a cell 

must first be born (i.e divide or proliferate) before it can differentiate into a neuron (or 
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glial cell, for that matter). In addition, it should be noted that neural regeneration is but 

one aspect of anatomical recovery. Indeed, there are certain instances following cerebral 

injury in which little or no regeneration occurs, and other anatomical recovery processes 

persist. For example, perhaps the most widely studied form of anatomical recovery is 

that of neural 'reorganization'. Alterations of dendritic morphology (i.e. changes in 

dendritic sprouting and elaboration, synapse formation) are often concomitant with 

behavioural recovery, and are regarded by many to constitute the most probable 

mechanism of behavioural recovery following cortical injury (e.g. Kolb and Gibb, 1990, 

1991, 1993; Kolb, 1995; Kolb et al., 1994, 1997). While a discussion of neural 

reorganization is beyond the scope of this thesis, a lengthy examination of the most likely 

substrate of neural regeneration, the neural stem cell, follows in section 1.5. 

1.3.1 Kolb studies: Background 

In amphibians, knowledge of CNS regeneration following injury has existed for 

over 50 years (e.g. Harrison, 1947; Nicholas, 1957). However, for numerous reasons (see 

section 1.5.2.2 for discussion), substantial evidence of neural regeneration in the 

mammalian CNS has been met with significant resistance, and has only recently come 

into acceptance. This is despite early demonstrations of anatomical recovery following 

injury in rodents provided by Hicks and colleagues (Hicks et al., 1957; Hicks and 

D'Amato, 1978). In these studies, mouse and rat fetuses were exposed to radiation at a 

time early in the period of cortical cell division, resulting in widespread cell death. 

Surprisingly, however, good anatomical and behavioural recovery was observed. Thus, 

even after extensive damage, the embryonic brain was shown to be capable of replacing 

lost neurons. Kolb aspired to build upon these early studies to examine the regeneration 

phenomenon in the postnatal rodent brain, using an aspiration model of CNS injury that 

would allow for the production of a more focused cortical lesion. In particular, Kolb 

varied the age of the animal in which the lesion was produced and subsequently 

conducted detailed histological examinations of any tissue that filled in the lesion cavity. 
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1.3.2 Kolb studies: Regeneration of midline frontal cortex following neonatal injury 

The typical Kolb study of anatomical and behavioural recovery following cortical 

injury (e.g. Kolb et al., 1998b) begins with the production of a bilateral aspiration lesion 

in medial frontal cortex (bMFC) in an animal of a specific age, although earlier studies 

(Kolb, 1987; Kolb and Gibb, 1990, 1991, 1993; Kolb et al., 1996) examined the 

consequences of producing a lesion at various ages. After production of the lesion, a 

compound incorporated into dividing cells during the S-phase of the cell cycle 

(bromodeoxyuridine (BrdU)) is administered, allowing for later immunohistochemical 

identification of dividing cells, thus providing a measure of cell proliferation. Additional 

markers specific to cell phenotype might also be used. Finally, Kolb's anatomical 

analyses usually include injections of tracers at multiple sites, elucidating which 

structures are targets of newly born cells in the lesion area, and, in turn, which structures 

send projections to M F C itself. Following an adequate recovery period, animals are often 

tested in various behavioural assays (see section 1.4.2) in order to yield behavioural data 

that can be reconciled with anatomical results. Animals are sacrificed once all 

behavioural tests are complete, and their brains are removed in order to conduct both 

gross and microscopic histological analyses. The former include analyses of brain 

weight, cortical thickness and cross-sectional area of regrown tissue in the lesion area. 

Microscopic analyses include quantifying BrdU staining as a means of assessing cell 

proliferation, measuring dendritic elaboration, and determining cell phenotype and cell 

connectivity. 

Using a variant of the approach outlined above, Kolb addressed the question of 

whether or not the effects of cortical injury on anatomical recovery varied across 

different developmental ages (Kolb et al., 1996). Inspired by the notion that the cerebral 

response of children to injury differs from that of adults, as well as by manifestations of 

this idea that have found their way into the laboratory (e.g. Kennard, 1942; Villablanca et 

al., 1978; Goldman-Rakic et a l , 1983; Kolb and Gibb, 1990), Kolb et al. (1996) used an 

aspiration technique to remove M F C from rats at different time points (postnatal day 

(PD) 3, 6, 9, 15, or 30) during development. Animals survived until PD 200 (with 
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behavioural assessments conducted between PD 120 and PD 200), at which point they 

were sacrificed and their brains were removed for gross histological examination. 

Macroscopic analyses revealed that brains of animals that received lesions at 

either PD 9 or PD 15 had no apparent lesion cavity in adulthood, as revealed by 

superficial examination of the dorsal surface (Kolb et al., 1996). That these animals had 

in fact received a lesion could only be confirmed by examination of the sectioned brain, 

as a prominent glial scar was apparent, demarcating the lateral extent of the regrown area. 

Cortical tissue located ventral to the lesion scar, while appearing unusually thin, did 

exhibit laminar organization. In contrast, brains of animals that received lesions at other 

ages (before PD 9 or after PD 15), displayed an obvious lesion cavity. Clearly, there is 

something special about the window of time spanning PD 9 to PD 15 in rat brain 

development that allows for the complete filling in of an experimentally induced lesion 

cavity in M F C . 

The provocative study of Kolb et al. (1996) was followed up (Kolb et al., 1998b) 

in order to conduct a more detailed histological examination of the regenerated cortical 

tissue. In this experiment, aspiration removals of M F C were performed exclusively in 

PD 10 rats. The goals of the study were to assess: (1) the characteristics of the 

regenerated tissue, (2) whether or not the cells that fill in a lesion cavity in M F C are 

newly generated neurons, and (3) whether or not newly born neurons form normal 

connections to other cerebral regions. To these ends, measurements of brain weight were 

compared in both normal rats and rats that received M F C lesions; immunohistochemical 

labeling of the mitotic marker BrdU (injected at PD 11-12) was combined with the 

neuron-specific marker NeuN (neuronal nuclei); and BrdU labeling was combined with 

retrograde tracing techniques. 

The results of this study (Kolb et al., 1998b) revealed that despite the near-

compete filling-in of a lesion cavity produced in M F C , animals that received a lesion had 

brain weights of approximately 90% of unoperated controls. This result confirmed one of 

Kolb's earlier findings (Kolb and Whishaw, 1981) that regenerated tissue in M F C is 

thinner than normal cortical tissue. Kolb et al. (1998b) also included a subset of animals 
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that received a lesion in M F C that encroached upon the lateral ventricle. In this group, no 

filling-in of the lesion cavity was apparent. Thus, if the integrity of the ventricular zone 

is in any way compromised, regeneration of M F C fails to occur. This result is suggestive 

of a crucial role for the ventricular zone - and, more importantly, for the neural 

progenitors that reside therein (see section 1.5.2.2.1) - in the regeneration phenomenon. 

In order to assess whether cells that fill in a lesion cavity in M F C are newly 

generated neurons, Kolb et al. (1998b) combined BrdU and NeuN labeling. Cells that co-

express BrdU and NeuN are newly dividing cells of a neuronal phenotype - that is, newly 

dividing (or newly born) neurons. Immunohistochemical treatments revealed double-

labeled cells that co-expressed BrdU and NeuN, and a concentration of such cells were 

found in ventral regions of M F C . This indicated that neurons destined for the ventral part 

of the regrown area are generated first, prior to the generation of cells destined for more 

dorsal regions within the regrown area. The newly formed neurons were not confined to 

a single cortical layer, and double-labeled neurons were of both pyramidal- and non-

pyramidal shape. Of course, not all cells that stained positively for BrdU also expressed 

NeuN. It is likely that these single-labeled cells were glia or undifferentiated progenitor 

cells. 

Finally, assessments of the connectivity of newly born neurons within regenerated 

M F C were accomplished by injecting the retrograde tracer True Blue into the posterior 

parietal cortex or striatum of adult animals that had received BrdU injections following 

M F C lesions at PD 10 (Kolb et al., 1998b). In the normal brain, these two regions are 

known to connect to M F C (Kolb et al., 1994). Following tracer injection into the 

striatum, cells in cortical layer V were retrogradely labeled in the filled-in region of 

M F C . In addition, cells in cortical layers II/III were labeled after injection of tracer into 

posterior parietal cortex. Taken together, these results support the notion that neurons 

that fill in a cavity in M F C born after production of the lesion form connections that are 

characteristic of the normal brain. 
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1.3.3 Kolb studies: Additional considerations 

The provocative findings of Kolb et al. (1996, 1998b) spur further questions for 

consideration. Firstly, is the observed regrowth of M F C really indicative of neural 

regeneration? Might some other explanation account for the observed effects? Secondly, 

how does the restricted timing of regeneration fit in with the normal proceedings of 

neural development? These questions are considered in turn in the following sections. 

1.3.3.1 Veritable regeneration? 

There are other possible explanations for the observed filling-in of a lesion cavity 

in M F C reported in Kolb's (1996, 1998b) studies. One argument is that tissue that fills in 

the cavity is not actually regenerated tissue born after production of the lesion but is 

instead tissue that existed proximal to the lesion area that has simply 'moved in' to 

occupy the cavity. Presumably, this could be achieved through the action of mechanical 

forces such as tissue folding and shifting. 

There are two problems with the criticism. Firstly, if tissue that fills in a lesion 

cavity is simply displaced into M F C by some means of mechanical pressure, why do so 

many cells in the regrown area stain positively for both BrdU and NeuN? The fact that 

these are newly dividing cells precludes the exclusive repopulation of the lesion area by 

adjacent tissue. Secondly, if pre-existing tissue proximal to M F C fills in the lesion 

cavity, why is such a prominent glial scar present? The lesion scar forms a physical 

barrier between the lateral extent of the lesion cavity and undamaged tissue residing 

outside the lesion area. If the latter were the only source of repopulating tissue, the lesion 

scar would impede its medial movement into the cavity. Thus, the presence of both 

newly born neurons and the lesion scar suggests that newly generated neural tissue 

occupies the lesion area, and argues against the view that the mere shifting of undamaged 

tissue into the lesion cavity is the mechanism of 'regrowth' (Kolb et al., 1998b). 



8 

1.3.3.2 Regeneration in the context of neural development 

The restriction of the regrowth phenomenon to a specific window of time raises 

questions about concomitant developmental events. Normally, neural development 

proceeds through a sequence of overlapping events including cell proliferation, 

migration, differentiation and maturation (including dendritic and axonal growth and 

synaptogenesis), followed by cell death and synaptic pruning (Kolb, 1995). The order of 

these events is predictable and is similar across species, although the timing of the events 

relative to birth varies due to species differences in gestation time (Kolb, 1995). 

The rat is born only 3 weeks after conception, and neural proliferation continues 

in the cortex until birth (Kolb, 1995), with neuronal migration proceeding for 

approximately 5-7 days thereafter. (Note: recent evidence supports the notion of 

protracted postnatal neurogenesis persisting into adulthood; for discussion, see section 

1.5.2.2). The most intense period of dendritic growth in the rat occurs around PD 11-12 

and the period of maximum synaptic density is thought to occur around PD 35 (Kolb, 

1995). 

Based on this developmental timeline, Kolb (1998a) proposed that at the end of 

the mitotic phase and during the period of neuronal migration, cortical injury allows 

neither tissue regeneration nor recovery of function. However, if cortical injury occurs 

within a second period of time that includes the maximal formation of dendrites and 

synapses, both regeneration and behavioural recovery are observed (Villablanca et al., 

1993; Kolb, 1995). Thus, the anatomical consequences of cortical injury vary according 

to the different stages of neural development. The challenge is to identify which 

developmental stages are permissive for recovery - as Kolb has done in rat - and to 

understand the cellular and molecular mechanisms specific to those time periods that 

enable the observed recovery. 

1.3.4 Moving from rats to mice 

Kolb's demonstrations of anatomical recovery have been limited to rat. This has 

its advantages, in that rats are intelligent animals that can be taught numerous 
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sophisticated behaviours, thus enabling detailed studies of behavioural recovery (see 

section 1.4). However, if we are to understand the cellular and molecular mechanisms 

that mediate anatomical recovery (regeneration, specifically), the advantages afforded by 

current transgenic and knockout mouse models cannot be ignored. These models enable 

one to examine the effects of manipulating specific molecules (via their over- or under-

expression) on the regrowth phenomenon, and thus possess an advantage over the rat, for 

which only limited transgenic and knockout lines are available. However, the merit of 

mouse models must be viewed in light of the fact that behavioural assessment in mice is 

typically more difficult than in rat. Clearly, the use of both rodents in models of neural 

regeneration and behavioural recovery is warranted. 

1.4 Behavioural recovery following neonatal cortical injury 

The previous section (1.3) addressed a particular form of anatomical recovery -

neural regeneration - following early injury to M F C . The present section expands on this 

material, focusing on the behavioural viability of regenerated tissue. First, a definition of 

'behavioural recovery' is presented, highlighting the differences between 'recovery' and 

'compensation'. Next, the methods used to assess behavioural recovery in laboratory 

animals are discussed, concentrating on the Morris water maze, a test of learning and 

memory. Finally, behavioural recovery is examined in the context of one of its 

anatomical correlates - neural regeneration. 

1.4.1 What is behavioural recovery? 

Strictly speaking, behavioural recovery (also known as functional recovery or 

recovery of function), in theory, refers to the complete restitution of a behaviour that is 

lost due to cerebral injury or disease (Kolb, 1995). For example, suppose a person 

experiences a temporary disruption in blood supply to an area within their left motor 

cortex, such that a portion of brain tissue corresponding to the contralateral forelimb is 

deprived of oxygen and glucose, leading to cell death and consequent paralysis (after 

Kolb, 1995). Now suppose the stroke victim enlists in a rigorous course of physical 
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therapy and 're-trains' his right forelimb, such that it can be used to accomplish the same 

behaviours as before. Given the complete restitution of function in his right forelimb, 

this person has apparently experienced 'behavioural recovery'. 

In practice, however, careful behavioural analysis reveals that true behavioural 

recovery, as described above, is scarcely observed in either human patients or laboratory 

animals (Kolb, 1995). What is more often the case is that, following injury, a person will 

employ certain compensatory strategies that will enable him to accomplish the same tasks 

in a slightly different way. Stated differently, if, prior to an injury, a person uses body 

part y to perform behaviour z, post-injury, a new strategy x is employed to manipulate y 

in order to reach the same behavioural endpoint (z). The acquisition of the strategy can 

be either deliberate or spontaneous, and it may reflect the substitution of a new behaviour 

that appears indistinguishable from the lost one (Kolb, 1995). These effects can be so 

subtle, that to observers and even to the person himself, the use of a strategy escapes 

detection. However, true behavioural recovery would not require the inclusion of 

strategy x in the above formulation. Utilizing such a strategy is indicative of behavioural 

compensation and should not be confused with true behavioural recovery. That is, a 

behaviour that appears to recover does not mean that the lost behaviour has necessarily 

returned (Kolb, 1995). 

Given the definition outlined above, one must question whether true behavioural 

recovery ever occurs. The answer appears to be 'no', because some form of behavioural 

compensation, conscious or otherwise, can usually be detected (Kolb, 1995). Thus, a 

more permissive definition of behavioural recovery - one that allows for the use of 

compensatory strategies - is adopted in the present thesis. From an operational point of 

view, if the desired behavioural endpoint in a certain assay is reached, it can be said that 

behavioural recovery has occurred. For example, if an animal can find its way out of a 

maze after a brain injury, it can be said to exhibit behavioural recovery. The fact that the 

animal, post-injury, may not solve the maze in exactly the same way as it did prior to the 

injury, does not imply the absence of behavioural recovery. 



11 

1.4.2 Assessments of behavioural recovery 

When it comes to studying behavioural recovery following brain injury, there are 

a variety of assays to choose from. A detailed description of these behavioural tests is 

beyond the scope of this thesis. Instead, I will outline the broad classes of behavioural 

tests that one might employ, before describing one particular assay - the Morris water 

maze task - that assesses recovery of spatial navigation ability. 

1.4.2.1 The behavioural battery 

There are six broad classes of behavioural tests that are commonly used to study 

behavioural recovery following brain injury. These include tests that assess an animal's: 

(1) appearance; (2) sensory and sensorimotor abilities; (3) posture and immobility; (4) 

movement; (5) species-typical behaviours, and (6) learning (after Whishaw et al. 1983; 

Kolb, 1995). Numerous tests can be used to examine behaviours within each of the 

categories listed above. For example, measures of body weight, temperature, and toenail 

length, as well as examination of an animal's fur, feces, and muscle tone, fall within the 

'appearance' category. Examples of 'movement' measures include turning, postural 

righting, reaching, and beam walking. 'Species-typical' behaviours are assessed by 

examining an animal's grooming, food hoarding, burying, play and sexual behaviours. 

These measures are just a few of many that comprise a neuropsychological 

assessment battery in the rat. Just as in human neuropsychological examinations, a 

constellation of tests provides the best means of teasing out the effects of cortical injury 

(Kolb, 1995). According to experts in the field (Whishaw et al. 1983; Kolb, 1995), a 

single behavioural measure provides a biased estimate of behaviour, particularly if the 

measure involves the performance of a learned task (e.g. Kolb and Whishaw, 1983). 

Thus, whenever possible, one should employ a battery of tests that allow for the repeated 

study of an animal's behaviour over time. 
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1.4.2.2 Morris water maze task 

In the Morris water task (Morris, 1981), animals are trained to swim to a hidden 

platform located just beneath the surface of the water within a large pool. The platform is 

camouflaged within the pool, such that the animal is forced to use a set of cues located in 

the extramaze environment in order to determine the platform location. Normally, rats 

and mice are able to find the platform with just a few trials of training (Kolb, 1995). 

Performance in the water maze can be assessed by a variety of dependent measures, 

including latency (or the time taken to find the hidden platform), swim path (distance), 

swim speed, or heading angle (which is a measure of the animal's accuracy in heading 

directly to the platform; Kolb, 1995). 

Rats with cortical lesions are impaired at learning the location of the hidden 

platform in the water maze (Kolb et al., 1983; Sutherland et al., 1983), although with 

repeated training, the task can sometimes be acquired. Deficits in the water maze are not 

due to gross motor impairments that would prevent an animal from swimming or hoisting 

itself onto the platform - even totally decorticated rats can learn to swim to a visible 

platform within the pool (Kolb, 1995). Instead, the problem of animals with cortical 

lesions appears to stem from an inability to use the extramaze cues to guide their 

navigation to the platform. Thus, the sensitivity of the Morris water maze task to cortical 

lesions makes it suitable for assessments of behavioural recovery following cortical 

injury. 

1.4.3 Behavioural recovery and concomitant neural regeneration 

As discussed in section 1.3, there are but few examples of veritable neural 

regeneration following injury to M F C on or about PD 10 (Kolb et al., 1996, 1998b). In 

addition to examining the anatomical consequences of M F C injury, these studies also 

assessed the impact of a cortical lesion on behavioural recovery. The current section 

highlights some specific examples of behavioural recovery in the context of neural 

regeneration. Data from three broad classes of behavioural tests are considered: spatial 

learning (Morris water maze), movement (reaching task), and species-typical behaviour 
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(food hoarding and claw cutting). Finally, the section concludes with a brief discussion 

regarding the interpretation of behavioural data in the context of cerebral regrowth. 

1.4.3.1 Behavioural recovery as assessed by spatial learning tasks 

In Kolb's study of M F C removals at different time points (PD 3, 6, 9, 15, or 30) 

during development (Kolb et al., 1996), one of the behavioral tests employed was the 

Morris water maze. Testing was conducted on 6 consecutive days, with each animal 

receiving 8 swim trials per day. Control animals (i.e. animals that had not received a 

lesion in MFC) exhibited performance typical of the water maze: they started with a 

strategy of traversing a wide area within the pool until they bumped into the platform. 

Over successive trials, performance improved substantially (i.e. latency to find the hidden 

platform decreased), such that by the end of the 6 t h day of acquisition training, animals 

appeared to swim directly to the platform with a latency of approximately 5 seconds 

(Kolb et al., 1996). 

Despite increased variability in their performance and slight inaccuracy in 

orienting to the platform, animals that received M F C removals - regardless of their age at 

the time of the lesion - appeared to learn the location of the hidden platform just as 

quickly as controls (Kolb et al., 1996). That is, there was no significant main effect of 

lesion condition on latency to find the hidden platform. As the anatomical data revealed 

(see section 1.3.2), animals that received a lesion at disparate times exhibited different 

degrees of regrowth. Thus, despite a difference in cavity filling, all animals performed 

equivalently on the water maze task. 

1.4.3.2 Behavioural recovery as assessed by movement tasks 

Another test used in the Kolb (1996, 1998b) studies involved forepaw reaching 

for food. After being food-deprived to 85% of their normal body weight, animals were 

placed into a special cage designed to force them to extend their forelimb through a gap 

between metal bars, and make grasping and retracting motions in order to receive a food 

pellet. Animals are typically trained for at least 10 days on this task. With training, 
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normal rats are able to perform quick and accurate reaches for a food pellet on 50-60% of 

reaching attempts (Kolb et al., 1996). 

On the reaching task, control animals reached with significantly greater accuracy 

than animals that received a lesion to M F C on PD 3, 6, 15 or 30 (Kolb et al., 1996). In 

contrast, animals that received lesions on PD 9 or 10 performed just as well as controls 

(Kolb et al, 1996, 1998b). Failed reaches were attributed to inadvertently grasping 

several pieces of food, which were dropped as the forepaw was withdrawn to the body, or 

by dropping the pellet when it was held in two paws in preparation for eating. Thus, 

filling-in of a lesion cavity, as seen in PD 9 and PD 10 operates, but not operates of 

younger or older ages, appears to be required for the performance of fine motor 

movements such as those involved in the reaching task. 

1.4.3.3 Behavioural recovery as assessed by species-typical tasks 

Two measures thought to assess species-typical behaviour - food hoarding and 

claw cutting - were used in Kolb's study of M F C removals at different time points (PD 3, 

6, 9, 15, or 30) during development (Kolb et al., 1996). In the food hoarding task, food 

pellets were scattered in a compartment adjacent to an animal's home cage, and the 

number of pellets moved by the animal from the compartment to the home cage was 

recorded. Claw cutting behaviour was inferred from cuticle to tip measurement of the 

hind paw claw following sacrifice 

In contrast to the food hoarding task, for which no significant differences were 

recorded (all animals, regardless of lesion condition or age of lesion, hoarded about 60% 

of the available pellets), there were significant differences in claw length amongst 

animals that received a lesion and controls. Control rats use rapid nibbling of the incisors 

in order to trim their claws. Rats with M F C lesions at PD 3 or PD 15 had longer claws 

than controls (Kolb et al., 1996), much like animals that have M F C lesions in adulthood 

(Whishaw et al., 1983b). Animals that received a lesion at PD 9 had claws of normal 

length (Kolb et al., 1996). Presumably, a damaged M F C that does not fill in results in 

impairments in control of fine movements, such as those required for claw cutting. 
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Taken together, the behavioural data discussed above suggests that good 

performance on a variety of tests requires an intact M F C ; animals that receive a lesion at 

PD 9 or PD 10 display a filled-in lesion cavity upon sacrifice, and generally perform 

quite well in a variety of behavioural assays. In contrast, animals that receive a lesion 

earlier or later than PD 9 display poorer behavioural performance. Thus, there exists an 

age-related gradient in extent of recovery from cortical lesion: the best behavioural 

recovery is seen in animals with lesions on or about PD 9. One point worth repeating 

here is that in order to produce reliable data pertaining to the degree of an animal's 

behavioural recovery (and/or impairment), numerous tests that assess performance across 

multiple classes of behaviour (i.e. learning (spatial memory), movement, species-typical) 

must be conducted. With respect to the data discussed in the current section, if the 

Morris water task was the only assay used, considerable behavioural deficits in animals 

receiving a lesion before or after PD 9 would have gone undetected. 

1.4.3.4 Correlating behavioural recovery and cerebral regrowth 

Given the correlation between filling in of a lesion cavity and behavioural 

recovery, it is tempting to conclude that the filled-in tissue in some way supports the 

observed recovery (Kolb et al., 1998b). While the data certainly suggests that this is true, 

it is by no means conclusive proof. After all, there are other anatomical recovery 

processes (such as changes that occur post-injury in cortical regions outside of the 

damaged area) that could potentially mediate the observed behavioural effects. 

One hypothesis that can be posited is that if the regrown tissue does in fact 

support behavioural recovery, then the observed behavioural deficits should follow a 

similar time course to that of cortical regeneration. That is, if it takes 3 weeks for a lesion 

cavity in M F C to fill-in, then an animal's behaviour over the 3 weeks following the lesion 

should progressively improve. In fact, Kolb and colleagues have some evidence to 

support this idea (Kolb and Gibb, 1991, 1993; de Brabander and Kolb, 1997). Thus, 

because animals who demonstrate filling in of a lesion cavity also show behavioural 

recovery, whereas, for the most part, animals who do not demonstrate filling in of a 
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lesion cavity fail to show behavioural recovery, it is probable - though by no means 

assured - that regenerated cortical tissue does indeed contribute to behavioural recovery. 

1.5 The neural stem cell: substrate of regeneration and behavioural recovery 

The provocative anatomical and behavioural results of the Kolb studies beget one 

imperative question: what is the biological substrate of the observed effects? At this 

juncture, the strongest candidate appears to be the neural stem cell (NSC). The sections 

that follow address some crucial questions relating to stem cell biology in general and, in 

particular, to the potential of NSCs to mediate the anatomical and behavioural effects 

reported in the Kolb studies. The main questions to be addressed, in turn, are: What is a 

NSC? Where are NSCs located and where can they be induced to migrate? And finally, 

what cell types of the CNS can be made (i.e. differentiated) from NSCs? 

1.5.1 What is a neural stem cell? 

Our understanding of stem cell (SC) biology is in an immature state. With reports 

of new SC-related discoveries occurring on almost a weekly basis, it is, at present, 

impossible to provide the reader with a definitive, consensus definition of what 

constitutes a SC, in general, and what constitutes a SC that exists in the developing and 

adult nervous system (the NSC), in particular. To do so, as some have argued, would be 

premature, unrealistic, and misleading (Alvarez-Buylla and Temple, 1998). However, 

the rapid advancement that characterizes the field of SC biology needn't preclude the 

formation of a working definition. At a minimum, the latter provides us with a 

conceptual framework, albeit temporary, within which to examine important issues 

regarding NSCs. The working definition that follows will undoubtedly require revision 

in the near future. 

As a first step, most definitions of the NSC that abound in the literature (for recent 

examples, see Gage, 2000; Price and Williams, 2001; Temple, 2001a) recapitulate two 

criteria of the generic SC definition: self-renewal and multipotentiality (Hall and Watt, 

1989; Potten and Loeffler, 1990; Morrison et al., 1997). That is, in order to be 
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considered a NSC, the cell must be able to make multiple copies of itself for extended 

periods of time and give rise to multiple, mature cell types that have the characteristic 

morphologies and specialized functions of the three neural cell types: neurons, astrocytes 

and oligodendrocytes. Although, at first glance, this minimalist definition may seem 

straightforward, further examination reveals that the criteria of self-renewal and 

multipotentiality are not so clear-cut. 

For instance, when one speaks of self-renewal as a criterion, an imperative 

question to ask is: self-renewal for how long? At present, the number of cell divisions 

that constitute the minimum criterion for true cellular self-renewal has not been set 

(Gage, 1998). In theory, to qualify as a SC, the self-renewal exhibited by a NSC should 

be protracted, spanning the lifetime of the organism within which the cell resides (Weiss 

et al., 1996a). 

Most demonstrations of SC self-renewal, in both the short- and long-term, occur 

in vitro (for example, see Reynolds and Weiss, 1996) because veritable, long-term self-

renewal is not a quality easily demonstrated in vivo (Morrison et al., 1997; Rao, 1999). 

How would one design an experiment that would allow the fate of candidate SC to be 

identified in vivo and tracked throughout an organism's lifetime? Though some may 

argue that the mere existence of a NSC in adult tissue is evidence of long-term self-

renewal, it is not conclusive evidence, because the cell could simply persist in adult tissue 

in a quiescent form (Morrison et al., 1997). Moreover, as Morrison et al. (1997) point 

out, SC self-renewal throughout the lifespan of an organism is improbable, especially in 

longer-living organisms such as humans. What is more likely to be the case is that, as in 

the hematopoietic system, successive subsets of 'stockpiled' SC clones (i.e. daughter 

'stem' cells produced by symmetric SC division), become activated with increasing age 

of the organism (Abkowitz et al., 1990). Thus, self-renewal in the nervous system can be 

considered to be the propagation of NSCs, rather than the production of exactly the same 

type of cell (Temple, 2001a). 

As in the case of long-term self-renewal, there is more to the criterion of 

multipotentiality than meets the eye. For starters, how broad must the range of potential 
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fates be in order for a cell to be considered multipotent (Gage, 1998)? Adult mammals 

are comprised of more that 200 cell types including nerve, muscle (myocytes), skin 

(epithelial), blood (erythrocytes, monocytes, lymphocytes, etc.), bone (osteocytes), and 

cartilage cells (chrondrocytes) (Kirschstein and Skirboll, 2001). Does multipotentiality 

imply the ability to generate the cell types that make up all of these tissues? The answer 

is: 'not likely', because the fertilized egg (zygote) and early blastomere are the only 

totipotent cells (Gage, 1998). As such, a more restricted conception of multipotentiality 

is required. For practical purposes, then, a SC can be termed 'multipotent' if it has the 

ability to generate the cell types of the tissue from which it is derived (Potten and 

Loeffler, 1990). Thus, at least under the right conditions in vitro, a NSC satisfies the 

multipotentiality criterion in that it can produce the three main types of cells in the CNS: 

neurons, astrocytes and oligodendrocytes (Reynolds and Weiss, 1996). 

One caveat worth mentioning here is that demonstrating cellular self-renewal and 

the production of a range of neural phenotypes in the culture dish, while significant, is 

different from an equivalent demonstration in vivo. In vitro experiments involve the 

addition and removal of growth factors, mechanical dissociations, etc. - manipulations 

that are, in some respects, of questionable ecological validity. Invoking the principle of 

converging operations, in vitro experiments should be viewed in parallel with in vivo 

investigations, with the strengths of each approach compensating for the weaknesses of 

the other. More to the point, the degree of NSC self-renewal and multipotentiality seen 

in vitro has yet to be directly demonstrated in vivo (Weiss et al., 1996a; Morrsion et al., 

1997; Rao, 1999; Temple, 2001a). 

Together, self-renewal and multipotentiality are common elements of the majority 

of NSC definitions encountered in the literature. There are, however, additional criteria 

that are sometimes mentioned (see Hall and Watt, 1989; Potten and Loeffler, 1990; Weiss 

et al., 1996a; Morrison et al., 1997). Taking these criteria into consideration, a working 

definition of NSCs that posits the central criteria of (a) self-renewal and (b) 

multipotentiality, and the peripheral criteria of (c) having a high proliferative potential 

and an ability to (d) asymmetrically divide, (e) remain in a quiescent state and (f) 
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regenerate tissue lost due to injury or disease, is adequate, but by no means perfect. The 

truth of the matter is that we are not entirely sure what exactly constitutes a SC. Thus, 

the definition of a NSC, as presented in this thesis, is not universally agreed upon and is 

therefore preliminary. Given the array of techniques employed by SC biologists (i.e. in 

vitro, in vivo, and combined in vitro/in vivo approaches) perhaps it is reasonable, as Gage 

(1998) suggests, to define the 'sternness' of a cell or population of cells based on the 

methods used to define the cell. Under this scheme, provided we are mindful that the 

limitations of current methodologies necessarily limit our conceptualization of what a 

NSC is, a subset of the above criteria would qualify in defining NSCs for each of in vitro, 

in vivo, or in vitro/in vivo conditions. 

1.5.1.1 Neural stem cells and neural progenitor cells 

Having touched upon the difficulty of precisely defining the NSC, it seems 

appropriate to mention a related area of semantic confusion. Three terms that are often 

used interchangeably are: stem cell, progenitor cell and precursor cell. A definition of the 

term progenitor cell, in the context of both the nervous system and the definition of the 

NSC provided in section 1.5.1, is discussed below. 

Broadly construed, the term 'progenitor cell' refers to all classes of immature, 

proliferating cells, of which NSCs are a subtype (Temple, 2001a). Unlike the NSC, 

however, neural progenitor cells are partly differentiated (Gage, 1998), have only a 

limited capacity for self-renewal, and produce terminally differentiated cells (Weiss et al., 

1996a). The term neural 'precursor cell' usually refers to the entire group of neural stem 

and progenitor cells (Weiss et al., 1996a). 

The simplified family tree of CNS cell types is generally thought to have a top-to-

bottom organization of NSCs giving rise to neural-, glial- and oligodendrocyte-restricted 

progenitor cells, which in turn give rise to neurons, astrocytes and oligodendrocytes, 

respectively. In actuality, the lineage is neither so straightforward nor conclusively 

known (Alvarez-Buylla et al., 2001; Kornblum and Geschwind, 2001). However, a 

feature that is commonly ascribed to neural cell ancestry is an intermediary step between 
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the NSC and a cell of a terminally-differentiated phenotype - and it is this intermediary 

that is commonly referred to as a neural progenitor. In this sense, the neural progenitor is 

thought to be a product of the NSC, serving as a transitional entity between NSCs and 

their differentiated progeny. 

It is in this latter 'transitional' sense that the term 'neural progenitor' is useful and 

clearly distinct from the term 'neural stem cell ' . In addition, a neural progenitor has 

limited self-renewal ability and gives rise to differentiated progeny whereas a NSC self-

renews in the long term (see 1.5.1) and does not directly give rise to differentiated 

progeny. However, the definition of neural progenitor as given above is a source of 

some confusion: Unlike a NSC, a neural progenitor is regarded as partly differentiated. 

Does this feature of 'partial differentiation' truly distinguish the neural progenitor from a 

NSC? 

The answer appears to be 'no' because NSCs are themselves partially 

differentiated and do not actually sit atop the family tree of CNS cell types. Carving up 

nature a bit differently, it is the SC, and not the NSC, that is the ultimate 'grandmother' 

cell of all (not just CNS) cell types. NSCs can be derived from more primitive cells that 

have the ability to produce NSCs and SCs of other tissues (Gage, 2000). Thus, there is 

no veritable dichotomy of partially differentiated neural progenitor cells and completely 

undifferentiated NSCs. 

There is yet another issue which clouds our distinction between the NSC and the 

neural progenitor which pertains to the phenomenon of de-differentiation. It has been 

suggested, though not so well-documented (Gage, 2000), that certain differentiated cell 

types, including astrocytes (Doetsch et al., 1999; Laywell et al., 2000), radial glia 

(Malatesta et al., 2000; Noctor et al., 2001) and oligodendrocytes (Kondo and Raff, 

2000), possess an ability to re-traverse their family tree to de-differentiate into a more 

primitive, uncommitted progenitor (or NSC) state which can then, in turn, be shed en 

route to the cell assuming a novel, terminally differentiated phenotype. Taken together, 

de-differentiation and the idea that NSCs themselves are somewhat differentiated obscure 

the boundary between neural progenitor cell and NSC. The only practical solution to this 
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semantic conundrum is to clearly define what one means when each term is used. Thus, 

for the purposes of this thesis, the term NSC is used according to section 1.5.1 whereas 

the term neural progenitor, definitional difficulties aside, is used to denote a cell that sits 

somewhere in between the NSC and a terminally differentiated cell phenotype in the 

neural cell lineage. 

1.5.1.2 Neural stem cells and stem cells in other biological systems 

Stem cells exist in biological systems apart from the CNS. Indeed, the definition 

of the NSC provided in section 1.5.1 borrows heavily from the definition (Potten and 

Loeffler, 1990) of perhaps the best characterized of all SC populations - the 

hematopoietic stem cells (HSCs) of the blood and bone marrow (Till and McCullough 

1961; Becker et al., 1963). As well, putative SCs have been identified in tissues that 

develop from each of the three germ layers, including: liver (Deutsch et al., 2001), 

pancreas (Zulewski et al., 2001), digestive system (Slack, 2000), skeletal muscle (Seale 

and Rudnicki, 2000), blood vessels (Bianco and Cossu, 1999), dental pulp (Kirschstein 

and Skirboll, 2001), epithelia of the skin (Zhu et al., 1999), and eye (retina) (Reh and 

Levine, 1998; Tropepe et al., 2000). Recent discoveries of SCs in one system giving rise 

to the differentiated progeny of other systems (i.e. transdifferentiation, for example see 

Bjornson et al., 1999 and section 1.5.3.2), has led to a re-thinking of the breadth of a S C s 

developmental potential. The degree to which SC populations are discrete from one 

another is being re-evaluated and the notion that anything (i.e. any type of SC) can make 

anything (i.e. any type of differentiated progeny) is being seriously explored (Morrison, 

2001). 

Nonetheless, the hematopoietic system represents the gold standard in SC 

biology. With more than fifty years of experience in studying HSCs, scientists have 

developed a sufficiently sophisticated understanding of these blood-forming cells to use 

them to treat patients with cancers and other disorders of the blood and immune systems 

(Kirschstein and Skirboll, 2001). Thus, when it comes to evaluating the extent of our 

knowledge of NSCs, comparisons with the hematopoietic system prove most informative 
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in determining how far the field of NSC biology has come, and how far it still needs to 

go. This is the topic of two recent reviews in which what is known about the location, 

lineage (Weiss and van der Kooy, 1998) and molecular features (Price and Williams, 

2001) of both NSCs and HSCs is examined. 

With respect to the specific localization of SCs in both the CNS and the 

hematopoietic system, NSC biologists are doing quite well. Distinct locations of NSCs 

(for examples, see Morshead et al., 1994; Weiss et al., 1996b; sectionl.5.2) have been 

clearly identified to an extent that is at least comparable, if not superior, to the 

localization of HSCs. One area that has been shown to house NSCs is the forebrain 

subependyma (Morshead et al., 1994), a vestige of the embryonic germinal zone that 

surrounds the ventricular system during development (Weiss and van der Kooy, 1998). 

In contrast, there is as of yet no evidence for a specific, histological localization of HSCs 

within the bone marrow (Weiss and van der Kooy, 1998). However, NSC biologists 

needn't boast too loudly in this regard because, due to a lack of specific markers, the 

identity of the true NSCs within the subependyma itself is not conclusively known 

(Weiss and van der Kooy, 1998). 

Although the family tree in both the CNS and hematopoietic system is not entirely 

delineated (for instance, it is unclear whether or not multiple SCs exist within both neural 

and hematopoietic systems), the extent of knowledge about the hematopoietic lineage 

goes beyond what is known about lineage in the CNS (Weiss and van der Kooy, 1998). 

The advantage in this regard stems from a difference in experimental approaches: the 

hematopoietic approach entails the study of the phenotype of sorted precursors whereas 

the neuronal approach relies upon random isolation and characterization of clones on the 

basis of their growth factor dependence (Weiss and van der Kooy, 1998). Conveniently, 

HSCs lack the specific markers that their progenitors have, which allows for their easy 

separation (Weiss and van der Kooy, 1998) and the subsequent construction of a complex 

HSC lineage. The hope is that cell surface markers for NSCs (Mayer-Proschel et al., 

1997) will be developed and used in concert with other techniques (e.g. cytokine receptor 
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screening, clonal analysis) to allow the formation of equally detailed lineage diagrams of 

NSCs and their progeny (Weiss and van der Kooy, 1998). 

The phenomenon of transdifferentiation hints at molecular similarities between 

NSCs and HSCs. Sets of genes that are common to both of these SC populations, but not 

to differentiated cells, have been isolated via cDNA microarray technology (Terskikh et 

al., 2001). Given the disparate developmental programs followed by NSCs and HSCs 

under normal conditions, and their common ability to self-renew, it has been suggested 

that these 'shared' genes are those required for self-renewal (Price and Williams, 2001). 

An additional characteristic shared by NSCs and HSCs in their antigenic phenotype 

(Price and Williams, 2001). A monoclonal antibody that recognizes the cell-surface 

protein C D 133, a marker used to enrich for HSCs, can also be used to isolate human 

NSCs (Uchida et al., 2000). Taken together, genetic and antigenic similarities suggest 

that NSC and HSC populations are in fact alike, and it is the environment that actually 

determines the types of cells they produce (Price and Williams, 2001). 

1.5.2 Location and migration of neural stem cells 

In order to posit NSCs as the substrate of anatomical and behavioural recovery 

following neonatal cortical injury, it is necessary to examine their normal location and 

migration patterns in vivo. Doing so allows one to put forward a mechanism of recovery 

and construct testable hypotheses pertaining to that mechanism. As such, this section 

touches upon purported prenatal (i.e. embryonic) locations of NSCs before focusing on 

studies that have attempted to uncover postnatal (including adult) NSC loci and migration 

patterns. 

1.5.2.1 Prenatal location of neural stem cells 

An initial, and as of yet unresolved, question regarding prenatal (or embryonic) 

SCs (Evans and Kaufman, 1981; Martin, 1981) pertains to their distribution in the neural 

plate (NP). When the NP first emerges, is it comprised solely of SCs, or is it comprised 

of both SC and restricted progenitor cell populations (Temple, 2001a)? It is possible that 
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(a) all of the cells residing in the NP are SCs or that (b) some minor population of NP 

cells could be SCs that are either evenly distributed or (c) located in particular NP regions 

(such as the midline and lateral edges) (Temple, 2001a). With respect to the latter 

possibility, gradients of signaling molecules can impart regional specificity to a given 

population of stem (or progenitor) cells, providing those cells respond differently to 

different concentrations of the signaling molecules (Wolpert, 1994; Temple, 2001a). 

Thus, factors that provide anterior-posterior and dorsal-ventral patterning information 

(such as bone morphogenetic proteins, Noggin, retinoids, Sonic hedgehog and fibroblast 

growth factors) may serve to regionalize SCs in the NP at the same time that neural 

induction is initiated (Chang and Brivanlou, 1998; Altmann and Brivanlou, 2001; 

Temple, 2001a). 

A lack of specific markers for SCs and early neural progenitor cells in vivo leaves 

unanswered questions about SC location and the role of SCs during neural development. 

For instance, are NSCs directly responsible for the production of the majority of neurons 

in the CNS, or do the restricted progenitors that are produced by the NSCs enable 

neurogenesis (Temple, 2001a)? Despite being far from resolving such fundamental 

issues, principal embryonic regions wherein NSCs are thought to reside have been 

described. These include the cerebral cortex, hippocampus, cerebellum, spinal cord, and 

perhaps most notably, the ventricular and subventricular zones of the basal forebrain 

(Temple, 1989, 2001a; Cattaneo and McKay, 1990; Reynolds et al., 1992; Kilpatrick and 

Bartlett, 1993). 

1.5.2.2 Postnatal location and migration of neural stem cells 

When Charles Gross (2000) wrote, "We may be in the midst of a revolution in our 

conception of the plasticity of the mammalian brain," he was referring to the current 

neuroscientific Zeitgeist of widespread recognition and acceptance of neurogenesis in the 

postnatal brain. For over a century, the dogma which held that no new neurons could be 

generated after early neural development stood in staunch opposition to a multitude of 

reports containing empirical evidence of the contrary (e.g. Sidman et al., 1959; Altman 
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and Das, 1965a, 1965b 1966; Kaplan and Hinds, 1977; Kaplan, 1981). It wasn't until (a) 

Nottebohm's unequivocal demonstrations of neurogenesis in adult songbirds (Goldman 

and Nottebohm, 1983; Paton and Nottebohm, 1984; Burd and Nottebohm, 1985), (b) the 

development of new techniques for labeling new cells and for distinguishing neurons 

from glia (e.g. Nowakowski et al., 1989; Mullen et al., 1992), and (c) the demonstration 

that neurogenesis could be up- and down-regulated by psychological variables (e.g. 

Kempermann et al., 1997a; Gould and Tanapat, 1999), that the idea of adult neurogenesis 

started to come into acceptance (Gross, 2000). 

One cannot dissociate the phenomenon of postnatal neurogenesis from the 

existence of NSCs in the adult brain. Although, at present, the in vivo localization of 

adult NSCs and the brain regions to which their progeny migrate in order to differentiate 

remain unresolved, the number of feasible locations is limited (Gage, 2000). In 

particular, postnatal mammalian neurogenesis within the subventricular zone, and within 

the subgranular zone of the dentate gyrus of the hippocampal formation, is now 

universally accepted. Thus, neurogenesis in these two areas, as well as in the cerebral 

cortex, is discussed in the following sections. 

1.5.2.2.1 Neural stem cell-mediated neurogenesis in the SVZ 

The majority of neurons, astrocytes, and oligodendrocytes that comprise the CNS 

are generated during development in two proliferative germinal layers known as the 

ventricular and subventricular zones (VZ and SVZ, respectively) (Boulder Committee, 

1970; McConnell, 1988). The V Z (or ependymal zone (EZ)) is defined upon closure of 

the neural tube (Jacobson, 1991; Sanes et al., 2000); it surrounds the lumen of the lateral 

ventricles and has a pseudo-layered architecture (Doetsch and Alvarez-Buylla, 1996). 

The neuroepithelial cells of the V Z are the first to emerge during histogenesis and are 

thought to perinatally undergo terminal differentiation into cuboidal epithelial cells of the 

ependymal lining (Takahashi et al., 1996; Chiasson et al., 1999). Postnatally, the V Z 

recedes and is survived by a thin layer of ependymal cells that make up the ependymal 

layer (or EZ) (Morshead and van der Kooy, 1992). 
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The S V Z (or subependymal zone (SEZ)) underlies the V Z , from which it 

delaminates at around embryonic day 10.5 during mouse forebrain development 

(Alvarez-Buylla et al., 2000). At this time, the SVZ is most prominent in the lateral and 

medial ganglionic eminences (Smart and Sturrock, 1979; Fentress et al., 1981), and 

extends only as a thin layer into the lateral region of the developing neocortex (Alvarez-

Buylla et al., 2000). During development, the SVZ supplies large numbers of cells to 

numerous regions including basal ganglia (Olsson et al., 1997), diencephalon (Rakic and 

Sidman, 1969; Lentinic and Kostovic, 1997) and cortex (DeCarlos et al., 1996; Anderson 

et al., 1997; Tamamaki et al., 1997; Wichterle et al., 1999). Unlike the V Z , the SVZ 

remains postnatally as a thin stratum subjacent to the E Z in the lateral walls of the lateral 

ventricle (Smart, 1961; Lewis, 1968). 

It had long been thought that the radial (Rakic, 1972; Alvarez-Buylla and 

Nottebohm, 1988) and tangential (Altman, 1969; Walsh and Cepko, 1988; Luskin, 1993; 

Lois and Alvarez-Buylla, 1994) migration of progenitor cells from the V Z and SVZ to 

their appropriate targets, and their subsequent differentiation therein (Lois et al., 1996), 

were processes that occurred exclusively during embryonic and perinatal life (Rakic, 

1985; Jacobson, 1991). Despite the fact that neurogenesis had been described in the 

olfactory bulb and dentate gyrus of adult mammals (Altman and Das, 1965a, 1965b; 

Kaplan and Hinds, 1977; Bayer et al., 1982), the newly generated neurons were thought 

to be derived from precursor cells located in the EZ and SVZ, as opposed to being born 

directly in these regions, and were thus not considered indicative of true adult 

neurogenesis. At best, the postnatal SVZ was regarded simply as a vestigial layer of 

dividing cells that either die (Morshead and van der Kooy, 1992) or generate glia 

(Levison and Goldman, 1993). Further study of this region, however, has proven 

otherwise. 

The idea that the SVZ persists into the postnatal period to facilitate ongoing 

neurogenesis in the adult was first suggested by Joseph Altman. In the 1960s, Altman 

used tritiated thymidine (a marker of dividing cells) to provide evidence for postnatal 

neurogenesis in a variety of structures (the olfactory bulbs and dentate gyrus, in 
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particular, as cited above). Years later, Kaplan followed up and confirmed much of 

Altman's work (Kaplan and Hinds, 1977; Kaplan, 1981) before combining the use of 

tritiated thymidine with electron microscopy to provide detailed ultrastructural analyses 

of purported proliferative regions. Using these two techniques in concert, Kaplan 

demonstrated cell division in the SVZ of adult macaques (Kaplan, 1983). Although the 

work had little impact at the time (Gross, 2000), it helped to pave the way for the 

eventual acceptance of postnatal neurogenesis. 

Perhaps one reason that establishing postnatal neurogenesis in the SVZ is difficult 

is because neuronal progenitors (or SCs, as discussed below), despite being born in and 

around the SVZ, do not remain there for any great length of time. It is now well 

established that progenitors born in the SVZ migrate several millimetres tangentially 

through a well-defined rostral migratory stream (RMS) toward the olfactory bulbs (OBs), 

wherein they move radially into the granule and periglomerular layers to differentiate into 

local interneurons. Conclusive proof of SVZ cell migration along the RMS to the OBs 

has been provided in both the neonate (Luskin, 1993) and the adult (Lois and Alvarez-

Buylla, 1994; Doetsch and Alvarez-Buylla, 1996) via transplantation of genetically 

tagged S V Z cells and via local labeling of neuronal progenitors with dyes and 

retroviruses (Alvarez-Buylla et al., 2000). 

During normal embryonic and perinatal development, successively generated 

neurons and glial cells migrate from the V Z and SVZ to their final cortical positions 

along radial glial scaffolding, forming an inside-out laminar pattern within cortex (Rakic, 

1972). In contrast, study of the migratory pathway has revealed that young neurons 

moving from the SVZ to the OB in the RMS use neither radial glial cells nor axonal 

guides for their migration (Kishi et al., 1990; Lois and Alvarez-Buylla, 1994). Instead, 

NSCs/progenitors of the SVZ use a homotypic form of neuronal migration called chain 

migration (Rousselot et al., 1995; Lois et al., 1996; Wichterle et al., 1997), in which they 

crawl along elongated cellular aggregates, utilizing each other as a migratory substrate. 

The entire SVZ, and not just the RMS, contains an extensive network of chains that 

extend from the caudal to the rostral lateral wall of the lateral ventricles. In the adult 
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rodent, cells positioned at disparate rostrocaudal levels of this network migrate rostrally, 

joining the RMS en route to the OB (Doetsch and Alvarez-Buylla, 1996). In the neonate, 

only the anterior part of the SVZ is thought to generate OB-bound neurons, while more 

caudal levels of the SVZ are regarded as gliogenic (Luskin, 1993, 1998). 

Cell adhesion molecules (CAMs) have been suggested to mediate the type of cell-

cell interactions exemplified by chain migration (Edelman and Rutishauser, 1981). 

Weakly adhesive C A M s may be permissive for migration, and highly adhesive C A M s 

may terminate or prevent migration by anchoring cells to other surrounding cells or to the 

extracellular matrix (Acheson et al., 1991). In adult mice, chains of NSCs/progenitors 

migrating from the SVZ to the OB can be visualized with antibodies that recognize the 

polysialylated (PSA) form of neural cell adhesion molecule (PSA-NCAM), which is 

enriched in the RMS (Rousselot et al., 1995). The ability of N C A M to mediate cell 

adhesion probably depends on its degree of sialylation (Hoffman and Edelman, 1983; 

Sunshine et al., 1987), with the more highly sialylated C A M s being more weakly 

adhesive, and thus more permissive for migration. The embryonic form of N C A M has 

multiple, long, linear homopolymers of PSA that constitute 30% of the molecular weight 

of the protein. The adult form of N C A M has shorter PSA polymers, constituting 10% of 

the protein's molecular weight (Rousselot et al., 1995). Mutant mice in which the gene 

that encodes N C A M has been partially or completely deleted have OB s of reduced size 

and cell number (Tomasiewicz et al., 1993; Cremer et al., 1994). This anatomical 

anomaly is indicative of a migratory deficiency and thus suggests an instructive roll for 

N C A M in anterior forebrain cell migration. Other extracellular matrix components 

typical of the embryonic environment that have been identified in the SVZ and RMS via 

immunocytochemistry include chrondroitin sulfate proteoglycans and tenascin (Miragrall 

et al., 1990; Gates et al., 1995; Jankovski and Sotelo, 1996; Thomas et al., 1996). 

Presumably, NSCs/progenitors of the SVZ could be induced to migrate to a damaged area 

within the rodent brain by directly bridging the two areas with some permissive substrate 

that replicates the migratory environment of the RMS (Alvarez-Buylla et al., 2000) or, 
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indirectly, by modulating regulatory factors which could, in turn, affect the expression of 

such migratory substrates. 

In summary, the following points have been established with respect to 

neurogenesis in the SVZ: (1) During embryonic and perinatal development, the V Z and 

SVZ are two proliferative germinal layers wherein the majority of neurons, astrocytes, 

and oligodendrocytes that comprise the CNS are generated. (2) Postnatally, the V Z 

recedes and is survived by a thin layer of ependymal cells that make up the EZ, whereas 

the SVZ (or SEZ) remains as a thin stratum subjacent to the E Z in the lateral walls of the 

lateral ventricle. (3) Progenitors born postnatally in the SVZ use chain migration to 

move tangentially through the RMS toward the OBs. (4) P S A - N C A M and/or other 

extracellular matrix components may play an instructive role in anterior forebrain cell 

migration. 

The discussion of neurogenesis in the SVZ has hitherto only alluded to the 

postnatal migration of NSCs/progenitors from the SVZ to the OBs. A crucial question 

with respect to SVZ neurogenesis is thus: Are true NSCs located in the SVZ? Identifying 

veritable NSCs in vivo, even in a region characterized by abundant cell proliferation such 

as the SVZ, has proven to be no easy task. Two common modes of detecting NSCs in 

vivo involve the use of retroviruses or BrdU labeling. Retrovirus labeling (RL) allows 

one to detect dividing cells and discern cell lineage, given that the retrovirus can be 

passed on to the progeny of the infected cell. However, R L is regarded as inefficient and 

non-quantitative, because retroviral expression is typically down-regulated with terminal 

differentiation and thus misrepresents the full range of cell phenotypes (Gage, 2000). 

The cell proliferation marker BrdU, much like tritiated thymidine, becomes incorporated 

into deoxyribonucleic acid (DNA) during mitosis and thus reveals the total number of 

cells dividing at a particular time. Yet BrdU labeling becomes diluted with successive 

cell divisions, and one must use caution to avoid attributing BrdU-positive staining to 

D N A repair (Gage, 2000). Taken together, retrovirus and BrdU labeling allow for the 

determination of when a cell is born and whether or not multipotent cells exist at a 
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particular time. However, determining the degree of multipotency or whether the cells 

are self-renewing (two hallmarks of NSCs), is not yet possible in vivo (Gage, 2000). 

Methodological caveats aside, many investigators have pursued the identification 

of the most primitive cell, the purported NSC, in the ependymal and subependymal 

zones. The central question involves determining which of these two areas actually 

houses the NSC. One report (Johansson et al., 1999) suggests that NSCs reside within 

the ependymal lining of the lateral ventricles, and that the NSC may even be the ciliated 

ependymal cell itself. This is consistent with the finding that SCs can be isolated from all 

regions of the CNS that contain extensions of the ventricular system, including the spinal 

cord (Weiss et al., 1996b), which is devoid of a SEZ. Using BrdU and retroviral labeling, 

ependymal cells were found to divide very rarely in vivo (Johansson et al., 1999). In 

vitro, ependymal cells gave rise to dividing clusters of cells that could subsequently 

generate neurons, astrocytes and oligodendrocytes (Johansson et al., 1999). Thus, two 

criteria of the NSC definition: slow cell cycle time (i.e. being able to remain in a 

quiescent state) and multipotentiality, were met by adult ependymal cells (Johansson et 

al., 1999; Kuhn and Svendsen, 1999). This finding has been used to construct a model in 

which slowly-dividing, ependyma-residing NSCs give rise to more rapidly dividing 

progenitor (or 'transit') cells in the subependyma, which in turn migrate along the RMS 

(Bjorklund and Svendsen, 1999). 

The work of Johansson et al. (1999) is consistent with that of Morshead et al. 

(1994), in that both groups identified a relatively quiescent population of cells as the true 

NSCs. However, Morshead et al. (1994) posited the SEZ, and not the EZ, as the location 

of the quiescent NSC population - a population that is distinct from the constitutively 

proliferating cells that also reside in the SEZ (Morshead et al., 1994). Importantly, these 

latter experiments were marred by the fact that the ependymal layer was not physically 

separated from the subependymal layer, thus leaving the specific adult laminar 

localization of NSCs around the lateral ventricles in question (Chiasson et al., 1999). 

Thus, to address this issue, Chiasson et al. (1999) dissected the ependyma from the 

subependyma and found that cells derived from both areas could divide in culture to form 
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sphere-like structures. However, only subependyma-derived cells could self-renew 

(proliferate to form secondary spheres in culture) and give rise to both neurons and glia 

(Chiasson et al., 1999). Ependyma-derived cells were shown only to produce glial 

fibrillary acidic protein (GFAP)-positive cells when plated under differentiation 

conditions in culture (Chiasson et al., 1999). Thus, the question of the identity of the true 

NSC in the ependymal and subependymal zones is not straightforward, and, as of yet, is 

unresolved. Clouding the issue even further, recent studies by Doetsch et al. (1999) 

implicate actively proliferating astrocytes that reside in the SVZ as SCs that produce 

neurospheres in vitro and neurons in vivo. Clearly, further and extensive investigation 

into the exact phenotype of the most primitive cell in the EZ and SEZ is warranted. 

1.5.2.2.2 Neurogenesis in the dentate gyrus of the hippocampus 

The story behind neurogenesis in the hippocampus (HPC) follows a similar 

course to that described previously for the SVZ. As with the SVZ, Altman made the 

initial suggestion of postnatal hippocampal neurogenesis. He provided autoradiographic 

evidence to support his claim (Altman, 1963; Altman and Das, 1965a, 1965b), and was 

largely ignored (Gross, 2000). Altman's studies were later followed-up and confirmed by 

others (Kaplan and Hinds, 1977; Kaplan and Bell, 1984), only to be acknowledged by the 

larger scientific community in recent years. 

Currently, the only region apart from the SVZ wherein postnatal mammalian 

neurogenesis is widely accepted is the dentate gyrus (DG) of the HPC. Specifically, 

newborn granule neurons, generated from continuously dividing progenitor cells in the 

subgranular zone (SGZ) of the DG, migrate into the granule cell layer wherein they 

differentiate, extend axons, and express neuronal-specific marker proteins (Altman and 

Das, 1965a, 1965b; Stanfield and Trice, 1988; Cameron et al., 1993). Interestingly, as in 

the R M S , P S A - N C A M is present in the D G on the surface of the newborn neurons as 

they migrate to the granule layer, and is no longer expressed on the mature neurons upon 

migration's end (Gage, 2000). In addition, as is the case for the OB, the D G of N C A M 

knockout mice is reduced in size (Tomasiewicz et al., 1993; Cremer et al., 1994). Thus, 
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P S A - N C A M appears to play a similar role in mediating migration in both the D G of the 

HPC and in the RMS that connects the SVZ to the OBs. 

The use of BrdU labeling and neuronal markers has revealed hippocampal 

neurogenesis in the brains of a variety of species including rodent (wherein neurogenesis 

persists into senescence (Altman and Das, 1965b; Kuhn et al., 1996)), human (Eriksson et 

al., 1998), and non-human (Gould et al., 1998, 1999a; Kornack and Rakic, 1999) primate. 

In addition, the regulation of hippocampal neurogenesis by genetic (Kempermann et al., 

1997b), environmental (e.g. Kempermann et al., 1997a, 1998; van Praag et al., 1999) and 

molecular factors (e.g. Gould et al., 1992) has been reported. This suggests a wide range 

of functions for newborn neurons in the HPC, and thus their relevance to numerous 

neural tasks (Gage, 2000). 

1.5.2.2.3 Neurogenesis in the cerebral cortex 

At present, the idea that new neurons are added postnatally to the cerebral cortex 

is a contentious neuroscientific issue. Using tritiated thymidine, Altman (1963) provided 

initial autoradiographic evidence of postnatal neurogenesis in the rodent cerebral cortex, 

and Kaplan (1981, 1985) later added ultrastructural data to strengthen Altman's 

suggestion. Despite the fact that Altman's reports of postnatal neurogenesis in the cortex, 

SVZ and OB, and SGZ of the D G came within a few years of each other, and that the 

evidence provided in each case was more or less the same, the fate of each claim has been 

different (Gross, 2000). Altman's findings were replicated in the OB (Kaplan, 1981, 

1983; Bayer et al., 1982), SGZ of the D G (Kaplan and Hinds, 1977; Kaplan and Bell, 

1984) and cortex (Kaplan 1981, 1985), but only the OB result was included in the 1991 

edition of Jacobson's influential text of developmental neurobiology (Gross, 2000). This 

may reflect, as Gross (2000) suggests, a reluctance in neuroscience to accept 

neurogenesis in phylogenetically younger and purportedly more 'cognitive structures.' 

Although adult neurogenesis in the SGZ is now widely accepted, the status of this 

phenomenon in the cortex remains unclear. 
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Recent evidence of neurogenesis in the cerebral cortex of adult primates comes 

from a study by Gould and colleagues (Gould et al., 1999b). In this study, 12 adult 

macaques (5 to 15 years old) were given 1 to 5 injections of BrdU and were sacrificed 2 

hours, 24 hours, 1 week or 2 weeks after the last BrdU injection. Immunohistochemistry 

for cell-specific markers (NeuN, neuron-specific enolase (NSE), microtubule-associated 

protein-2 (MAP-2), turned-on-after-division 64-kD protein, and GFAP) was performed to 

examine the phenotype of BrdU-labeled cells in three neocortical association areas 

(prefrontal, inferior temporal, and posterior parietal cortices) and a primary sensory area 

(striate cortex). In animals that survived for at least 1 week after the last BrdU injection, 

Gould et al. (1999b) demonstrated the addition of a relatively small number of new 

neurons in the neocortical association areas, but not in the primary sensory area. The 

new neurons were found to originate in the SVZ and migrate through the white matter to 

the neocortex, wherein they extended axons. In an extension of this work, the adult-

generated cortical neurons were shown to have a transient existence (Gould and Gross, 

2000), with the vast majority of new cells surviving 2 to 5 weeks after their birth. Thus, 

Gould et al. (1999b) provide evidence that new neurons are added to some neocortical 

association areas in the adult macaque, explicitly challenging previous work (Rakic, 

1985) that indicates the production of new neurons in the primate neocortex is limited to 

the period of early development. 

The finding of postnatal neurogenesis in the cortex is provocative, and further, 

extensive investigation and replication will undoubtedly be required before it approaches 

the status of acceptance enjoyed by the SVZ and OB, and SGZ of the DG. One important 

issue in this regard relates to the substrate of cortical neurogenesis. Are SCs that move 

from the SVZ to the OB along the RMS somehow recruited from their normal course to 

migrate into cortex? Or do SCs intrinsic to cortex mediate postnatal neurogenesis 

therein? These questions are far from being resolved, but one recent study supports the 

latter contention. Marmur and colleagues used a microdissection technique to separate 

the cerebral cortex of a PD 2 rat from the neurogenic periventricular (i.e. EZ, SEZ) zones 

(Marmur et al., 1998). The authors report that some of these progenitors are 
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immunoreactive for P S A - N C A M , a sub-population of which, in culture, express the 

receptor for epidermal growth factor (EGF), proliferate in response to E G F and 

transforming growth factor alpha, and are capable of differentiating into clonally-derived 

neurons, astrocytes and oligodendrocytes (Marmur et al., 1998). Given the age of the 

animal (PD 2) from which the cortical tissue was derived, this is not conclusive proof that 

NSCs reside in the adult cortex. However, it is reminiscent of previous demonstrations of 

multipotentiality in forebrain-derived SCs (Reynolds and Weiss, 1992; Craig et al., 1996; 

Weiss et al., 1996a), and is thus, at a minimum, suggestive that postnatal neurogenesis is 

mediated by a SC source intrinsic to cortex. 

1.5.3 Induced differentiation and migration of neural stem cells 

The previous section examined 'normal' locations and migration patterns of 

NSCs. The current section focuses upon the types of cells - both neural and non-neural -

that postnatal NSCs can be induced to become, and where NSCs can be induced to 

migrate. Experiments performed in culture are first discussed, followed by in vivo and 

combined in vivo/in vitro approaches that allow for the assessment of the differentiative 

and migratory potential of both endogenous and transplanted NSCs in normal animals 

and in animal models of CNS injury. 

1.5.3.1 Differentiation of neural stem cells into neurons and glia in culture 

In order to qualify as a NSC, the criterion of multipotentiality must be met 

(section 1.5.1). That is, a NSC is necessarily capable of generating the cell types of the 

tissue from which it is derived: namely, neurons, astrocytes and oligodendrocytes of the 

CNS. Indeed, evidence for the production of neural and glial cells from multipotential 

precursors in the adult nervous system has been provided (Reynolds and Weiss, 1992; 

Richards et al., 1992; Morshead et al, 1994; Gage et al., 1995; Gritti et al., 1996). The 

seminal demonstration of the latter is a study conducted by Reynolds and Weiss (1992). 

These authors were mindful of the potential role of mitogenic growth factors in 

CNS neurogenesis (e.g. Cattaneo and McKay, 1990). In particular, they were aware that 
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EGF, a powerful mitogen of non-neuronal cells that enhances wound healing and tissue 

regeneration in numerous organs (e.g. skin, lever, intestinal epithelium) (Carpenter and 

Wahl, 1990), also has mitogenic and trophic actions on embryonic and early postnatal 

cells in the CNS (Simpson et al., 1982; Morrison et al., 1987; Anchan et al., 1991). 

Moreover, the demonstration of EGF and EGF receptor immunoreactivity in the adult 

rodent and human CNS (e.g. Fallon et al., 1984; Gomez-Pinilla et al., 1988) impelled 

Reynolds and Weiss to investigate whether EGF-responsive cells could be isolated from 

the adult mouse CNS (Reynolds and Weiss, 1992). 

In order to address this question, Reynolds and Weiss (1992) took the striata of 3-

to 18- month old mice, subjected them to enzymatic dissociation, and then plated the 

striatum-derived cells in serum-free culture medium containing EGF. After 2 days in 

vitro (DIV), most of the cells had died. However, a few cells remained and were 

undergoing cell division. These remaining cells continued to divide for 2 to 3 DIV, at 

which point the proliferating cells formed clusters of cells that detached from the culture 

medium to form free-floating 'spheres' of proliferating cells (Reynolds and Weiss, 1992). 

Only EGF and a non-adhesive substrate enabled the initiation of cell division and the 

subsequent formation of spheres by isolated adult striatal cells. If an adhesive agent was 

added to the substrate, or if EGF was removed or replaced by basic fibroblast growth 

factor (bFGF), platelet-derived growth factor, or nerve growth factor, neither cell division 

nor cell proliferation was observed (Reynolds and Weiss, 1992). Almost all of the cells 

that constituted spheres possessed antigenic properties characteristic of primitive, but not 

mature, neural tissue. That is, numerous cells had formed clonal cell aggregates, or 

'neurospheres', and were immunoreactive for nestin (an intermediate filament structural 

protein typically found in undifferentiated CNS cells (Lendahl et al., 1990)), but not 

neurofilament ((NF), a structural protein that identifies differentiated neurons 

(Kirschstein and Skirboll, 2001)), NSE (a glycotic enzyme specific to neurons (Phoenix 

5, 2001)), or GFAP (a protein specifically produced by astrocytes) (Reynolds and Weiss, 

1992). 
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Reynolds and Weiss (1992) then sought to demonstrate the production of mature 

CNS cell types that could be inferred from their morphological and antigenic properties. 

They thus took spheres that had spent 6- to 8-DIV and transferred them to glass cover 

slips that were coated in the adhesive substrate, poly-L-ornithine (Reynolds and Weiss, 

1992). The spheres were cultured in serum-free medium containing EGF, and during the 

following 21 DIV, cells were observed to migrate from a sphere of continuously 

proliferating cells (Reynolds and Weiss, 1992). Cells that constituted the continuously 

proliferating sphere, as well as cells that were seen to migrate from the latter, were then 

processed for immunocytochemistry. Amongst the two cellular populations, both GFAP-

and NSE-positive cells were present, and a subset of the latter incorporated BrdU, 

indicating that the neurons were born in culture (Reynolds and Weiss, 1992). The NSE-

positive cells had small, rounded somas with fine processes, and GFAP-positive cells had 

large, stellate-shaped somas and several thick processes (Reynolds and Weiss, 1992). 

Furthermore, the authors used immunocytochemistry to ascertain whether these cells 

contained neurotransmitters (amino acids, biogenic amines and neuropeptides). Cells 

with a neuronal morphology were immunoreactive for y-aminobutyric acid (GABA) and 

substance P, two of the major neurotransmitters in the adult striatum in vivo (Graybiel, 

1990; Reynolds and Weiss, 1992). In contrast, glutamate, serotonin, tyrosine hydroxlase, 

methionine-enkephalin, neuopeptide Y , and somatostatin were not detected in the 

cultures (Reynolds and Weiss, 1992). Nonetheless, these authors provided the first 

evidence that mature neurons and astrocytes that display both appropriate antigenic and 

morphological properties could be generated from isolated striatal cells of the adult 

mammalian CNS. 

Just six months after the publication of Reynolds and Weiss's (1992) paper, 

Richards, Kilpatrick and Bartlett (1992) provided further, in vitro evidence for 

neurogenesis of mature, NF-containing neurons derived from a precursor population 

obtained from the adult CNS (Richards et al., 1992). In contrast to Reynolds and Weiss 

(1992), however, the Bartlett group found that neurogenesis was dependent on bFGF, and 

not E G F . Furthermore, bFGF stimulated precursor proliferation, as indicated by 
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incorporation of tritiated thymidine, but neuronal differentiation was achieved only by 

withdrawing bFGF and serum from the culture, and subsequently exposing the precursors 

to a medium that included the astrocyte precursor cell line A - l (Richards et al., 1992). 

One possible reason for these discrepancies relates to the source of the isolated cells in 

each experiment. Reynolds and Weiss (1992) used the striata of adult mice as their 

source population, whereas Richards et al. (1992) used cells derived from a 

heterogeneous collection of neural structures, including cerebral cortex, hippocampus, 

diencephalon, striatum and septum. In both experiments, cells from a single (Reynolds 

and Weiss, 1992) or numerous (Richards et al., 1992) brain structure(s) were dissociated 

by enzymes and then isolated, and thus the characterization of the identity and specific 

location of the growth factor-responsive cells was not allowed (Lois and Alvarez-Buylla, 

1993). 

Thus, to address the question of location of the growth factor-responsive cells, 

Lois and Alvarez-Buylla (1993) labeled cells of the adult mouse with tritiated thymidine 

in a particular location in vivo - the SVZ - and reported the proliferation of labeled cells 

within the walls of the lateral ventricle within the SVZ. Furthermore, to assess the 

potential phenotypic fate of these dividing cells, the SVZ was isolated and cultured. SVZ 

expiants were processed for immunocytochemistry and were found to be immunoreactive 

for astrocyte- (GFAP) or neuron-specific (NF, NSE, and MAP-2) markers (Lois and 

Alvarez-Buylla, 1993). Furthermore, expiants that were stained with neuron-specific 

antibodies were processed for autoradiography to detect the presence of tritiated 

thymidine within the cell nuclei. Approximately 85% of explant-derived neurons stained 

positively for tritiated thymidine, suggesting that cells that were dividing in the SVZ in 

vivo gave rise to daughter cells that subsequently differentiated into neurons and glia in 

vitro (Lois and Alvarez-Buylla, 1993). In contrast to the isolated progenitors of Reynolds 

and Weiss (1992) and Richards et al. (1992), SVZ cells did not have to divide in vitro in 

order to generate neurons. Thus, neural progenitors of the S V Z divide in the adult 

mammalian brain and have the potential, at least in culture, to differentiate directly into 

neurons and glia (Lois and Alvarez-Buylla, 1993). 
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1.5.3.2 Transdìjferentìation of neural stem cells 

As discussed in the previous section, adult-derived NSCs, in accordance with 

their definition, have the potential to differentiate into neurons and glial cells in culture 

(Reynolds and Weiss, 1992; Richards et al., 1992; Lois and Alvarez-Buylla, 1993). 

However, as mentioned in section 1.5.1.2, recent evidence suggests that NSCs are not 

restricted to give rise to only CNS cell types, and can be induced to differentiate into cells 

of other (i.e. non-neural) biological systems if exposed to the right conditions. This is the 

phenomenon of transdifferentiation (TD): the ability of a SC, neural or otherwise, to 

generate cell types that are different from those found in the tissue from which the SC is 

derived. The present discussion of TD is limited to the differentiation of NSCs into cell 

types of other biological systems (e.g. blood and muscle cells). Conversely, although not 

examined in the present section, SCs of other systems (e.g. HSCs) appear capable of 

differentiating into CNS cell types as well (Eglitis and Mezey, 1997; Kopen et al., 1999; 

Brazelton et al., 2000; Mezey et al., 2000; Woodbury et al., 2001). 

The landmark demonstration of NSC TD comes from a study by Bjornson et al. 

(1999). In an attempt to determine whether NSCs are restricted to produce CNS cell 

types, these authors isolated genetically labeled, clonally derived NSCs from adult lacZ 

transgenic mice (lacZ is a gene that encodes for the detectable enzyme, p-galactosidase). 

The isolated NSCs were injected into recipient mice that had a significant fraction of their 

endogenous hematopoietic precursors eliminated via a sub-lethal dose of radiation. 

Subsequently, bone marrow cells were isolated from the irradiated, NSC-receiving hosts, 

and formed P-galactosidase-expressing colonies, indicating that the bone marrow cells 

were of donor origin (Bjornson et al., 1999; Price and Williams, 2001). Similarly, cells 

of donor origin were isolated from the spleen and peripheral blood of the host animal 

(Bjornson et al., 1999). 

A remarkable study by Clarke et al. (2000) further illustrates the plasticity of 

NSCs. In this experiment, P-galactosidase-expressing NSCs, derived from the 

ependymal zone of adult mice, were grown in culture as neurospheres and subsequently 

injected into the blastocyst of mouse embryos. The latter were permitted to develop into 
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later embryonic stages, at which point P-galactosidase-expressing progeny were found in 

numerous cell types in all germ layers (Clarke et al., 2000). Interestingly, the P-

galactosidase-expressing cells were distributed in a disconnected, patch-like manner, and 

were absent from the hematopoietic system. Nonetheless, the p-galactosidase-expressing 

cells were incorporated into multiple, non-neural tissues, indicating that NSCs do indeed 

possess an ability to differentiate into a broad range of phenotypes (Clarke et al., 2000). 

Taken together, the studies of Bjornson et al. (1999) and Clarke et al. (2000) 

indicate that the normal cellular fates of adult NSCs are limited by the environment of the 

CNS. Moreover, these studies suggest that, given the appropriate milieu, NSCs can 

generate a variety of non-neural cell types and thus possess extraordinary potential for 

transplantation in the treatment of disease of numerous and diverse organ systems. 

However, there are two caveats worth mentioning here. First, in order to be fully 

accepted, the findings must be confirmed by other laboratories (Temple, 2001b) and, 

despite some recent attempts (Morshead et al., 2000; Tropepe et al., 2001), neither study 

has thus far been replicated. Secondly, in both of the aforementioned studies, the NSCs 

were cultured in vitro prior to transplantation (Temple, 2001b). This leaves open the 

important question of whether or not the wide, differentiative ability of NSCs reported in 

these papers is truly representative of NSC multipotentiality in vivo. 

1.5.3.3 Differentiation and migration of endogenous neural stem cells following injury 

At present, there exist two central strategies for the potential treatment of brain 

injury and disease via NSC manipulation (Kirschstein and Skirboll, 2001). The first 

strategy can be thought of as the 'endogenous' approach. In theory, by manipulating the 

in vivo environment either directly (via growth factors, hormones, neurotransmitters, or 

targeted cell death, for example) or indirectly (via experience (exposure to enriched 

environments or stress, for example)), one's endogenous NSCs can be induced to 

proliferate, migrate, and differentiate into a desired phenotypic fate. This endogenous 

approach, exemplified by a paper that utilizes targeted apoptosis in order to stimulate 

NSC-mediated neurogenesis, is the subject of the current section. The reader is also 
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encouraged to see section 1.6 for a discussion of NSC regulation by numerous factors, 

including the neurotransmitter, serotonin. The second strategy of NSC manipulation, 

termed the 'transplantation' approach, is beyond the scope of this thesis, and is thus only 

briefly touched upon in section 1.5.3.4. 

A study that typifies the induction of endogenous, neural precursor-mediated 

neurogenesis comes from Magavi et al. (2000) of the Macklis group. These authors were 

working with the knowledge that neuronal death, if initiated in specific regions of the 

vertebrate brain, can alter the fate of immature neural precursors and result in an overall 

increase in neuronal number (Kaplan and Hinds, 1977; Kirn and Nottebohm, 1993; 

Snyder et al., 1997; Magavi et al., 2000). In previous studies, Macklis used a technique 

called 'chromophore-targeted neuronal degeneration' that causes synchronized apoptosis 

in cortical neurons (Macklis, 1993). This entails joining a photosensitive substance 

called chlorin e6 to neurospheres. The latter are stereotactically injected into various 

thalamic nuclei, from which they are retrogradely transported to the cell bodies of layer 

IV corticothalamic projection neurons. Two weeks later, layer IV of anterior cortex is 

exposed to 674 nm wavelength laser light, causing the photoactivation of chlorin e6 and 

the subsequent production of a free radical oxygen which induces apoptosis exclusively 

in nanosphere-containing projection neurons (Macklis, 1993; Wang et al., 1998). When 

apoptosis is induced in this fashion, cells that surround the degenerating neurons increase 

their expression of specific, developmental signaling molecules, which is thought, in turn, 

to induce the differentiation of neuronal precursors into new neocortical projection 

neurons (Wang et al., 1998; Magavi et al., 2000). 

Magavi et al. (2000) used this technique of chromophore-targeted neuronal 

degeneration in the anterior cortex of adult mice and examined the resultant 

differentiation of endogenous precursors. The anterior cortex was chosen due to its 

proximity to the SVZ. Mice were given BrdU for 2 weeks, and the phenotype of BrdU-

positive cells was examined 2, 5, 9 and 28 weeks, following induction of apoptosis. The 

differentiative fate of BrdU-labeled cells was examined using confocal microscopy and 

3-dimensional digital reconstructions to unequivocally localize markers of developing 
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and mature neurons and glia. The markers used were: Doublecortin ((Dcx) a protein 

found exclusively in migrating neurons (Gleeson et al., 1999; Francis et al., 1999)), Hu 

(an early neuronal marker (Marusich et al., 1994; Barami et al., 1995)), NeuN (a mature 

neuronal marker (Mullen et al., 1992)), GFAP (an astroglial marker), and myelin basic 

protein ((MBP), an oligodendroglial marker) (Magavi et al., 2000). 

BrdU-positive cells were found to express NeuN only in areas of cortex wherein 

chromophore-targeted neuronal degeneration was induced (Magavi et al., 2000). These 

new neurons had a pyramidal morphology, stained negatively for G F A P and M B P , and 

survived for at least 28 weeks. In the cortex of control mice, no cells stained positively 

for both BrdU and NeuN. Analysis of the location of BrdU-positive cells indicated a dual 

source of precursors both within the cortex and within the SVZ. In experimental mice, 

cells that expressed both BrdU and Dcx displayed migratory morphologies and appeared 

to move from the SVZ through the corpus callosum into the cortical regions of targeted 

apoptosis (Magavi et al., 2000). Finally, injections of the retrograde tracer FluroGold 

into the same thalamic nuclei as the nanosphere injections revealed the establishment of 

long-distance corticothalamic connections by BrdU-positive neurons. Thus, Magavi et 

al. (2000) provide evidence for the migration of endogenous precursors and their 

subsequent differentiation into neurons in cortical areas of targeted cell death. Studies 

such as Magavi et al. (2000), as well as others that utilize in vivo NSCs and modulate 

their proliferation, migration and differentiation by growth factors (e.g. Fallon et al., 

2000), indicate a potential use for endogenous neural precursors in the treatment of brain 

injury and disease. 

1.5.3.4 Transplantation of neural stem cells 

A second strategy for the potential use of NSCs in the treatment of brain injury 

and disease is the 'transplantation' approach (Kirschstein and Skirboll, 2001). As 

discussed in previous sections, 'endogenous' NSCs reside in the adult nervous system, 

but the locations in which they give rise to new neurons are limited. In contrast, it is 

possible to isolate donor fetal or adult NSCs, plate them in culture and expose them to a 
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variety of factors to induce targeted differentiation, and then transplant the phenotypically 

specified cells into a wide range of host brain areas (Kirschstein and Skirboll, 2001). 

Alternatively, fetal or adult NSCs can be implanted directly into a damaged brain, and 

signals therein can be relied upon to direct the their differentiation into the type of brain 

cell that is needed (Kirschstein and Skirboll, 2001). The potential applications of the 

transplantation approach are broad, including, for example, treatment of Parkinson's 

disease, Huntington's disease, spinal cord injury, stroke, epilepsy, and multiple sclerosis 

(Kirschstein and Skirboll, 2001). 

In light of the complexity of brain circuitry and function, the transplantation 

approach appears fanciful at best. However, there is evidence to support the notion that 

both fetus- and adult-derived NSCs can migrate and differentiate appropriately upon 

transplantation into the developing or adult brain (Gaiano and Fishell, 1998; Bjorklund 

and Lindvall, 2000; Gage, 2000). Fetus-derived SCs transplanted into the developing 

brain will migrate along with host cells, and take on the characteristics appropriate to the 

region into which they are placed (Brustle et al., 1998; Gage, 2000). NSCs derived from 

the adult hippocampus can be expanded in vitro and then re-implanted into the 

hippocampus, wherein they make new neurons and glia, just as they would normally 

(Gage et al., 1995; Suhonen et al., 1996; Gage, 2000). Furthermore, if hippocampal 

NSCs are placed into the RMS, they'll differentiate into normal-looking OB neurons. 

The latter will express tyrosine hydroxylase, a neurotransmitter normally expressed in 

OB, but not hippocampal, neurons (Gage et al., 1995; Suhonen et al., 1996; Gage, 2000). 

Thus, the fate of the grafted cells appears to be influenced by the local environment into 

which they are transplanted, as opposed to intrinsic properties of the cells themselves 

(Gage, 2000). 

1.6 Regulation of neural development and neurogenesis 

Whereas previous sections (1.5.1-1.5.3) focused upon the general properties of 

NSCs, the current section builds upon this material to discuss various factors that regulate 

neural development and related neurogenesis. The main idea to be explored concerns the 
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purported ability of the neurotransmitter (NT) serotonin (5-HT) in regulating 

neurogenesis in the CNS. Although there exists relatively little data pertaining to 5-HT-

mediated neurogenesis, there is, in contrast, ample evidence for developmental regulation 

by NTs, in general. Thus, a brief discussion of developmental effects mediated by NTs is 

first presented, followed by a more thorough review of the scant evidence for 

developmental and neurogenic regulation by 5-HT. The section concludes with a short 

inventory of experiential factors that have also been shown to affect the postnatal 

generation of new neural cells. 

1.6.1 Regulation of neural development and neurogenesis by neurotransmitters 

When most people think of the generic NT, they do so in the context of 

conventional neurotransmission. This conception regards NTs strictly as molecular 

entities that mediate trans-synaptic information coding in the mature CNS (Lipton and 

Kater, 1989). However, this restricted view fails to capture the entire range of NT-

mediated effects. In addition to their well-known roles in cellular communication, NTs 

also carry out diverse functions in the immature nervous system (reviewed in Lauder, 

1983). For example, NTs can affect the behaviour of the neuronal growth cone and 

change the morphological characteristics of dendritic processes (reviewed in Lipton and 

Kater, 1989), thereby helping to sculpt neuronal cytoarchitecture. 

In addition to affecting morphogenetic cell movements and changes in cell shape, 

NTs have also been posited to play a role in regulating the generation of new neurons. 

Such a role for NTs is suggested by their mere presence in the nascent nervous system 

during embryonic development, a time marked by proliferation of neural progenitors that 

antedates the onset of synaptogenesis and neurotransmission (Lauder, 1983; Lauder et al., 

1983). Biogenic amine NTs, including serotonin, dopamine, epinephrine, 

norepinephrine, and acetylcholine, as well as the amino acid NTs glutamate and G A B A , 

appear to be endogenous signals that regulate neuronal growth by influencing cell 

proliferation (reviewed in Cameron et al., 1998). Stated broadly and simply, NTs 

(glutamate and G A B A , in particular) seem to be primarily responsible for slowing or 
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stopping cell proliferation (Cameron et al., 1998). For example, high-level N-methyl-D-

aspartic acid (NMDA) receptor activity (induced via injection of N M D A ) decreases 

granule cell proliferation in the D G of adult rats (Cameron et al., 1995). Biogenic amines 

may be an exception to this NT generalization in that they may be able to increase rates 

of cell proliferation, but the evidence for their normal action during development remains 

weak (Cameron et al., 1998). 

Regulation of neurogenesis by NTs is further suggested by the presence of NT 

receptors in the developing CNS. Certain NT receptors are actually over-expressed in the 

immature brain to reach peak levels in fetal and early neonatal life, decreasing to adult 

levels thereafter (Whitaker-Azmitia, 1991). This receptor over-expression has been 

shown in rats for a variety of NT systems, including serotonin (Daval et al., 1987; 

Whitaker-Azmitia et al., 1990), dopamine (Miller and Friedhoff, 1986), and N M D A 

receptors (Tremblay et al., 1988; Luhmann and Prince, 1990) that mediate the effects of 

the excitatory amino acid NT, glutamate. Interestingly, in addition to the over-expression 

in the immature CNS of receptors in regions where they occur normally in the mature 

CNS, the developing CNS is also marked by receptors that occupy locations from which 

they are virtually absent in the adult brain (Whitaker-Azmitia, 1991). For example, 

during development, 5-HTi A receptors can be seen in rat cerebellum (Daval et al., 1987) 

and dopamine D 2 receptors are found rat frontal cortex (Noisin and Thomas, 1988), 

regions that are devoid of such receptors in adulthood. 

The presence of NTs in the immature brain and the coincident over-expression of 

their receptors in both typical and atypical locations beget one crucial question: why are 

they present in the nervous system at a juncture when they are not being used for 

neurotransmission? Indeed, the idea that NTs and NT receptors are ubiquitous yet non

functional is improbable. What is more likely the case is that NTs link those neuronal 

systems that mature early to the development of later-born neuronal populations, thus 

providing a mechanism for directing the precisely timed production of different neuronal 

populations (Cameron et al., 1998). At this point in time, an authoritative explanation 

eludes us. What is clear, though, is that using NTs and their receptors for different 
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developmental processes - neurogenesis included - represents an economical use of 

neurochemicals and proteins and is thus indicative of exquisite CNS design. 

1.6.2 Regulation of neural development and neurogenesis by serotonin 

As the previous section alluded, NTs, in general, play an important role in CNS 

development, including the process of neurogenesis. This idea garners support from both 

experimental studies of NTs in the context of neural development, and the mere presence 

of NTs and their receptors in the developing C N S , prior to the onset of 

neurotransmission. The current section focuses on one NT in particular - serotonin - and 

shifts from the environment of the very immature (i.e. embryonic/fetal) brain to postnatal 

stages of neural development (PD 7 onward). Studies addressing the influence of 5-HT 

on cell generation, migration and differentiation, in a variety of in vitro and in vivo 

experimental approaches, are discussed. One idea to be kept in mind is that molecules 

important in neural development (i.e. NTs, in general, and 5-HT, in particular) are also 

likely to be important in mediating processes of anatomical recovery, and thus 

behavioural recovery, following neonatal injury. Stated differently, it is hypothesized 

that developmental processes are recapitulated during recovery processes following brain 

injury. It is this notion that forms an important component of the rationale that underlies 

the experiments of the present thesis. 

1.6.2.1 General characteristics of the serotonergic system 

Neurons that comprise the serotonergic system consist of a morphologically 

diverse group of soma residing in the raphe nuclei along the midline of the brainstem and 

in some regions of the reticular formation (Tork, 1990). In the mammalian brain, the 5-

HT system can be subdivided into two distinct populations: a rostral division, with cell 

bodies localized in the midbrain and rostral pons, and a caudal division, located primarily 

in the medulla (Tork, 1990). The caudal division gives rise to the major descending 

projections of the 5-HT system to the spinal cord (Lidov and Molliver, 1982; Aitken and 

Tork, 1988). In contrast, complex systems of axonal processes emanating from the dorsal 
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and medial raphe nuclei of the rostral division provide widespread 5-HT innervation to 

virtually all regions of the CNS, with particular density in the cerebral cortex, limbic 

structures, basal ganglia, brainstem, and the gray matter of the spinal cord (Azmitia and 

Segal, 1978; Steinbusch, 1981, 1984; Feldman and Quenzer, 1984; Tork, 1990; Kandel et 

al., 2000). Target areas within the brainstem and cerebellum are supplied by both rostral 

and caudal divisions of the 5-HT system (Tork, 1990). Relative to other monoamine 

systems, serotonergic fibers innervate their numerous target regions at an early stage 

(Lambe et al., 2000), and thus may regulate the in-growth and terminal development of 

other monoamines (Benes et al., 2000; Azmitia, 2001). 

With its vast distribution of fibers from a relatively small group of large, 

multipolar neurons in the brainstem, the serotonergic system exudes its influence on a 

wide variety of cell types (neurons, glial cells, endothelial cells, ependymal cells) in a 

wide variety of brain structures (Azmitia, 2001). Of these neural structures, two of 

particular interest include the dentate gyrus of the hippocampus and medial prefrontal 

cortex. Anatomical studies have revealed that all layers of medial prefrontal cortex are 

densely innervated by serotonergic fibers (Azmitia and Segal, 1978; Steinbusch, 1984). 

In the dentate gyrus, serotonergic axons from the dorsal raphe nuclei terminate in the 

molecular layer and projections from the medial raphe nuclei project mainly to the hilus. 

It is the inner region of the hilus (in the subgranular zone) that granule cells are 

continuously produced, before migrating to the granule cell layer wherein they 

differentiate, extend axons, and express neuronal-specific marker proteins (Stanfield and 

Trice, 1988). 

In mammals, serotonin exerts its actions through the activation of 14 structurally 

and pharmacologically distinct proteins, classified into seven families of receptors 

(reviewed in Boess and Martin, 1994, and Barnes and Sharp, 1999; Azmitia, 2001). 5-

HT receptors exist in the periphery as well as throughout the CNS (Martin and 

Humphrey, 1994; Boess and Martin, 1994) and the receptor family serves as targets for 

the pharmacological treatment of a wide variety of psychopathologies, including anxiety, 

depression, and schizophrenia (Roth, 1994; Vaidya et al., 1997). Various molecular 
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biological assays have been used to establish the composition of the 5-HT receptor family 

as largely guanine nucleotide binding protein (G-protein) coupled metabotropic receptors, 

with one member of the family - the 5-HT 3 receptor - being the lone ligand-gated ion 

channel (Barnes and Sharp, 1999). 

The majority of neurotransmitter receptors fall into the category of G-protein 

coupled metabotropic receptors. In comparison to ligand-gated ion-channel receptors, G-

protein receptors are more prevalent (Linder and Gilman, 1992) and mediate slower 

responses that are generally modulatory in nature (Cooper et al., 1996). Structurally, all 

G-protein coupled receptors consist of seven hydrophobic domains that span the cell 

membrane to create extra- and intra-cellular loops, an extracellular N-terminal region and 

a cytoplasmic C-terminal region (Cooper et al., 1996). There are at least 12 different 

types of G-proteins (comprised from over 31 different a, (3, and y subunits (Brown, 1994; 

Cooper et al., 1996)) and the consequences of ligand-receptor binding depend critically 

on the particular G-protein to which the receptor is coupled. 

The first 5-HT receptor to be fully sequenced - the 5-HT 1 A receptor - has as a 

tertiary structure typical of a seven transmembrane spanning protein (Barnes and Sharp, 

1999). Autoradiographic studies used to map the distribution of 5-HT 1 A receptors have 

revealed high densities in the hippocampus, lateral septum, cerebral cortex and 

mesencephalic raphe nuclei (Kung et al., 1995; Kia et al., 1996). In addition, both 

ependymal cells and radial glia have been shown to express 5-HT 1 A receptors (Lauder, 

1995). At the cellular level, immunocytochemical studies have revealed the presence of 

5-HT 1 A receptors in cortical pyramidal neurons, as well as in pyramidal and granular 

neurons of the hippocampus (Francis et al., 1992). 

The 5-HT 2 A receptor is one of three receptors that fall into the 5-HT 2 family. The 

5-HT 2 A , 5-HT 2 B, and 5-HT 2 C receptors are similar in terms of their molecular structure, 

pharmacological profile, and signal transduction mechanisms (Barnes and Sharp, 1999). 

The amino acid sequences of the 5-HT 2 receptor family share a high degree of homology 

within their seven membrane spanning domains, but are structurally distinct from other 5-

HT receptors (Julius et al., 1990; Barnes and Sharp, 1999). Consistent with radioligand 
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studies of 5-HT 2 A receptor distribution, results from studies of mRNA expression suggest 

the presence of 5-HT 2 A receptors in the cerebral cortex, hypothalamus, hippocampus, 

spinal cord, and olfactory bulb (Julius et al., 1990). In particular, 5-HT 2 A receptor 

expression is seen in layers I, V , and IV of cerebral cortex, with especially high 

concentrations in the latter cortical layer. Immunohistochemical studies using polyclonal 

antibodies raised against the 5-HT 2 A receptor have revealed highly immunoreactive areas 

in the nucleus accumbens, hippocampus and layers II-VI of the neocortex (Garlow et al., 

1993;Morilaket al., 1993) 

Given the general characteristics of the serotonergic system, how might 5-HT 

neurons affect cell proliferation during early development? Lauder (1983) proposed two 

possible mechanisms. 5-HT neurons begin their own differentiation relatively early (that 

is, 5-HT neurons are amongst the earliest to cease proliferation and initiate synthesis of 

their own neurotransmitter), and 5-HT neurons accumulate in the marginal zone at a time 

when much cell proliferation is occurring in the adjacent V Z (Lauder, 1983). Moreover, 

5-HT neurons send out their diffuse axonal processes as soon as they are born. It is thus 

valid to conceive that cell-cell interactions between differentiating 5-HT neurons and 

proliferating cells of the neuroepithelium could be one possible way in which 5-HT 

neurons exert their influence upon undifferentiated precursor cells in their vicinity 

(Lauder, 1983). Yet another mechanism that has been advanced involves the interaction 

of the neuroepithelium with 5-HT that is diffusely distributed as a humoral signal carried 

in the cerebrospinal fluid (CSF). This mechanism is suggested by the finding that some 

5-HT neurons in the dorsal raphe nuclei send thick axonal processes to the ventricular 

surface (Lauder, 1983). Through the circulation of 5-HT-infused CSF, 5-HT could 

influence the differentiation of more distantly located neuroepithelial cells that are not in 

direct contact with 5-HT neurons or their projecting axonal processes. 

1.6.2.2 Developmental effects of serotonin 

Previous sections have alluded to the regulation of neural development by the NT 

5-HT. General characteristics of the 5-HT system have been described, in addition to two 
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purported mechanisms whereby 5-HT could regulate cell proliferation. The current 

section examines in greater detail the specific regulatory capabilities of 5-HT in the 

context of neural development. Presented first is a brief discussion of the auto- or self-

regulation of the 5-HT system. Then, the developmental regulation of terminal regions 

that receive 5-HT input is examined. This latter section is divided into two sub

categories (in vitro and in vivo), according to the nature of the related experiments. 

1.6.2.2.1 Autoregulation of the serotonergic system 

5-HT regulates the development of both the 5-HT system itself (a phenomenon 

termed autoregulation; Whitaker-Azmitia, 2001) and the vast number of terminal regions 

that receive 5-HT inputs. Because 5-HT regulates the development of target areas, the 

amount of 5-HT that is present in a particular target area is a key factor in its 

development and maturation. Thus, a crucial question is: what factors determine the 

density of 5-HT terminals in a particular area (Whitaker-Azmitia, 2001)? 

5-HT appears to self-regulate the development of the 5-HT system through a 

balance of positive and negative influences (Whitaker-Azmitia, 2001). The outgrowth of 

5-HT terminals is related to the presence of growth factors in target tissues, including the 

astroglial-derived factor, SlOOp. The release of SIOOP from astrocytes is stimulated by 

5-HT, thus providing an indirect mechanism through which the 5-HT system can mediate 

its own growth (Whitaker-Azmitia, 2001). In adult animals, transplantation of SIOOP-

containing astrocytes can cause sprouting of 5-HT terminals, whereas non-S100P-

expressing astrocytes fail to cause such sprouting (Ueda et al., 1995). 

The 5-HT system also directly inhibits its own growth through the presence of 

serotonergic receptors (likely 5-HT,B receptors) on serotonergic terminals (Whitaker-

Azmitia, 2001). In both tissue culture and in vivo models of gestational exposure, the 5-

HT receptor agonist 5-methoxytryptamine causes inhibition of 5-HT terminal growth 

(Whitaker-Azmitia and Azmitia, 1986; Shemer et al., 1991). The synthesis, storage and 

uptake of 5-HT are all decreased by the presence of 5-HT in the culture media of a 

neuroepithelial cell line that can be induced to acquire a 5-HT phenotype (Mouillet-
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Richard et al., 2000). Finally, drugs such as cocaine (Akbari et al., 1994; Cabrera-Vera et 

al., 2000) and monoamine oxidase inhibitors (Whitaker-Azmitia et al., 1994) that 

increase levels of synaptic 5-HT also lead to a loss of 5-HT terminals in adult animals. 

1.6.2.2.2 In vitro regulation of target areas by serotonin 

In the mammalian brain, all of the monoamine neurotransmitter systems are 

present relatively early. However, amongst the monoaminergic systems, the serotonergic 

system is likely the earliest to be present (Whitaker-Azmitia, 2001). Given the wide 

distribution of serotonergic terminals to a variety of target regions, the 5-HT system 

possesses both temporal (i.e. early appearing) and spatial (i.e. widely distributed) 

characteristics that enable it to regulate the maturation of target areas to which it sends 

axonal processes, thus permitting 5-HT to play a key role in brain development. 

The developmental effects of 5-HT are made apparent by in vitro investigations 

wherein neurons from an intact system are isolated and plated in cell culture. Under 

these conditions, the specific responses of isolated cells to systematic additions of 5-HT 

can be assessed. The in vitro approach offers advantages over investigations in intact 

systems in that complex relationships between various NT systems and compensatory 

changes in receptor number that occur following pharmacological intervention are 

eliminated (Nelson et al., 1978). 

The first demonstration of an effect of 5-HT on isolated neurons in tissue culture 

came from Haydon et al. (1984). In this study, large, identified neurons from the snail 

Helisoma were isolated and plated in cell culture. Under these conditions, isolated 

neurons typically undergo a patterned sequence of outgrowth marked by the protrusion of 

growth cones from the cell body and subsequent elaboration of an extensive network of 

neurites (Hadley et al., 1983). However, when a very small amount of 5-HT 

(approximately IO"7 M) is added to the culture medium, the growth cones of the neurons 

respond dramatically by withdrawing filopodia, decreasing the lamellipodial surface area, 

and ceasing further elongation (Haydon et al., 1984). Moreover, this disruption in growth 

prevents cell-cell contact between isolated neurons, and consequently prevents the 
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formation of electrical synapses. Thus, at least in cell cultures of Helisoma neurons, 5-

HT has an inhibitory effect on both neuronal architecture and neuronal connectivity. 

In contrast to the inhibitory effects reported by Haydon et al. (1984), other 

investigators have demonstrated alternate effects of 5-HT in tissue culture. In one study, 

Chubakov et al. (1986) took explants from the visual area of rat neocortex and exposed 

the tissue to 2 xlO"5 M 5-HT. Note the much higher concentration of 5-HT used in this 

experiment, relative to Haydon et al. (1984) and, more importantly, the mammalian 

source of the plated cells, as opposed to isolated neurons of Helisoma. Morphological 

and functional analyses of the plated tissue revealed that 5-HT stimulated glial 

proliferation, neuronal differentiation, neuropil formation, axon myelination, and 

synaptogenesis in the cortical expiants. Clearly, the effects of 5-HT on tissue isolated in 

culture are diverse and dependent on factors such as tissue source and amount of 5-HT 

exposure. 

1.6.2.2.3 In vivo regulation of target areas by serotonin 

Adding to data derived from in vitro studies of 5-HT's developmental effects are 

experiments conducted in vivo. This approach typically involves a genetic or 

pharmacological manipulation of the 5-HT system and subsequent histological 

examination of various neural structures. Although the increased complexity of in vivo 

environments add confounds that are circumvented with in vitro approaches, careful 

controls allow for cautious interpretation of data derived from this more ecologically 

valid methodology. Once again, in considering both in vitro and in vivo approaches, the 

concept of converging operations is underscored. 

The in vivo effects of 5-HT on neural development are well illustrated in the 

rodent primary somatosensory cortex (SI). Tactile receptors of the periphery that are 

associated with the whiskers on a rodent's face are isomorphically represented as 

discrete, identifiable elements referred to as barrels in SI (Woolsey and Van der Loos, 

1970; Welker, 1976). Each barrel-shaped grouping of cells in layer IV of SI consists of a 

ring of approximately 2500 grannular cells that surround a cell-sparse center, rich in the 
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terminal arbors of glutamatergic afferent fibers arising from the thalamus (Welker and 

Woolsey, 1974; Blue et al., 1991). Interestingly, 5-HT 1 B receptors are transiently 

expressed on thalamocortical fibers that fill in the barrel center (Bennett-Clarke et al., 

1993), thus suggesting a role for 5-HT in development of the barrel fields. In SI of 

monoamine oxidase A (MAO-A) knockout (MAO-A KO) mice, barrel-like clustering of 

neurons in layer IV is completely absent, and the formation of barrels in these animals 

can be restored by treatment with paracholorophenylalanine (PCPA), an inhibitor of 5-

HT synthesis (Cases et al., 1996). Increasing levels of 5-HT via M A O - A inhibiting drugs 

from PD 0 to PD 4 causes barrel fields of overly large size, and fusing between adjacent 

barrels (Vitalis et al., 1998). Conversely, depleting 5-HT levels with the serotonergic 

neurotoxin, 5,7-dihydroxytryptamine (5,7-DHT) causes barrel shrinkage (Bennett-Clarke 

et al., 1994). 

The effect of 5-HT depletion on another specific population of developing 

neocortical cells - inhibitory GABAergic interneurons - was assessed by Durig and 

Hornung (2000). GABAergic interneurons can be divided into several morphological 

and functional subtypes, but the majority of them express one of three calcium-binding 

proteins: parvalbumin, calbindin, or calretinin (Durig and Hornung, 2000). When mice 

were treated with 5,7-DHT, the dendritic arborization of calretinin-containing 

interneurons was stunted and appeared to have an immature morphology, suggesting that 

5-HT depletion caused biochemical changes in the structural proteins that comprise the 

cytoskeleton (Durig and Hornung, 2000). Furthermore, 5,7-DHT treatment caused a 

transient delay in parvalbumin and calbindin expression in a number of cortical neurons 

during the second postnatal week. Thus, depleting 5-HT appears to disrupt the 

developmental processes of the cerebral cortex and interferes with both cortical 

maturation and the subsequent formation of its adult circuitry (Durig and Hornung, 

2000). 
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1.6.2.3 Neurogenic effects of serotonin 

Thus far, various effects on neural development resulting from modulations of 5-

HT have been discussed, drawing upon data derived from both in vitro and in vivo 

experiments. The goal of the current section is to examine a specific developmental 

event - neurogenesis - and ask: what effect does 5-HT have on the generation of new 

neural cells? In actuality, there are few studies that have addressed this question. Of 

these studies, virtually all examine neurogenesis in the dentate gyrus. Thus, while 5-HT 

appears to play a part in regulating hippocampal neurogenesis, one should not be too 

quick to generalize these findings to neurogenesis in the cerebral cortex. 

Lauder and Krebs (1976, 1978; Lauder, 1983) conducted initial experiments 

investigating the neurogenic effects of 5-HT. These researchers aimed to 

pharmacologically deplete 5-HT in the embryonic rat brain at the time of neuronal 

genesis of cells which in the adult are known to receive 5-HT innervation (Lauder et al., 

1983). Thus, PCPA was injected into pregnant rats on the eighth day of gestation and 

daily thereafter until the time of tritiated thymidine injection (administered sometime 

between the twelfth and sixteenth day of gestation). Veritable 5-HT depletion was 

inferred from reduced levels of tryptophan hydroxlase, a key enzyme in the synthetic 

pathway of 5-HT. Lauder et al. (1983) reported that 5-HT depletion interfered with 

neuronal genesis in certain 5-HT target cell populations, including the substantia nigra, 

ventral lateral geniculate nucleus, zona incerta and subthalamic nucleus (Lauder et al., 

1983). One troublesome aspect of these studies was that the use of neuron-specific 

markers, which would support the notion that the proliferating, tritiated thymidine-

positive cells were in fact neurons, was not reported. Thus, while the authors concluded 

that 5-HT was depleted at a time when it normally exerts an influence on the early 

differentiation of 5-HT target cells into neurons, no direct assessment of neuronal 

phenotype was provided. 

Recent studies of the relationship between 5-HT and neurogenesis have moved 

from the embryonic to the postnatal environment. As reviewed in sections 1.5.2.2.1-

1.5.2.2.3, there are restricted locations within the postnatal brain wherein neurogenesis is 
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known to occur. Only one of these locations - the dentate gyrus of the hippocampus -

has been the subject of investigations of 5-HT-mediated neurogenesis. 

The premise that 5-HT regulates neurogenesis in the dentate gyrus garners 

support from numerous lines of evidence (Gould, 1999). Firstly, the D G receives 

serotonergic innervation from the median raphe nucleus of the brainstem (Patel et al., 

1996) and is enriched with 5-HT 1 A receptors (Azmitia et al., 1996; Kia et al., 1996). 

Secondly, numerous conditions that are associated with decreased neurogenesis in the 

D G (e.g. malnutrition (Debassio et al., 1996), aging (Kuhn et al., 1996; Gould et al., 

1999a), stress (Gould et al., 1997, 1998), and N M D A receptor activation (Cameron et al., 

1995)), also cause concomitant decreases in the density of both 5-HT fibers and 5-HT 1 A 

receptors, and inhibition of 5-HT release in the D G (Chalmers et al., 1993; Watanabe et 

al., 1993; Blatt et a l , 1994; Meijer and deKloet, 1994; Whitton et al., 1994; McKittrick et 

al., 1995; Nishimura et al., 1995; Tao and Auerbach, 1996; Nyakas et al., 1997). 

Thirdly, there are numerous experimental conditions that facilitate neurogenesis 

in the DG. These include seizures (Parent et al., 1997), removal of the adrenal glands 

(Cameron and Gould, 1994) and treatment with N M D A receptor antagonists (Cameron et 

al., 1995). These manipulations also cause parallel increases in the density of 5-HT 1 A 

receptors and 5-HT release in the D G (Hayakawa et al, 1994; Whitton et al, 1994; 

Kuroda et al., 1994; Burnet et al., 1995). Finally, drug treatments that increase levels of 

5-HT or act upon 5-HT 1 A receptors, also increase the rate of precursor cell proliferation in 

the D G (Jacobs et al., 1998; Jacobs and Fornai, 1999; Malberg et al., 2000). Consistent 

with these studies, depleting 5-HT levels by way of 5,7-DHT lesion in the raphe nuclei 

down-regulates N G in both the D G and the SVZ (Brezun and Daszuta, 1999a). Many 

pharmacological treatments that increase neurogenic rates in the D G involve 

antidepressants (such as fluoxetine) that act upon the 5-HT system. This has led some to 

posit a novel theory of depression in which 5-HT and its role in hippocampal 

neurogenesis are thought to play a pivotal role in depressive etiology (Jacobs et al., 

1999). 
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1.6.3 Regulation ofneuogenesis by experiential factors 

Apart from regulation by neurotransmitters such as 5-HT, neurogenesis is affected 

by numerous experiential factors, including stress, aging, learning, exercise, and exposure 

to an enriched environment (Ormerod and Galea, 2001). These factors undoubtedly exert 

their effects via complex biochemical mechanisms (e.g. modulation of neurotransmitters, 

growth factors, hormones, etc.) that are not, as of yet, fully understood. What is clear is 

that the effects of experiential factors on the generation of new neural cells are very real. 

Indeed, the degree of up- or down-regulation of neurogenesis imparted by experiential 

factors is on par with the neurogenic effects induced by genetic or pharmacological 

manipulations. Thus, in order to provide a complete picture of neurogenic regulation, a 

summary of the neurogenic effects of stress, one of the best characterized experiential 

factors in the postnatal, mammalian brain, is presented in this section. 

In general, exposure to a stressful stimulus or situation results in decreased rates 

of neurogenesis (Gould, 1999). Exposure to ecologically relevant stressors - that is, 

stressors that an organism is likely to encounter in its natural environment - are 

particularly effective in rapidly suppressing cell proliferation in the D G of the HPC. 

Effects of this kind have been described in a variety of species, including adult rats, tree 

shrews, and marmoset monkeys (Galea et al., 1996; Gould et al., 1997, 1998). 

For most animals, one of the most important senses that delivers useful, survival-

relevant information, is olfaction. For an animal foraging in the wild that aspires to avoid 

being eaten, it is particularly useful to be able to detect the smell of potential predators. 

Presumably, such an odor would be aversi ve (Weldon, 1990) and would signal some sort 

of action with the goal of escape. In the lab, predator odor is associated with rapid 

suppression of cell proliferation in the DG, relative to controls (Galea et al., 1996) 

Dominance hierarchies are ubiquitous in the animal kingdom. From the jungle to 

the university department, one has a fairly accurate idea of where he or she sits on the 

totem pole of power, and who occupies the positions both below and above one's current 

location. Ultimately, we strive to usurp those who sit above us, and suppress those who 
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sit below, preventing then from usurping us. As one can imagine, this can prove to be a 

bit stressful at times. 

For the tree shrew, the situation is no different. Like many animals, male tree 

shrews establish hierarchies in which one animal is 'dominant' and another is 

'subordinate'. For the latter, exposure for 1 hour to a dominant male is stressful (von 

Hoist, 1972) and is associated with decreased rates of cell proliferation in the D G (Gould 

et al., 1997). As a related finding, marmoset monkeys who for the first time are placed 

into the cage of another monkey for 1 hour will also show suppressed cell proliferation in 

the D G (Gould et al., 1998). This relates more to the fact that the 'intruder' animal is put 

into the novel environment of an unfamiliar conspecific and finds the experience 

stressful, and less to the idea that either monkey's social status has a particular influence. 

Thus, there are clear examples of stressful situations that are associated with 

reduced hippocampal neurogenesis. The crucial question is: what is the biological 

mechanism that mediates the neurogenic effects of stressful stimuli? This question has 

not been answered, but one idea that has been advanced posits adrenal steroids and 

activation of the hypothalamic-pituitary-adrenal axis as causative (Gould, 1999). In 

particular, there exists considerable evidence that adrenal steroids suppress neurogenesis 

by activating N M D A receptors (Cameron et al., 1995). However, the N M D A receptor 

subunit NR1 (an essential subunit of N M D A receptors (Luo et al., 1997)) is not found on 

neuronal precursors (Cameron and Gould, 1996), thus suggesting alternate influences 

upon neurogenesis in the D G that work downstream of N M D A receptor activation. 

Apart from adrenal steroids, other substances are released in the HPC upon 

exposure to a stressor including glutamate, acetylcholine, and serotonin (Gilad, 1984; 

Moghaddam, 1993; Kirby et al., 1997). Despite the finding that drugs which elevate 5-

HT levels also increase amounts of circulating adrenal steroids (Serri and Rasio, 1987; 

Baudrie et al., 1993), it remains possible that 5-HT acts downstream of N M D A receptors 

to mediate hippocampal neurogenesis. The fact that N M D A receptor antagonists 

stimulate release of 5-HT in the brain (Kondoh et al., 1994; Whitton et al., 1994), and 

that 5-HT itself is thought to promote neurogenesis in the D G (see 1.6.2.3), is particularly 
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suggestive of a potential role for 5-HT in mediating down-regulation of neurogenesis as a 

consequence stress. 

1.7 Experimental Hypotheses and Logic 

The experiments contained within this thesis are based upon a chain of logic that 

draws from material presented in the preceding introduction. First, we discussed the 

work of Kolb and colleagues that described both anatomical and behavioural recovery 

following neonatal injury to M F C in rat. Secondly, we discussed the role of neural stem 

cells as the potential biological substrate of the effects reported in the Kolb studies. 

Finally, we discussed the regulation of neural development and neurogenesis - processes 

in which NSCs play an undeniable role - by neurotransmitters, focusing on a particular 

monoamine, serotonin. 

Therefore, if serotonin is capable of regulating processes related to neural 

development and neurogenesis, likely through an effect on NSCs, it follows that 

modulating levels of serotonin should have some effect - positive or otherwise - on 

neural regeneration and behavioural recovery following neonatal cortical injury. 

Specifically, increasing serotonin by way of genetic or pharmacological manipulation 

should facilitate anatomical recovery (i.e. cell proliferation) following early injury to 

M F C , and should thus facilitate concomitant behavioural recovery as assessed in the 

Morris water maze. Conversely, depleting serotonin levels by way of pharmacological 

manipulation should impede anatomical recovery following early injury to M F C , and 

should thus impede concomitant behavioural recovery as assessed in the Morris water 

maze. These two hypotheses - involving both increased and decreased levels of 

serotonin - are tested in the following two experiments. The effect of modulating 

serotonin on anatomical recovery is presented in Experiment 1. The effect of modulating 

serotonin on behavioural recovery follows in Experiment 2. 
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Chapter 2: Experiment 1: Serotonergic Modulation of Anatomical Recovery 
following Neonatal Injury 

2.1 Introduction 

If serotonin is capable of regulating processes related to neural development and 

neurogenesis, likely through an effect on NSCs, it follows that modulating levels of 

serotonin should have some effect - positive or otherwise - on neural regeneration 

following neonatal cortical injury. Specifically, increasing serotonin by way of genetic 

( M A O - A KO) or pharmacological manipulation (clorgyline-treatment) should facilitate 

anatomical recovery (i.e. cell proliferation) following early injury to M F C . Conversely, 

depleting serotonin levels by way of pharmacological manipulation (5,7-DHT-treatment) 

should impede anatomical recovery following early injury to M F C . These two 

hypotheses - involving both increased and decreased levels of serotonin - are tested in 

Experiment 1. Cell proliferation is assessed via BrdU immunohistochemistry and 

subsequent quantification of BrdU-positive staining. The efficacy of our genetic and 

pharmacological treatments is determined by collecting tissue samples from animals in 

each treatment group, and assessing levels of biogenic amines via high-pressure liquid 

chromatography (FJPLC). 

2.2 Methods 

For an overview of the three models (1 genetic, 2 pharmacological) used in 

Experiment 1, the reader is referred to Figure l(A-C). 

2.2.1 Animals 

The effect of modulating levels of serotonin on neural regeneration following 

neonatal cortical injury was assessed by way of both genetic and pharmacological 

models. The genetic model involved animals with increased levels of serotonin. In 

contrast, two pharmacological models were employed - one involving increased levels of 

serotonin, the other involving decreased levels of serotonin. 
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Figure l (A-C): Methodological overview: Model systems 

This figure depicts the three model systems used in the present set of experiments. 

(A) The genetic model, consisting of M A O - A K O and C3H mice, was used in 
Experiment 1. Animals received either bilateral medial frontal cortex aspiration lesions, 
or sham lesions, at PD 7 (red arrow). Regardless of lesion condition, all animals received 
daily injections of BrdU spanning PD 7-9 (purple line). Animals comprising the genetic 
model were sacrificed at PD 28 (black arrow). 

(B) The pharmacological model, consisting of animals with increased levels of 5-HT, was 
used in Experiments 1 and 2. CD1 animals received either clorgyline or saline, 3 times 
per day, spanning PD 4-11 (yellow line). Animals received either bilateral medial frontal 
cortex aspiration lesions, or sham lesions, at PD 7 (red arrow). Regardless of lesion 
condition, all animals received daily injections of BrdU spanning PD 7-9 (purple line). 
Subsets of animals were tested in the Morris water maze (blue line), spanning PD 40-50 
(approximately). Animals were sacrificed at either PD 28 or at the conclusion of water 
maze testing (black arrows). 

(C) The pharmacological model, consisting of animals with decreased levels of 5-HT, 
was used in Experiments 1 and 2. CD1 animals received either 5,7-DHT or saline on the 
day of birth (PD 0, green arrow). Animals received either bilateral medial frontal cortex 
aspiration lesions, or sham lesions, at PD 7 (red arrow). Regardless of lesion condition, 
all animals received daily injections of BrdU spanning PD 7-9 (purple line). Animals 
were tested in the Morris water maze (blue line), spanning PD 40-50 (approximately), 
and were sacrificed at the conclusion of water maze testing (black arrow). 
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The genetic model consisted of 12 animals (7 male, 5 female) that were missing 

the gene that encodes monoamine oxidase A (MAO-A K O , an enzyme involved in the 

degradation of serotonin) with a C3H/HeJ genetic background (Tg8 strain; Cases et al., 

1995, 1996) and 12 wild-type (WT) C3H7HeJ animals (5 male, 7 female). M A O - A K O 

and C3H animals were derived from in-house breeding pairs at the University of Calgary 

(originally provided by I. Seif, Institut Curie, Orsay, France). 

Each pharmacological model consisted of 24 WT CD1 animals (12 male, 12 

female) derived from either the University of Calgary breeding colony or Charles River 

breeding stock (Charles River, Quebec). 

A l l animals were group housed with parents and littermates in clear, plastic cages 

in a colony room maintained on a 12-hour light/dark schedule. The temperature in the 

colony room was approximately 23°C. A l l animals had access to a standard laboratory 

diet and water ad libitum. On PD 21, animals were removed from the parents' home cage 

and were housed with same-sex littermates until time of sacrifice. A l l experiments were 

conducted according to the guidelines of the Canadian Council on Animal Care. 

2.2.2 Pharmacological treatments 

2.2.2.1 Clorgyline 

Clorgyline (10 mg/kg; Sigma) was dissolved in sterile saline (1 mg/mL; Baxter) 

and administered subcutaneously to 12 neonatal CD1 mouse pups, every 8 hours, 

spanning PD 4-11. Pups were divided according to drug condition and were weighed 

three times per day. The mean pup weight per group per litter was calculated and used to 

determine the injection volume. Littermates (n=12) that served as controls were injected 

with the appropriate volume of sterile saline on an identical injection schedule. 

2.2.2.2 5,7-Dihydroxytryptamine 

5,7-dihydroxytryptamine (5,7-DHT; 100 mg/kg; Regis Technologies) was 

dissolved in sterile saline (5 mg/mL) and administered subcutaneously to 12 neonatal 

CD1 mouse pups on the day of birth (PD 0). In order to protect catecholaminergic 
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neurons, experimental animals were pre-treated with desipramine (20 mg/kg; Sigma) 

dissolved in sterile saline (1 mg/mL), administered 30 minutes prior to 5,7-DHT 

treatment (Durig and Hornung, 2000). Pups were divided according to drug condition 

and were weighed prior to injection. The mean pup weight per group per litter was 

calculated and used to determine the injection volume. Littermates (N=12) that served as 

controls were injected with the appropriate volume of sterile saline on an identical 

injection schedule. 

2.2.3 Bilateral medial frontal cortex aspiration lesion 

On PD 7, mouse pups were anaesthetized by hypothermia on ice. Pups were 

cooled for approximately 4.5 minutes at which time they appeared immobile. Using a 

dissecting microscope (Zeiss), an incision was made in the skin overlying the sagittal 

suture. For animals in the lesion condition, iris scissors were used to create an incision 

just lateral to and parallel to the midsagittal suture of the skull, from bregma to the rostral 

extent of the frontal bones. Two laterally directed incisions extending 1.0 mm lateral 

from the caudal and rostral most points of the longitudinal incision allowed the overlying 

bone flap to be hinged laterally. The underlying medial prefrontal cortex was removed to 

a depth of approximately 1.0 mm by aspiration (Figures 2(A,B) and 3) using a 23-gauge 

cannula (Becton-Dickinson) attached via a syringe (Becton-Dickinson) and tubing 

(Tygon) to a vacuum (H.H. Hawkins). The wound was then sutured with silk thread 

(Ethicon). The total time for the surgical procedure did not exceed 4.5 minutes. Animals 

in the sham surgery condition were anaesthetized in the same manner and the skin was 

incised and sutured with silk thread (Figure 2(C)). After surgery, all animals were placed 

on a homeothermic blanket (Harvard) until they appeared active and void of respiratory 

distress. 

2.2.4 BrdU injections 

In order to label newly dividing cells, bromodeoxyuridine (BrdU; 50 mg/kg; 

Sigma) was freshly dissolved in sterile saline (5 mg/mL) and administered 
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Figure 2(A-C): Bilateral medial frontal cortex aspiration lesion 

(A) At PD 7, animals in the experimental group received bilateral aspiration lesions of 
medial frontal cortex. 

(B) If the brain is removed shortly after production of the lesion, a prominent lesion 
cavity remains. 

(C) Animals in the sham surgery condition received only a skin incision, and no removal 
of medial frontal cortex whatsoever. 
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Figure 3: Bilateral medial frontal cortex aspiration lesion: Zille's areas 

At PD 7, animals in the experimental group received bilateral aspiration lesions of medial 
frontal cortex, encompassing Zille's areas C g l , Cg3, and Fr2 (Zilles, 1985). 
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intraperitoneally to all mouse pups at 24-hour time intervals spanning PD 7-9, beginning 

approximately 2 hours after lesion- or sham-surgery. Pups were individually weighed 

before BrdU injection to determine the injection volume. 

2.2.5 Perfusion 

M A O - A K O and C3H animals comprising the genetic model were sacrificed at 

PD 28, and anatomical analyses were based exclusively on PD 28 tissue. In contrast, due 

to the constraints of time and drug supply, the times of sacrifice for animals in the 

pharmacological models were not entirely consistent. Animals in the clorgyline group 

were sacrificed at one of two time-points: either early at PD 28 (as in the genetic model) 

or late, between PD 44 and PD 71. Animals in the 5,7-DHT group were sacrificed 

exclusively at a late time-point, between PD 45 and PD 49. The late time-point of 

sacrifice was used in order to include anatomical data from animals participating in 

behavioural experiments (Chapter 3; Figure 1(B,C)). It should be underscored that 

preliminary analyses revealed no significant differences in BrdU-positive staining among 

saline-treated sham operates at the two (early and late) time-points of sacrifice (see 

Figure 4(A,B)). Given this equivalence of saline-treated control groups, we felt 

warranted in making cross-experiment comparisons among pharmacological (clorgyline, 

5,7-DHT) models, despite the heterogeneity of age at sacrifice. 

Therefore, on either PD 28, or sometime between PD 44 and PD 71, animals were 

deeply anaesthetized with an intraperitoneally-administered overdose of sodium 

pentobarbitol (Somnotol®, M T C Pharmaceuticals), and transcardially perfused with 35 

mL of 0.1 M phosphate buffered saline (PBS, see Appendix) followed by fixation with 35 

mL of 4% paraformaldehyde (PFA, see Appendix). Both perfusate and fixative were 

individually administered over approximately 4.5 minutes using a perfusion pump 

(Manostat) attached to tubing (Masterflex), a syringe, and a 26-gauge needle (Becton-

Dickinson) that entered the heart via the left ventricle. Following fixation, the brain was 

removed from the skull and placed in 4% PFA for post-fixation for a minimum of 48 

hours. Following post-fixation, brains were placed in a cryoprotectant solution (see 
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Figure 4(A-B): Equivalence of BrdU-positive staining in saline-treated control groups 

(A) BrdU-positive staining was quantified in 4 different control groups: C3H and 3 
saline-treated groups (sal2, sal3, sal4) of animals, none of whom received a lesion. Error 
bars indicate SEM. 

(B) Post-hoc Fisher's PLSD multiple t-tests revealed that BrdU-positive staining was 
significantly lower in C3H animals than in 2 of 3 saline-treated groups. BrdU-staining 
amongst the 3 saline-treated groups was not significantly different. 



Ctrl. A Ctrl. B tctrlA.iCtrl.B ^•Critical P 

C3H/Sham Sal2/Sham -10 .75 11.86 0 .0753 
C3H/Sham Sal3/Sham - 1 4 . 5 0 1 1.86 0 .0168* 
C3H/Sham Sal4/Sham - 1 9 . 1 4 11.86 0.0017* 
Sal2/Sham Sal3/Sham -3 .75 11.86 0 .5334 
Sal2/Sham Sal4/Sham -8 .39 11.86 0 .1644 
Sal3/Sham Sal4/Sham -4 .64 11.86 0 .4412 
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Appendix). Once the brains had sunk in the cryoprotectant solution, they were weighed 

and their dorsal surface was photographed in advance of sectioning. 

2.2.6 Histology, BrdU and BrdU/NeuN immunohistochemistry 

Brains were mounted on the stage of a sliding microtome with Tissue-Tek® 

(Sakuna), and frozen using dry ice. Sections were cut in the coronal plane at a thickness 

of 50 u.m. Every section, from the rostral extent of the olfactory bulb to the caudal extent 

of the hippocampal formation, was collected and placed in series in 6 wells of a tissue 

culture tray containing 0.1 M PBS and 0.01% sodium azide. 

The method of BrdU immunohistochemistry, with only slight modification, 

followed that of Kempermann, Kuhn and Gage (1997a), and is listed in its entirety in the 

Appendix. Briefly, tissue was first pre-treated to denature the D N A and allow for 

incorporation of the primary antibody against BrdU. Following pre-treatment, sections 

were incubated in each of BrdU primary antibody, biotinylated secondary antibody, and 

A B C reagent, with washes in buffer occurring in between each incubation step. In order 

to visualize BrdU-positive staining, tissue was placed in a chromagen solution (see 

Appendix) containing diaminobenzedine (Sigma). Following the chromagen step, 

sections were washed in buffer and then mounted on gelatin-coated (2%, Sigma) glass 

slides (VWR), dried, and dehydrated in increasingly concentrated alcohol baths (50%, 

70%, 95%, 99%). Finally, sections were placed in xylene (BDH) before being 

coverslipped (Fisher Scientific) with Permount® (Fisher Scientific). 

The method of BrdU and NeuN immunohistochemistry (double-labeling) is listed 

in its entirety in the Appendix. Briefly, for BrdU and NeuN double labeling, tissue was 

first pre-treated to denature the D N A and allow for incorporation of the primary antibody 

against BrdU, as above. Following pre-treatment, sections were incubated in BrdU 

primary antibody, NeuN primary antibody and 5% goat serum (Jackson Labs), followed 

by incubation in fluorescently-conjugated secondary antibodies. Sections were washed in 

buffer in between each incubation step. Finally, sections were mounted on uncoated 

glass slides and coverslipped with fluorescent mounting medium. 
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2.2.7 BrdU quantification 

In order to determine the degree of cell proliferation, the amount of BrdU-positive 

staining was quantified within images of coronal sections of animals in both the lesion 

and sham operate conditions. The steps of the quantification process are described 

below. 

2.2.7.1 Image selection 

For each of the genetic and pharmacological models, 24 slides were selected and 

coded blindly in order to obscure knowledge of group membership. For the genetic 

model, slides were selected such that n=6 for each combination of serotonin condition 

( M A O - A K O , C3H) and lesion condition (lesion, sham). For the pharmacological 

models, slides were selected such that n=6 for each combination of serotonin condition 

(clorgyline, saline; 5,7-DHT, saline) and lesion condition (lesion, sham). 

On each slide, one section corresponding to one of three levels along the anterior-

posterior (A-P) axis was selected. The criteria for the A-P levels were: 'anterior' 

(bregma +2.30 mm to bregma +3.20 mm); 'middle' (bregma +1.40 mm to bregma + 2.30 

mm); 'posterior' (bregma +0.50 mm to bregma + 1.40 mm) (Paxinos and Franklin, 1997). 

These three levels were selected in order to quantify cell proliferation throughout the 

entire extent of the regrown area. A l l section and slide numbers were recorded in an 

image selection log. 

2.2.7.2 Image capture 

Using the image selection log, images were captured at 25X magnification using a 

microscope (Zeiss) connected to a video camera (Panasonic, Data Translation quick 

capture board) and a computer (Macintosh OS 9.2) running the public domain NIH image 

program (developed at the U.S. National Institutes of Health and available on the Internet 

at http://rsb.info.nih.gov/nih-image/). Using the highlight saturated pixels command 

{Options menu, Preferences), images were captured at the highest possible illumination 

level without saturating any pixels contained within the area of interest. Once the 

http://rsb.info.nih.gov/nih-image/
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optimal illumination level was determined, it remained fixed throughout the remainder of 

image capture, thus controlling the illumination for the entire data set. 

2.2.7.3 Image processing 

A series of stereotyped commands were used to process all captured images. The 

aim of this step was to optimize the focus, brightness and contrast of each image prior to 

quantification. For images derived from animals that received a lesion, the processing 

steps, in order, were: sharpen, enhance contrast, apply LUT, and fix colors. For images 

derived from sham operate animals, the processing steps, in order, were: sharpen, 

enhance contrast, apply LUT, subtract background (2-D rolling ball) and fix colors. A l l 

of the preceding commands are found under the Process menu. 

2.2.7.4 Density slicing 

After selecting, capturing and processing all images, the density slice command 

(located under the Options menu) was used in order to make measurements of BrdU-

positive staining. In short, density slicing enables the selection of objects on the basis of 

gray level. If, for example, a range of 256 gray levels are represented in a given image 

(spanning 0 (white) to 256 (black)), the density slice command can be used to designate, 

for example, gray levels 50 to 256, thus selecting all parts of the image containing gray 

levels between 50 and 256. Using this approach, the lower gray level limit was selected 

to allow for the inclusion of all BrdU-positive staining, and the exclusion of background 

staining or artifact. 

2.2.7.5 Sample windows and pixel measurement 

Circular sample windows (radius = 50 pixels) were placed in a stereotyped 

fashion atop images derived from animals that received a lesion and sham operates. A 

depiction of the sample window placement is shown in Figure 5(A,B). Briefly, for 

images derived from animals in the lesion condition (Figure 5(A)), 2 sample windows 

were placed inside the regrown area (dorsal and ventral), 2 windows were placed along 
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Figure 5(A-B): BrdU quantification: Sample windows 

Circular sample windows (radius = 50 pixels) were placed in a stereotyped fashion atop 
images derived from animals that received a lesion and sham operates. 

(A) For images derived from animals in the lesion condition, 2 sample windows were 
placed inside the regrown area (dorsal and ventral), 2 windows were placed along the 
lesion scar (dorsal and ventral), 2 windows were placed outside and proximate to the 
regrown area (dorsal and ventral), and 2 windows were placed outside and distal to the 
regrown area (dorsal and ventral). Standardized pixel distances were used to determine 
the spacing between sample windows. 

(B) For images derived from animals in the sham operate condition, the placement of 
sample windows approximated the placement of sample windows in images derived from 
animals in the lesion condition. In all cases, the amount of BrdU-positive staining (in 
pixels2), as determined by the density slicing procedure, was measured within each 
sample window. 
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the lesion scar (dorsal and ventral), 2 windows were placed outside and proximate to the 

regrown area (dorsal and ventral), and 2 windows were placed outside and distal to the 

regrown area (dorsal and ventral). Standardized pixel distances were used to determine 

the spacing between sample windows. For images derived from animals in the sham 

operate condition (Figure 5(B)), the placement of sample windows approximated the 

placement of sample windows in images derived from animals in the lesion condition. In 

all cases, the amount of BrdU-positive staining (in pixels2), as determined by the density 

slicing procedure (above), was measured within each sample window. 

2.2.8 Statistical analyses - Anatomy 

Measures of BrdU-positive staining were analyzed with an independent groups 

analysis of variance (ANOVA) using StatView 5.0 (SAS Institute). The independent 

variables examined included sex (male, female), serotonin condition (strain: M A O - A 

K O , C3H; drug: clorgyline, 5,7-DHT, saline), lesion condition (lesion, sham), plane of 

BrdU quantification (anterior, middle, posterior) and sample window (see Figure 5(A,B)). 

Some statistical analyses were conducted on data sets that were normalized according to 

measures of BrdU-positive staining of sham operates. A l l significant effects were 

followed up using multiple Fisher's Protected Least Significant Difference (PLSD) t-

tests. For all statistical procedures, a significance level of 5% was assumed. 

2.2.9 HPLC: Sacrifice, tissue dissection and freezing 

In order to verify the efficacy of our genetic and pharmacological manipulations, 

tissue was collected from animals for H P L C analysis. Animals from all treatment groups 

(MAO-A K O , C3H, clorgyline, 5,7-DHT, saline) were sacrificed at either PD 3, 7, 14, or 

28 by way of rapid decapitation. Upon decapitation, brains were immediately removed 

and dissected into five regions (anterior, right-hand-side (RHS); anterior, left-hand-side 

(LHS); posterior, RHS; posterior LHS; and midbrain/thalamus) before being placed into 

cold isopentane (BDH) for flash freezing. Tissue samples were stored at -70°C before 

being sent away for H P L C analysis to the lab of Dr. Kathryn Todd (Department of 
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Psychiatry, University of Alberta). HPLC was used to determine levels of serotonin, 5-

hydroxyindoleacetic acid (5-HIAA), tryptophan, noradrenaline (NA), dopamine (DA), 

homovanillic acid (HVA), and 3,4-dihydroxyphenylacetic acid (DOPAC), according to 

the methods of Parent et al. (2001). 

2.2.9.1 Statistical analyses - HPLC 

Measures of biogenic amines were analyzed individually with an independent 

groups A N O V A using StatView 5.0 (SAS Institute). The independent variables 

examined included serotonin condition (strain: M A O - A K O , C3H; drug: clorgyline, 5,7-

DHT, saline), age at sacrifice (PD 3, 7, 14, 28) and sample area (anterior RHS, LHS; 

posterior RHS, LHS; midbrain/thalamus). A l l significant effects were followed up using 

multiple Fisher's PLSD t-tests. For all statistical procedures, a significance level of 5% 

was assumed. 

2.3 Results 

2.3.1 Anatomical recovery in normal (saline-treated) mice 

2.3.1.1 Equivalence of control groups 

In order to get a representative picture of anatomical recovery in the normal brain, 

we asked whether or not it was appropriate to pool the data of our 4 control groups (C3H; 

saline PD 0 (sal2); saline PD 4-11, sacrificed at PD 28 (sal3); saline PD 4-11, sacrificed 

at ca. PD 50 (sal4)). When measures of BrdU-positive staining in sham operates (n=3 per 

control group) were analyzed by way of A N O V A with control group, plane of BrdU 

quantification, and window of BrdU quantification as factors, a significant main effect of 

control group was detected (F(3,192)=3.68, p=0.0130, Figure 4(A)). Post-hoc Fisher's 

PLSD multiple t-tests revealed significantly lower levels of BrdU-positive staining in 

C3H animals, relative to two of three saline-treated control groups, and no significant 

differences in BrdU-positive staining amongst the three saline-treated control groups 

(Figure 4(A,B)). Thus, we felt warranted in combining the data of all saline-treated 

animals, but not C3H animals, for analyses of anatomical recovery in the normal brain. 
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2.3.1.2 Filling-in of lesion cavity 

Bilateral lesion cavities, produced at PD 7 within M F C of saline-treated mice, 

filled in with tissue by the time of sacrifice at PD 28-50 (Figures 6 and 7). Sixteen of 

eighteen (89%) saline-treated animals that received a lesion exhibited substantial 

regrowth, with almost complete filling-in of the lesion cavity, as determined by 

inspection of the superficial surface. Brain weights of animals in the lesion (n=18) and 

sham (n=18) conditions were subjected to a factorial A N O V A with sex and lesion 

condition (lesion, sham) as factors and resulted in neither significant main effects of sex 

(F(l,32)=0.53, p=0.4726) nor lesion condition (F(l,32)=2.39, p=0.1320). However, 

despite the filling-in of the lesion cavity and equivalence of brain weights (amongst mice 

who received a lesion and mice who underwent sham surgery), in all cases, a visual 

distinction could be made between brains in the lesion and sham groups. This was 

possible due to the appearance of a prominent bilateral lesion scar, running parallel to the 

midline, which marked the lateral extent of the regrown area (arrowheads in Figure 6). 

2.3.1.3 Effect of cortical lesion on cell proliferation 

Having established the equivalence of saline-control groups, data from all saline-

treated animals (N=36) was pooled and subjected to a factorial A N O V A with sex, lesion 

condition, plane of BrdU quantification, and window of BrdU quantification as factors. 

In normal (saline-treated) brains, there was a significant main effect of lesion condition 

on the amount of BrdU-positive staining (F(l,768)=556.77, p<0.0001, Figure 8). Post-

hoc Fisher's PLSD multiple t-test revealed animals that received a lesion exhibited an 

approximate 2.5-fold increase in BrdU-positive staining, relative to sham operates 

(t=149.67, p<0.0001, Figure 8). Thus, cell proliferation was significantly increased in 

animals that received a lesion, relative to animals that underwent sham surgery. 

2.3.1.4 Cell proliferation along the anterior-posterior axis 

Anatomical data from all animals was classified according to 3 locations along the 

anterior-posterior axis. BrdU-positive staining was quantified within 'anterior' (Bregma 
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Figure 6: Saline-treated animals: Superficial surfaces 

Superficial surfaces of brains of saline-treated animals in the lesion (bMFC) and sham 
operated (CTRL) conditions. In animals that received a lesion, the lesion cavity was 
almost entirely filled-in at the time of sacrifice at PD 28-50. Black arrowheads 
demarcate the lateral extent of regrown area. Scale bar = 1 mm. 
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Figure 7: Saline-treated animals: Coronal sections 

Coronal sections of brains of saline-treated animals in the lesion (bMFC) and sham 
operated (CTRL) conditions. In animals that received a lesion, the lesion cavity was 
substantially filled-in at the time of sacrifice at PD 28-50. Note the increased amount of 
BrdU-positive staining (black punctae) in the lesion condition, relative to the sham 
operated condition. The lesion scar, which demarcates the lateral extent of the regrown 
area, is visible in the top (bMFC) panel. Scale bar = 500 \xm. 
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Figure 8: Saline-treated animals: Effect of lesion condition on measures of BrdU-positive 
staining 

Main effect of lesion condition on BrdU-positive staining in saline-treated animals. 
BrdU immunoreactivity was significantly increased (by approximately 2.5-fold) in 
animals that received a lesion (bMFC), relative to sham operates. * denotes p<0.0001. 
Error bars indicate S E M . 
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+2.30 mm to Bregma +3.20 mm), 'middle' (Bregma +1.40 mm to Bregma +2.30 mm) 

and 'posterior' (Bregma +0.50 mm to Bregma +1.40 mm) planes. Results from the 

factorial A N O V A indicated a significant interaction of plane by lesion condition on the 

amount of BrdU-positive staining (F(2,768)=5.69, p=0.0035, Figure 9(A)). Post-hoc 

Fisher's PLSD multiple t-tests revealed that within each plane examined, animals that 

received a lesion exhibited significantly increased BrdU-positive staining, relative to their 

sham operate counterparts (Figure 9(A,B)). Moreover, for animals that received a lesion, 

the amount of BrdU-positive staining was significantly greater in the posterior plane than 

in the anterior plane (t=50.25, p=0.0249, Figure 9(A)). Thus, animals that received a 

lesion showed more cell proliferation within progressively caudal planes of quantification 

along the anterior-posterior axis. 

2.3.1.5 Sites of enhanced cell proliferation within the damaged brain 

Eight circular sample windows (area = ca. 0.08 mm2) were superimposed upon 

images within each plane of quantification. This was done in order to examine specific 

anatomical locations within each coronal section, and to allow for statistical comparisons 

of BrdU-positive staining amongst those anatomical locations. For animals that received 

a lesion, 8 sample windows were positioned as follows: (1) inside the lesion area, dorsal; 

(2) inside the lesion area, ventral; (3) along the lesion scar, dorsal; (4) along the lesion 

scar, ventral; (5) proximal to the lesion area, dorsal; (6) proximal to the lesion area, 

ventral; (7) distal to the lesion area, dorsal; (8) distal to the lesion area, ventral (Figure 

5(A)). Sample windows that closely corresponded to these 8 positions were used to 

analyze images of coronal sections from animals in the sham surgery condition (Figure 

5(B)). 

Results from the factorial A N O V A indicated a significant interaction of sample 

window by lesion condition on the amount of BrdU-positive staining (F(7,768)=76.77, 

p<0.0001, Figure 10(A)). For animals that did not receive a lesion, BrdU-positive 

staining across all sample windows appeared fairly homogeneous (Figure 10(A), red 
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Figure 9(A-B): Saline-treated animals: Interaction of lesion condition by plane of BrdU 
quantification on measures of BrdU-positive staining 

(A) In sham operate animals, BrdU-immunoreactivity appeared homogeneous across 
planes (anterior, middle, posterior) of BrdU quantification (red bars). In animals that 
received a lesion, BrdU immunoreactivity was significantly greater in the posterior plane 
than in the anterior plane (blue bars, t=50.25, p=0.0249). Error bars indicate SEM. 

(B) Post-hoc Fisher's PLSD multiple t-tests revealed that within each plane examined, 
BrdU-positive staining was significantly increased in animals that received a lesion, 
relative to sham operates. 



Plane/bMFC Plane/Sham tpiane/bMFC:Plane/Sham ^Critical P 

Anterior/bMFC Anterior/Sham 125.18 28.91 <0.0001* 
Middle/bMFC Middle/Sham 144.04 33.52 <0.0001* 
Posterior/bMFC Posterior/Sham 179.79 33.15 <0.0001* 
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Figure ÎO(A-D): Saline-treated animals: Interaction of lesion condition by sample 
window on measures of BrdU-positive staining 

(A) In sham operated animals, BrdU-immunoreactivity appeared homogeneous across 
sample windows (red bars). Measures of BrdU-positive staining from animals that 
received a lesion (blue bars) revealed sites of increased cell proliferation within the 
damaged brain. Error bars indicate SEM. 

(B) Post-hoc Fisher's PLSD multiple t-tests revealed that amongst sham operated 
animals, BrdU-positive staining was significantly enhanced in dorsal areas relative to 
ventral areas, for sample windows inside, and distal to, M F C . 

(C) Post-hoc Fisher's PLSD multiple t-tests revealed that for 6 of 8 sample windows, 
animals that received a lesion exhibited significantly increased BrdU-positive staining, 
relative to their sham operated counterparts. 

(D) Post-hoc Fisher's PLSD multiple t-tests revealed that amongst animals that received a 
lesion, the greatest amount of cell proliferation occurred along the dorsal portion of the 
lesion scar. More BrdU immunoreactivity was observed along the dorsal scar than within 
any other area examined. 
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H bMFC 

j Sham 

Window A Window B twindowA:WindowB tcritical P 

Inside/Dorsal/Sham Inside/Ventral/Sham 39.06 16.19 <0.0001* 
Scar/Dorsal/Sham Scar/Ventral/Sham 8.65 16.19 0.2943 
Outside/Proximal/Dorsal/Sham Outside/Proximal/Ventral/Sham 13.06 16.19 0.1137 
Outside/Distal/Dorsal/Sham Outside/Distal/Ventral/Sham 26.82 16.19 0.0012* 

Window A Window B twindowA:WindowB tcritical P 

Inside/Dorsal/bMFC Inside/Dorsal/Sham 169.70 42.96 <0.0001* 
Inside/Ventral/bMFC Inside/Ventral/Sham 107.67 34.43 <0.0001* 
Scar/Dorsal/bMFC Scar/Dorsal/Sham 417.94 51.48 <0.0001* 
Scar/Ventral/bMFC Scar/Ventral/Sham 342.98 48.71 <0.0001* 
Outside/Proximal/Dorsal/bMFC Outside/Proximal/Dorsal/Sham 80.02 22.51 <0.0001* 
Outside/Proximal/Ventral/bMFC Outside/Proximal/Ventral/Sham 87.41 24.08 <0.0001* 
Outside/Distal/Dorsal/bMFC Outside/Distal/Dorsal/Sham -21.63 17.41 0.0154* 
Outside/Distal/Ventral/bMFC Outside/Distal/Ventral/Sham 13.26 19.65 0.1839 

Window A Window B twindowA:WindowB tcritical P 

Scar/Dorsal/bMFC Inside/Dorsal/bMFC 219.15 46.40 <0.0001* 
Scar/Dorsal/bMFC Inside/Ventral/bMFC 320.24 46.40 <0.0001* 
Scar/Dorsal/bMFC Scar/Ventral/bMFC 83.61 46.40 0.0004* 
Scar/Dorsal/bMFC Outside/Proximal/Dorsal/bMFC 338.61 46.40 <0.0001* 
Scar/Dorsal/bMFC Outside/Proximal/Ventral/bMFC 344.28 46.40 <0.0001* 
Scar/Dorsal/bMFC Outside/Distal/Dorsal/bMFC 427.96 46.40 <0.0001* 
Scar/Dorsal/bMFC Outside/Distal/Ventral/bMFC 416.89 46.40 <0.0001* 



89 

bars). There were, however, some significant differences in BrdU-positive staining 

amongst sample windows along the dorsal-ventral axis (Figure 10(A,B)). 

Post-hoc Fisher's PLSD multiple t-tests revealed that for 6 of 8 sample windows, 

animals that received a lesion exhibited significantly increased BrdU-positive staining, 

relative to their sham operate counterparts (Figure 10(A,C)). Exceptions to this trend 

existed within both dorsal and ventral windows, distal to the lesion area (Figure 10(A,C)). 

Data from animals that received a lesion revealed sites of enhanced BrdU-positive 

staining within the damaged brain (Figure 10(A) blue bars). The region of greatest 

BrdU-positive staining was along the dorsal portion of the lesion scar. More cell 

proliferation was observed within the sample window along the dorsal scar than within 

any other sample window (Figure 10(A,D)). 

An increased amount of BrdU-positive staining was observed within the window 

along the ventral portion of the lesion scar, relative to the window inside the dorsal 

portion of the lesion area (t=135.54, p<0.0001, Figure 10(A, D)). In turn, BrdU-positive 

staining within the window inside the dorsal portion of the lesion area was greater than 

that found within the window inside the ventral portion of the lesion area (t=101.09, 

p<0.0001, Figure 10(A)). BrdU-positive staining within the latter window did not differ 

significantly from that found within either dorsal or ventral windows, proximal to the 

lesion area (Figure 10(A)). 

2.3.2 Anatomical recovery in mice with increased levels of serotonin 

2.3.2.1 Genetic model: MAO-A KO mice 

2.3.2.1.1 Filling-in of lesion cavity 

Bilateral lesion cavities, produced at PD 7 within M F C of M A O - A K O mice, 

filled in with tissue by the time of sacrifice at PD 28 (Figures 11 and 12). Five of six 

(83%) M A O - A K O animals that received a lesion exhibited substantial regrowth, with 

almost complete filling-in of the lesion cavity, as determined by inspection of the 

superficial surface. Brain weights of M A O - A K O (n=12) and C3H (n=12) animals in the 

lesion (n=6 per strain) and sham (n=6 per strain) conditions were subjected to a factorial 
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Figure 11: M A O - A K O animais: Superficial surfaces 

Superficial surfaces of brains of M A O - A K O animals in the lesion (bMFC) and sham 
operated (CTRL) conditions. In animals that received a lesion, the lesion cavity was 
almost entirely filled-in at the time of sacrifice at PD 28. Black arrowheads demarcate 
the lateral extent of regrown area. Scale bar = 1 mm. 
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Figure 12: M A O - A K O animais: Coronal sections 

Coronal sections of brains of M A O - A K O animals in the lesion (bMFC) and sham 
operated (CTRL) conditions. In animals that received a lesion, the lesion cavity was 
substantially filled-in at the time of sacrifice at PD 28. Note the increased amount of 
BrdU-positive staining (black punctae) in the lesion condition, relative to the sham 
operated condition. The lesion scar, which demarcates the lateral extent of the regrown 
area, is visible in the top (bMFC) panel. Scale bar = 500 um. 
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A N O V A with sex, lesion condition, and strain ( M A O - A K O , C3H) as factors. The 

A N O V A resulted in neither significant main effects of sex (F(l , 16)=1.88, p=0.1894), 

lesion condition (F( 1,16)=0.31, p=0.5833), nor strain (F( 1,16)=3.77, p=0.0700). 

However, a significant interaction of strain by lesion condition was detected 

(F(l,16)=10.08, p=0.0059, Figure 13). Post-hoc Fisher's PLSD multiple t-tests revealed 

that in the sham surgery condition, brain weights of M A O - A K O animals were 

significantly lower than in C3H animals (t=-57.88, p=0.0042, Figure 13). In contrast, 

amongst animals that received a lesion, brain weights of M A O - A KOs and C3Hs were 

statistically indistinguishable (t=18.52, p=0.2270, Figure 13). Thus, while a baseline 

difference in brain weight appeared to exist for the two strains, this difference was 

eliminated by the effect of a lesion. 

2.3.2.1.2 Effect of strain and cortical lesion on cell proliferation 

Measures of BrdU-positive staining from M A O - A K O (n=12) and C3H (n=12) 

animals were subjected to a factorial A N O V A with sex, lesion condition, strain, plane of 

BrdU quantification, and window of BrdU quantification as factors. Results of the 

A N O V A indicated no significant main effect of strain (F( 1,384)=0.24, p=0.6272, Figure 

14(A)), but a significant main effect of lesion condition (F(l,384)=627.51, p<0.0001, 

Figure 14(B)), on the amount of BrdU-positive staining. Post-hoc Fisher's PLSD 

multiple t-tests indicated a significant difference in BrdU-positive staining amongst 

animals that received a lesion, relative to their sham operated counterparts (t=200.77, 

p<0.0001, Figure 14(B)). However, no significant difference in cell proliferation was 

detected amongst M A O - A K O and C3H animals (t=3.33, p=0.6678, Figure 14(A)). 

When both strain and lesion condition were considered in an analysis of the normalized 

data, both M A O - A K O and C3H animals that received a lesion exhibited an approximate 

3.25-fold increase in BrdU-positive staining, relative to sham operated animals of the 

same strain ( t K 0 / b M F C 

:Ko/sham—2.28, t C 3 H / b M F C : C 3 H / s h a m —2.23, p<0.0001 (both comparisons), 

Figure 15). No strain differences in cell proliferation were detected amongst M A O - A 

K O and C3H animals that received a lesion (t=0.06, p=0.7438, Figure 15). 
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Figure 13: Interaction of lesion condition by strain on measures of brain weight in M A O -
A K O and C3H animals 

For animals in the sham operated condition, mean brain weight was significantly greater 
in C3H animals than in M A O - A K O animals. No difference in brain weight was detected 
amongst the two strains of animals in the lesion condition. * denotes p=0.0042. Error 
bars indicate SEM. 
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Figure 14(A-B): Lack of main effect of strain, and main effect of lesion condition, on 
measures of BrdU-positive staining in M A O - A K O and C3H animals 

(A) BrdU-positive staining in M A O - A K O and C3H animals was statistically equivalent. 

(B) BrdU-positive staining was significantly greater in animals that received a lesion, 
relative to sham operates. * denotes p<0.0001. Error bars indicate S E M . 
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Figure 15: Normalized measures of BrdU-positive staining for M A O - A K O and C3H 
animals in both lesion and sham operated conditions 

Both M A O - A K O and C3H animals that received a lesion exhibited an approximate 3.25-
fold increase in BrdU-positive staining, relative to sham operated animals of the same 
strain. No strain differences were detected amongst M A O - A K O and C3H animals that 
received a lesion. Error bars indicate SEM. 
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2.3.2.1.3 Sites of enhanced cell proliferation within the damaged brain 

Results from the factorial A N O V A indicated a significant interaction of sample 

window by lesion condition on the amount of BrdU-positive staining (F(7,384)=46.77, 

p<0.0001, Figure 16(A)). For animals that did not receive a lesion, BrdU-positive 

staining across all sample windows appeared fairly homogeneous (Figure 16(A), red 

bars). However, as in the case of saline-treated controls, some significant differences in 

BrdU-positive staining amongst sample windows along the dorsal-ventral axis were 

detected (Figure 16(A,B)). 

Post-hoc Fisher's PLSD multiple t-tests revealed that for 7 of 8 sample windows, 

animals that received a lesion exhibited significantly increased BrdU-positive staining, 

relative to their sham operate counterparts (Figure 16(A,C)). An exception to this trend 

existed within windows distal to the lesion area, dorsal, wherein no significant 

differences existed between animals that received a lesion and their sham operate 

counterparts (Figure 16(A,C)). 

Data from animals that received a lesion revealed sites of enhanced BrdU-positive 

staining within the damaged brain (Figure 16(A), blue bars). As in the case of saline-

treated controls, the region of greatest BrdU-positive staining was along the lesion scar. 

However, unlike the saline-treated controls, there was no significant difference in BrdU-

positive staining amongst dorsal and ventral sample windows along the scar (Figure 

16(A,D)). Thus, with the exception of the ventral portion of the lesion scar, more cell 

proliferation was observed along the dorsal scar than within any other sample window 

(Figure 16(A,D)). 

An increased amount of BrdU-positive staining was observed within the window 

along the ventral portion of the lesion scar, relative to the window inside the dorsal 

portion of the lesion area (t=61.58, p=0.0376, Figure 16(A)). In turn, BrdU-positive 

staining within the window inside the dorsal portion of the lesion area was greater than 

that found within the window inside the ventral portion of the lesion area (t=200.08, 

p<0.0001, Figure 16(A)). BrdU-positive staining within the latter window did not differ 
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Figure 16(A-D): Interaction of lesion condition by sample window on measures of BrdU-
positive staining in M A O - A K O and C3H animals 

(A) In sham operated animals, BrdU-immunoreactivity appeared homogeneous across 
sample windows (red bars). Measures of BrdU-positive staining from animals that 
received a lesion (blue bars) revealed sites of increased cell proliferation within the 
damaged brain. Error bars indicate SEM. 

(B) Post-hoc Fisher's PLSD multiple t-tests revealed that amongst sham operated 
animals, BrdU-positive staining was significantly enhanced in dorsal areas relative to 
ventral areas, for sample windows inside, and distal to, M F C . 

(C) Post-hoc Fisher's PLSD multiple t-tests revealed that for 7 of 8 sample windows, 
animals that received a lesion exhibited significantly increased BrdU-positive staining, 
relative to their sham operated counterparts. 

(D) Post-hoc Fisher's PLSD multiple t-tests revealed that amongst animals that received a 
lesion, the greatest amount of cell proliferation occurred within both dorsal and ventral 
portions of the lesion scar. More BrdU immunoreactivity was observed along the lesion 
scar than within any other area examined. 
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• bMFC 

Sham 

Window A Window B twindowA:WindowB tcritical P 

Inside/Dorsal/Sham Inside/Ventral/Sham 29.72 19.68 0.0032* 
Scar/Dorsal/Sham Scar/Ventral/Sham -18.61 19.68 0.0637 
Outside/Proximal/Dorsal/Sham Outside/Proximal/Ventral/Sham -0.14 19.68 0.9889 
Outside/Distal/Dorsal/Sham Outside/Distal/Ventral/Sham 41.94 19.68 0.0012* 

Window A Window B tw¡ndowA:WindowB tcritical P 

Inside/Dorsal/bMFC Inside/Dorsal/Sham 307.06 46.44 <0.0001* 
Inside/Ventral/bMFC Inside/Ventral/Sham 136.69 33.89 <0.0001* 
Scar/Dorsal/bMFC Scar/Dorsal/Sham 439.28 60.11 <0.0001* 
Scar/Ventral/bMFC Scar/Ventral/Sham 373.56 55.23 <0.0001* 
Outside/Proximal/Dorsal/bMFC Outside/Proximal/Dorsal/Sham 175.31 40.30 <0.0001* 
Outside/Proximal/Ventral/bMFC Outside/Proximal/Ventral/Sham 140.58 45.98 <0.0001* 
Outside/Distal/Dorsal/bMFC Outside/Distal/Dorsal/Sham -5.03 32.76 0.7604 
Outside/Distal/Ventral/bMFC Outside/Distal/Ventral/Sham 38.69 25.17 0.0031* 

Window A Window B twindowAiWindowB tCritical P 

Scar/Dorsal/bMFC Inside/Dorsal/bMFC 108.69 58.02 0.0003* 
Scar/Dorsal/bMFC Inside/Ventral/bMFC 308.78 58.02 <0.0001* 
Scar/Dorsal/bMFC Scar/Ventral/bMFC 47.11 58.02 0.1111 
Scar/Dorsal/bMFC Outside/Proxima 1/Dorsal/bMFC 251.08 58.02 <0.0001* 
Scar/Dorsal/bMFC Outside/Proximal/Ventral/bMFC 285.67 58.02 <0.0001* 
Scar/Dorsal/bMFC Outside/Distal/Dorsal/bMFC 408.22 58.02 <0.0001* 
Scar/Dorsal/bMFC Outside/Dista 1/Ventral/bMFC 406.44 58.02 <0.0001* 
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significantly from that found within either dorsal or ventral windows, proximal to the 

lesion area (Figure 16(A)). 

2.3.2.2 Pharmacological model: Clorgyline-treated mice 

2.3.2.2.1 Effect of clorgyline on body weight 

Measures of body weight were taken from 8 litters of CD1 mice undergoing tri-

daily injections of the M A O - A inhibitor clorgyline, or saline, spanning PD 4-11. Data 

from the 8 litters were pooled and subjected to a repeated measures A N O V A with drug 

(clorgyline, saline) and PD (4-11) as factors. Results from the A N O V A indicated 

significant main effects of both drug (F( 1,98)=20.44, p=0.0005) and PD (F(7,98)=362.01, 

p<0.0001), as well as a significant interaction of drug by PD (F(7,98)=20.20, p<0.0001, 

Figure 17(A)), on body weight. Post-hoc Fisher's PLSD multiple t-tests on the 

interaction effect revealed that from PD 6-11, animals that received clorgyline had 

significantly lower body weights than animals in the saline condition (Figure 17(A,J3)). 

Thus, it took only two days for clorgyline-treatment to impart a significant reduction in 

body weight, relative to saline-treated animals. 

2.3.2.2.2 Filling-in of lesion cavity 

Bilateral lesion cavities, produced at PD 7 within M F C of clorgyline-treated mice, 

filled in with tissue by the time of sacrifice at PD 28-50 (Figures 18 and 19). Twenty-

three of twenty-eight (82%) clorgyline-treated animals that received a lesion exhibited 

substantial regrowth, with almost complete filling-in of the lesion cavity, as determined 

by inspection of the superficial surface. Brain weights of clorgyline- (n=24) and saline-

treated (n=24) animals in the lesion (n=12 per group) and sham (n=12 per group) 

conditions were subjected to a factorial A N O V A with sex, lesion condition, and drug 

(clorgyline, saline) as factors. The A N O V A resulted in neither significant main effects of 

lesion condition (F( 1,40)=0.34, p=0.5626) nor drug (F( 1,40)=0.60, p=0.4430), but a 

significant main effect of sex (F(l,40)=4.44, p=0.0414, Figure 20). Post-hoc Fisher's 

PLSD multiple t-test revealed that across all animals, brain weights of males were 
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Figure 17(A-B): Effect of clorgyline on body weight 

(A) Measures of body weight from 8 litters of CD1 mice undergoing tri-daily injections 
of the M A O - A inhibitor clorgyline, or saline, spanning postnatal days 4-11. Error bars 
indicate SEM. 

(B) Post-hoc Fisher's PLSD multiple t-tests revealed that from postnatal day 6-11, 
animals that received clorgyline had significantly lower body weights than animals in the 
saline condition. 
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Figure 18: Clorgyline-treated animals: Superficial surfaces 

Superficial surfaces of brains of clorgyline-treated animals in the lesion (bMFC) and 
sham operated (CTRL) conditions. In animals that received a lesion, the lesion cavity 
was almost entirely filled-in at the time of sacrifice at PD 28 or 50 (approximately). 
Black arrowheads demarcate the lateral extent of regrown area. Scale bar = 1 mm. 
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Figure 19: Clorgyline-treated animals: Coronal sections 

Coronal sections of brains of clorgyline-treated animals in the lesion (bMFC) and sham 
operated (CTRL) conditions. In animals that received a lesion, the lesion cavity was 
substantially filled-in at the time of sacrifice at PD 28 or 50 (approximately). Note the 
increased amount of BrdU-positive staining (black punctae) in the lesion condition, 
relative to the sham operated condition. The lesion scar, which demarcates the lateral 
extent of the regrown area, is visible in the top (bMFC) panel. Scale bar = 500 jxm. 
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Figure 20: Effect of sex on measures of brain weight in clorgyline- and saline-treated 
animals 

Main effect of sex on measures of brain weight in clorgyline- and saline-treated animals. 
When collapsed across lesion and drug conditions, brain weights of males were 
significantly greater than brain weights of females. * denotes p=0.0329. Error bars 
indicate S E M . 
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significantly greater than brain weights of females (t=30.86, p=0.0329, Figure 20). Thus, 

despite an overall increase in brain weight amongst males relative to females, brain 

weights of animals in the lesion and sham conditions were statistically indistinguishable. 

2.3.2.2.3 Effect of clorgyline and cortical lesion on cell proliferation 

Measures of BrdU-positive staining from clorgyline- (n=24) and saline-treated 

(n=24) animals were subjected to a factorial A N O V A with sex, lesion condition, drug, 

plane of BrdU quantification, and window of BrdU quantification as factors. Results of 

the A N O V A indicated a significant main effect of drug (F(l,960)=4.58, p=0.0327), a 

significant main effect of lesion condition (F( 1,960)=799.47, p<0.0001, Figure 21(B)), 

and a significant interaction of drug by lesion condition (F( 1,960)= 11.54, p=0.0007), on 

the amount of BrdU-positive staining. However, post-hoc Fisher's PLSD multiple t-tests 

indicated that, despite the significant main effect of drug, levels of BrdU 

immunoreactivity were not significantly different among clorgyline- and saline-treated 

animals (t=9.56, p=0.0534, Figure 21(A)). In addition, post-hoc Fisher's PLSD multiple 

t-tests on the interaction indicated that animals that received a lesion, in combination with 

saline treatment, exhibited no more BrdU-positive staining than did animals that received 

a lesion in combination with clorgyline treatment (t=25.97, p=0.0781, Figure 21(C)). 

Similarly, for animals in the sham condition, clorgyline-treated animals exhibited no 

more BrdU-positive staining than did saline-treated animals (t=6.87, p=0.0553, Figure 

21(C)). Thus, despite the significant main effects, post-hoc Fisher's PLSD multiple t-

tests failed to reveal veritable differences in BrdU-positive staining among clorgyline-

and saline-treated animals. 

2.3.2.2.4 Cell proliferation along the anterior-posterior axis 

For clorgyline- and saline-treated animals, results from the factorial A N O V A 

indicated a significant interaction of plane by lesion condition on the amount of BrdU-

positive staining (F(2,960)=18.72, p<0.0001, Figure 22(A)). Post-hoc Fisher's PLSD 

multiple t-tests revealed that within each plane examined, animals that received a lesion 
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Figure 21(A-C): Main effects of drug condition, lesion condition, and interaction of drug 
condition by lesion condition, on measures of BrdU-positive staining in clorgyline- and 
saline-treated animals 

Post-hoc Fisher's PLSD multiple t-tests revealed that: 

(A) Despite the significant main effect of drug condition, BrdU immunoreactivity was 
not significantly different in saline-treated animals, relative to clorgyline-treated animals 
(t= 9.55, p=0.0534). 

(B) BrdU immunoreactivity was significantly greater in animals that received a lesion, 
relative to sham operated animals (* denotes p<0.0001). 

(C) Animals that received a lesion, in combination with saline treatment, exhibited no 
more BrdU-positive staining than did animals that received a lesion in combination with 
clorgyline treatment. Similarly, for animals in the sham condition, clorgyline-treated 
animals exhibited no more BrdU-positive staining than did saline-treated animals. Error 
bars indicate S E M . 
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Figure 22(A-B): Interaction of lesion condition by plane of BrdU quantification on 
measures of BrdU-positive staining in clorgyline- and saline-treated animals 

(A) In sham operated animals, BrdU-immunoreactivity appeared homogeneous across 
planes (anterior, middle, posterior) of BrdU quantification (red bars). In animals that 
received a lesion, BrdU immunoreactivity was significantly greater in the posterior plane 
than in both anterior (blue bars, t=70.55, p<0.0001) and middle (t=46.33, p=0.0096) 
planes (blue bars). Error bars indicate SEM. 

(B) Fisher's PLSD multiple t-tests revealed that within each plane examined, BrdU-
positive staining was significantly increased in animals that received a lesion, relative to 
sham operates. 



Plane/bMFC Plane/Sham tpiane/bMFCPIane/Sham •̂Critical P 

Anterior/bMFC Anterior/Sham 116.29 21.31 <0.0001* 
Middle/bMFC Middle/Sham 130.36 27.78 <0.0001* 
Posterior/bMFC Posterior/Sham 188.74 27.00 <0.0001* 
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exhibited significantly increased BrdU-positive staining, relative to their sham 

counterparts (Figure 22(A,B)). Moreover, for animals that received a lesion, the amount 

of BrdU-positive staining was significantly greater in the posterior plane than in both 

anterior (t=70.55, p<0.0001) and middle (t=46.33, p=0.0096) planes (Figure 22(A)). 

Thus, animals that received a lesion showed more cell proliferation within progressively 

caudal planes of quantification along the anterior-posterior axis. 

2.3.2.2.5 Sites of enhanced cell proliferation within the damaged brain 

Results from the factorial A N O V A indicated a significant interaction of sample 

window by lesion condition on the amount of BrdU-positive staining (F(7,960)=100.25, 

p<0.0001, Figure 23(A)). For animals that did not receive a lesion, BrdU-positive 

staining across all sample windows appeared fairly homogeneous (Figure 23(A), red 

bars). However, as in the case of M A O - A K O animals and saline-treated controls, some 

significant differences in BrdU-positive staining amongst sample windows along the 

dorsal-ventral axis were detected (Figure 23(A,B)). 

Post-hoc Fisher's PLSD multiple t-tests revealed that for 7 of 8 sample windows, 

animals that received a lesion exhibited significantly increased BrdU-positive staining, 

relative to their sham operate counterparts (Figure 23(A,C)). An exception to this trend 

existed within windows distal to the lesion area, dorsal, wherein no significant 

differences in BrdU-positive staining existed between animals that received a lesion and 

sham operates. 

Data from animals that received a lesion revealed sites of enhanced BrdU-positive 

staining within the damaged brain (Figure 23(A), blue bars). The region of greatest 

BrdU-positive staining was along the dorsal portion of the lesion scar. More cell 

proliferation was observed within the sample window along the dorsal scar than within 

any other sample window (Figure 23(A,D)). 

An increased amount of BrdU-positive staining was observed within the window 

along the ventral portion of the lesion scar, relative to the window inside the dorsal 

portion of the lesion area (1=106.81, p<0.0001, Figure 23(A)). In turn, BrdU-positive 
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Figure 23(A-D): Interaction of lesion condition by sample window on measures of BrdU-
positive staining in clorgyline- and saline-treated animals 

(A) In sham operated animals, BrdU-immunoreactivity appeared homogeneous across 
sample windows (red bars). Measures of BrdU-positive staining from animals that 
received a lesion (blue bars) revealed sites of increased cell proliferation within the 
damaged brain. Error bars indicate SEM. 

(B) Post-hoc Fisher's PLSD multiple t-tests revealed significant increases in BrdU-
positive staining in dorsal areas relative to ventral areas, for sample windows inside, and 
distal to, the lesion area. 

(C) Fisher's PLSD multiple t-tests revealed that for 7 of 8 sample windows, animals that 
received a lesion exhibited significantly increased BrdU-positive staining, relative to their 
sham operated counterparts. 

(D) Fisher's PLSD multiple t-tests revealed that amongst animals that received a lesion, 
the greatest amount of cell proliferation occurred along the dorsal portion of the lesion 
scar. More BrdU immunoreactivity was observed along the dorsal scar than within any 
other area examined. 



Window A Window B twindowA:WindowB tcritical P 

Inside/Dorsal/Sham Inside/Ventral/Sham 28.79 13.57 <0.0001* 
Scar/Dorsal/Sham Scar/Ventral/Sham 5.35 13.57 0.4392 
Outside/Proximal/Dorsal/Sham Outside/Proximal/Ventral/Sham 10.33 13.57 0.1353 
Outside/Dista 1/ Dorsa I/Sham Outside/Distal/Ventral/Sham 32.94 13.57 <0.0001* 

Window A Window B tWindowA:Window8 tcritical P 

Inside/Dorsal/bMFC Inside/Dorsal/Sham 183.69 32.68 <0.0001* 
Inside/Ventral/bMFC Inside/Ventral/Sham 84.64 27.45 <0.0001* 
Scar/Dorsal/bMFC Scar/Dorsal/Sham 396.18 41.88 <0.0001* 
Scar/Ventral/bMFC Scar/Ventral/Sham 318.71 39.53 <0.0001* 
Outside/Proximal/Dorsal/bMFC Outside/Proximal/Dorsal/Sham 83.47 20.70 <0.0001* 
Outside/Proxima 1/Ventral/bMFC Outside/Proximal/Ventral/Sham 75.01 18.57 <0.0001* 
Outside/Distal/Dorsal/bMFC Outside/Distal/Dorsal/Sham -3.69 16.55 0.6598 
Outside/Distal/Ventral/bMFC Outside/Distal/Ventral/Sham 23.03 14.27 0.0017* 

Window A Window B twindowA:WindowB tcritical P 

Scar/Dorsal/bMFC Scar/Ventral/bMFC 82.82 37.32 <0.0001* 
Scar/Dorsal/bMFC Inside/Dorsal/bMFC 189.63 37.32 <0.0001* 
Scar/Dorsal/bMFC Inside/Ventral/bMFC 317.47 37.32 <0.0001* 
Scar/Dorsal/bMFC Outside/Proximal/Dorsal/bMFC 311.94 37.32 <0.0001* 
Scar/Dorsal/bMFC Outside/Proximal/Ventral/bMFC 330.74 37.32 <0.0001* 
Scar/Dorsal/bMFC Outside/Distal/Dorsal/bMFC 385.28 37.32 <0.0001* 
Scar/Dorsal/bMFC Outside/Distal/Ventral/bMFC 391.50 37.32 <0.0001* 
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staining within the window inside the dorsal portion of the lesion area was greater than 

that found within the window inside the ventral portion of the lesion area (t=127.85, 

p<0.0001, Figure 23(A)). BrdU-positive staining within the latter window did not differ 

significantly from that found within either dorsal or ventral windows, proximal to the 

lesion area (Figure 23(A)). 

2.3.3 Anatomical recovery in mice with decreased levels of serotonin 

2.3.3.1 Pharmacological model: 5,7-DHT-treatedmice 

2.3.3.1.1 Filling-in of lesion cavity 

Bilateral lesion cavities, produced at PD 7 within M F C of 5,7-DHT-treated mice, 

filled in with tissue by the time of sacrifice at PD 50 (Figures 24 and 25). Eleven of 

twelve (92%) 5,7-DHT-treated animals that received a lesion exhibited substantial 

regrowth, with almost complete filling-in of the lesion cavity, as determined by 

inspection of the superficial surface. Brain weights of 5,7-DHT- (n=12) and saline-

treated (n=12) animals in the lesion (n=6 per group) and sham (n=6 per group) conditions 

were subjected to a factorial A N O V A with sex, lesion condition, and drug (5,7-DHT, 

saline) as factors. The A N O V A resulted in significant main effects of sex (F( 1,16)=5.54, 

p=0.0317, Figure 26(A)) and lesion condition (F(l , 16)=6.86, p=0.0186, Figure 26(B)), 

but not a significant main effect of drug (F(l , 16)=1.05, p=0.3198, Figure 26(C)). Post-

hoc Fisher's PLSD multiple t-tests revealed that across all animals, brain weights of 

males were significantly greater than brain weights of females (t=26.36, p=0.0438, Figure 

26(A)). Similarly, brain weights of animals in the sham surgery condition were 

significantly greater than brain weights of animals that received a lesion (t=40.13, 

p=0.0009, Figure 26(B)). Thus, despite an overall increase in brain weight amongst 

males relative to females, and amongst sham operates relative to animals in the lesion 

condition, brain weights of animals in 5,7-DHT- and saline-treated groups were 

statistically indistinguishable. 
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Figure 24: 5,7-DHT-treated animals: Superficial surfaces 

Superficial surfaces of brains of 5,7-DHT-treated animals in the lesion (bMFC) and sham 
operated (CTRL) conditions. In animals that received a lesion, the lesion cavity was 
almost entirely filled-in at the time of sacrifice at PD 50 (approximately). Black 
arrowheads demarcate the lateral extent of regrown area. Scale bar = 1 mm. 
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Figure 25: 5,7-DHT-treated animals: Coronal sections 

Coronal sections of brains of 5,7-DHT-treated animals in the lesion (bMFC) and sham 
operated (CTRL) conditions. In animals that received a lesion, the lesion cavity was 
substantially filled-in at the time of sacrifice at PD 50 (approximately). Note the 
increased amount of BrdU-positive staining (black punctae) in the lesion condition, 
relative to the sham operated condition. The lesion scar, which demarcates the lateral 
extent of the regrown area, is visible in the top (bMFC) panel. Scale bar = 500 um. 
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Figure 26(A-C): Main effects of sex, lesion condition, and lack of main effect of drug 
condition, on measures of brain weight in 5,7-DHT- and saline-treated animals 

Post-hoc Fisher's PLSD multiple t-tests revealed that: 

(A) Collapsed across lesion and drug conditions, brain weights of males were 
significantly greater than brain weights of females (* denotes p=0.0438). 

(B) Collapsed across sex and drug condition, brain weights of animals in the sham 
operated condition were significantly greater than brain weights of animals that received 
a lesion (* denotes p=0.0009). 

(C) Collapsed across sex and lesion condition, brain weights of animals that received 5,7-
DHT were statistically indistinguishable from saline-treated animals. Error bars indicate 
S E M . 
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2.3.3.1.2 Effect of 5,7-DHT and cortical lesion on cell proliferation 

Measures of BrdU-positive staining from 5,7-DHT- (n=12) and saline-treated 

(n=12) animals were subjected to a factorial A N O V A with sex, lesion condition, drug, 

plane of BrdU quantification, and window of BrdU quantification as factors. Results of 

the A N O V A indicated significant main effects of both lesion condition 

(F(l,384)=274.75, p<0.0001, Figure 27(A)) and drug (F(l,384)=10.10, p=0.0016, Figure 

27(B)), but no significant interaction of lesion condition by drug (F(l,384)=1.82, 

p=0.1781), on the amount of BrdU-positive staining. Post-hoc Fisher's PLSD multiple t-

tests indicated that animals who received a lesion exhibited significantly more BrdU-

positive staining than animals in the sham surgery condition (t=l 14.22, p<0.0001, Figure 

27(A)). In addition, when collapsed across lesion condition, animals that received saline 

injections exhibited significantly more BrdU-positive staining than animals in the 5,7-

DHT condition (t=18.43, p=0.0026, Figure 27(B)). Thus, while 5,7-DHT appeared to 

have the overall effect of decreasing cell proliferation, the overall effect of the lesion was 

to increase cell proliferation, irrespective of drug condition. 

2.3.3.1.3 Sites of enhanced cell proliferation within the damaged brain 

Results from the factorial A N O V A indicated a significant interaction of sample 

window by lesion condition on the amount of BrdU-positive staining (F(7,384)=49.55, 

p<0.0001, Figure 28(A)). For animals that did not receive a lesion, BrdU-positive 

staining across all sample windows appeared fairly homogeneous (Figure 28(A), red 

bars). However, as in the case of M A O - A K O animals, clorgyline-treated animals, and 

saline-treated controls, some significant differences in BrdU-positive staining amongst 

sample windows along the dorsal-ventral axis were detected (Figure 28(A,B)). 

Post-hoc Fisher's PLSD multiple t-tests revealed that for 6 of 8 sample windows, 

animals that received a lesion exhibited significantly increased BrdU-positive staining, 

relative to their sham operate counterparts (Figure 28(A,C)). Exceptions to this trend 

existed within both dorsal and ventral windows, distal to the lesion area (Figure 28 

(A,C)). 
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Figure 27(A-B): Main effects of lesion condition and drug condition on measures of 
BrdU-positive staining in 5,7-DHT- and saline-treated animals 

Post-hoc Fisher's PLSD multiple t-tests revealed that: 

(A) BrdU immunoreactivity was significantly greater in animals that received a lesion, 
relative to sham operated animals (* denotes p<0.0001). 

(B) BrdU immunoreactivity was significantly greater in saline-treated animals, relative to 
5,7-DHT-treated animals (* denotes p=0.0026). The interaction of lesion condition by 
drug condition on the amount of BrdU-positive staining was not significant. Error bars 
indicate S E M . 
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Figure 28(A-D): Interaction of lesion condition by sample window on measures of BrdU-
positive staining in 5,7-DHT- and saline-treated animals 

(A) In sham operated animals, BrdU-immunoreactivity appeared homogeneous across 
sample windows (red bars). Measures of BrdU-positive staining from animals that 
received a lesion (blue bars) revealed sites of increased cell proliferation within the 
damaged brain. Error bars indicate SEM. 

(B) Post-hoc Fisher's PLSD multiple t-tests revealed significant increases in BrdU-
positive staining in dorsal areas relative to ventral areas, for sample windows inside, and 
distal to, the lesion area. 

(C) Post-hoc Fisher's PLSD multiple t-tests revealed that for 6 of 8 sample windows, 
animals that received a lesion exhibited significantly increased BrdU-positive staining, 
relative to their sham operated counterparts. 

(D) Post-hoc Fisher's PLSD multiple t-tests revealed that amongst animals that received a 
lesion, the greatest amount of cell proliferation occurred along the dorsal portion of the 
lesion scar. More BrdU immunoreactivity was observed along the dorsal scar than within 
any other area examined. 



Window A Window B twindo wA: Window B tcritical P 

Inside/Dorsal/Sham Inside/Ventral/Sham 57.25 19.12 <0.0001* 
Scar/Dorsal/Sham Scar/Ventral/Sham 20.11 19.12 0.0393* 
Outside/Proximal/Dorsal/Sham Outside/Proximal/Ventral/Sham 18.75 19.12 0.0546 
Outside/Distal/Dorsal/Sham Outside/Distal/Ventral/Sham 31.22 19.12 0.0015* 

Window A Window B twindowA:WindowB tcritical P 

Inside/Dorsal/bMFC Inside/Dorsal/Sham 116.72 41.42 <0.0001* 
Inside/Ventral/bMFC Inside/Ventral/Sham 103.67 34.95 <0.0001* 
Scar/Dorsal/bMFC Scar/Dorsal/Sham 345.92 54.20 <0.0001* 
Scar/Ventral/bMFC Scar/Ventral/Sham 279.64 42.28 <0.0001* 
Outside/Proximal/Dorsal/bMFC Outside/Proximal/Dorsal/Sham 55.69 24.44 <0.0001* 
Outside/Proximal/Ventral/bMFC Outside/Proximal/Ventral/Sham 62.14 25.49 <0.0001* 
Outside/Distal/Dorsal/bMFC Outside/Distal/Dorsal/Sham -39.53 24.41 0.0019* 
Outside/Distal/Ventral/bMFC Outside/Distal/Ventral/Sham 23.03 20.35 0.3058 

Window A Window B twindowA:WindowB tcritical P 

Scar/Dorsal/bMFC Scar/Ventral/bMFC 86.39 45.28 0.0002* 
Scar/Dorsal/bMFC Inside/Dorsal/bMFC 196.14 45.28 <0.0001* 
Scar/Dorsal/bMFC Inside/Ventral/bMFC 266.44 45.28 <0.0001* 
Scar/Dorsal/bMFC Outside/Proximal/Dorsal/bMFC 289.58 45.28 <0.0001* 
Scar/Dorsal/bMFC Outside/Proximal/Ventral/bMFC 301.89 45.28 <0.0001* 
Scar/Dorsal/bMFC Outside/Distal/Dorsal/bMFC 372.81 45.28 <0.0001* 
Scar/Dorsal/bMFC Outside/Distal/Ventral/bMFC 375.03 45.28 <0.0001* 
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Data from animals that received a lesion revealed sites of enhanced BrdU-positive 

staining within the damaged brain (Figure 28(A), blue bars). The region of greatest 

BrdU-positive staining was along the dorsal portion of the lesion scar. More cell 

proliferation was observed within the sample window along the dorsal scar than within 

any other sample window (Figure 28 (A,D)). 

An increased amount of BrdU-positive staining was observed within the window 

along the ventral portion of the lesion scar, relative to the window inside the dorsal 

portion of the lesion area (t=109.75, p<0.0001, Figure 28(A)). In turn, BrdU-positive 

staining within the window inside the dorsal portion of the lesion area was greater than 

that found within the window inside the ventral portion of the lesion area (t=70.31, 

p<0.0025, Figure 28(A)). BrdU-positive staining within the latter window did not differ 

significantly from that found within either dorsal or ventral windows, proximal to the 

lesion area (Figure 28(A)). 

2.3.4 Comparing the models 

2.3.4.1 Qualitative equivalence of regeneration 

For animals in the lesion condition, qualitative examination of neural tissue from 

all groups (saline, M A O - A K O , clorgyline, 5,7-DHT) revealed approximately equivalent 

amounts of cell proliferation within M F C . As cited in previous sections, filling-in of 

lesion cavities amongst all groups, as determined by inspection of the superficial cortical 

surface, occurred in approximately 80%-90% of animals that received a lesion. 

Representative coronal sections from animals in both lesion and sham operate conditions, 

spanning anterior, middle and posterior planes along the rostral-caudal axis, are depicted 

in Figures 29ÍA-H), 30(A-H) and 31(A-H). 

The most striking feature of coronal sections from animals in the lesion condition 

was the obvious lesion scar. In all sections spanning the rostral-caudal axis, the lesion 

scar could be easily visualized. In addition, the lesion scar appeared to be a site of 

enhanced BrdU-positive staining, implicating the scar as a zone of maximal cell 

proliferation following production of the lesion. Cell proliferation in the region between 
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Figure 29(A-H): Representative coronal sections from the anterior (Bregma +2.30 mm to 
Bregma +3.20 mm) portion of midline frontal cortex of animals in the lesion (B, D, F, H) 
and sham operated (A, C, E, G) conditions 

Coronal sections from each of saline-treated (A, B), M A O - A K O (C, D), clorgyline- (E, 
F), and 5,7-DHT-treated (G, H) animals are included. Black punctae of BrdU-positive 
staining are more numerous in sections from animals in the lesion condition, relative to 
sham operated controls. Note the appearance of, and accumulation of BrdU-positive 
staining along, the lesion scar in each of the sections from animals in the lesion condition. 
There was no apparent accumulation of BrdU-positive staining within any particular 
anatomical location in sections from sham operates. Scale bar = 500 urn. 





136 

Figure 30(A-H): Representative coronal sections from the middle (Bregma +1.40 mm to 
Bregma +2.30 mm) portion of midline frontal cortex of animals in the lesion (B, D, F, H) 
and sham operated (A, C, E, G) conditions 

Coronal sections from each of saline-treated (A, B), M A O - A K O (C, D), clorgyline- (E, 
F), and 5,7-DHT-treated (G, H) animals are included. Black punctae of BrdU-positive 
staining are more numerous in sections from animals in the lesion condition, relative to 
sham operated controls. Note the appearance of, and accumulation of BrdU-positive 
staining along, the lesion scar in each of the sections from animals in the lesion condition. 
There was no apparent accumulation of BrdU-positive staining within any particular 
anatomical location in sections from sham operates. Scale bar = 500 um. 
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Figure 31(A-H): Representative coronal sections from the posterior (Bregma +0.50 mm 
to Bregma +1.40 mm) portion of midline frontal cortex of animals in the lesion (B, D, F, 
H) and sham operated (A, C, E, G) conditions 

Coronal sections from each of saline-treated (A, B), M A O - A K O (C, D), clorgyline- (E, 
F), and 5,7-DHT-treated (G, H) animals are included. Black punctae of BrdU-positive 
staining are more numerous in sections from animals in the lesion condition, relative to 
sham operated controls. Note the appearance of, and accumulation of BrdU-positive 
staining along, the lesion scar in each of the sections from animals in the lesion condition. 
There was no apparent accumulation of BrdU-positive staining within any particular 
anatomical location in sections from sham operates. Scale bar = 500 p,m. 
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the lesion scar and the midline also appeared to be enhanced, relative to areas lateral to 

the lesion scar. 

In comparison to animals in the lesion condition, BrdU-positive staining in sham 

operates was relatively sparse. Punctae of BrdU-positive staining could be seen within 

coronal sections of undamaged cortices. However, there was no apparent accumulation 

of BrdU-positive staining within any particular anatomical location. 

2.3.4.2 Phenotype of regenerated cells 

In addition to using BrdU immunohistochemistry to assess cell proliferation 

following neonatal injury, we also wanted to get some indication as to whether or not 

newly regenerated cells were of a neuronal phenotype. To this end, we combined the use 

of fluorescently-conjugated antibodies with BrdU and NeuN immunohistochemistry. 

Under this scheme, a cell that stained positively for BrdU expressed a fluorochrome of 

one particular colour (e.g green), and a cell that stained positively for NeuN expressed a 

fluorochrome of another, distinct colour (e.g. red). Therefore, any cells that stained 

positively for both BrdU and NeuN expressed a colour that represented the combination 

of the two individual labels (in this case, yellow = red + green). Examples of 

BrdU/NeuN double-labeled cells - purported new neurons - are shown in Figure 32 

(bottom two arrows). Also depicted in this figure are cells that express BrdU only (top 

arrow), which presumably denote newly dividing cells of a non-neuronal phenotype. 

While this figure represents double-labeling in a M A O - A K O mouse, it is likely 

emblematic of post-lesion cell proliferation in each of the models employed in the present 

set of experiments. Further work aimed at determining both the existence and relative 

proportion of double-labeled cells in M F C following neonatal injury is thus warranted for 

animals in all treatment groups. 

Finally, it remains plausible that double-labeled cells actually represent two (or 

more) individual cells laid atop one another, each expressing an individual label. The 

only way to unambiguously demonstrate the co-expression of markers by an individual 

cell is through the technique of confocal microscopy. Using this method in combination 
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Figure 32: BrdU/NeuN double-labeled cells in a PD28 M A O - A K O animal that received 
a lesion in M F C at PD 7 

BrdU/NeuN double-labeled coronal section from a PD 28 M A O - A K O mouse that 
received a lesion in M F C at PD 7. BrdU, a marker of newly dividing cells, is shown in 
green, and NeuN, a marker of neuronal phenotype, is shown in red. Cells that stain 
positively for both BrdU and NeuN - purported 'new neurons' - would thus express both 
green and red labels, and glow yellow as a result (bottom two arrows). Cells that stain 
positively for BrdU only glow green (top arrow), and are of non-neuronal phenotype. 
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with additional markers and stereological techniques would allow one to determine 

whether or not regenerated cortex contains both a qualitatively and quantitatively similar 

distribution of neurons and glial cells as that seen in normal tissue. 

2.3.4.3 Comparisons amongst pharmacological models 

2.3.4.3.1 Rationale 

In order to justify comparisons amongst our pharmacological (clorgyline, 5,7-

DHT) models, we examined the variance of the data of saline-treated animals that served 

as controls for each experiment. Upon establishing the equivalence of saline-control 

groups (see sections 2.2.5, 2.3.1.1 and Figure 4(A,B)), we pooled the data from all 

clorgyline-, 5,7-DHT-, and saline-treated animals (N=72), normalized the measures 

relative to data from animals in the saline/sham condition, and subjected the data set to a 

factorial A N O V A with sex, drug (clorgyline, 5,7-DHT, saline), lesion condition, plane of 

BrdU quantification, and window of BrdU quantification as factors. 

2.3.4.3.2 Relative increases in cell proliferation after lesion and drug treatment 

Results from the factorial A N O V A indicated significant main effects of both drug 

(F(2,1440)=7.05, p=0.0009) and lesion condition (F( 1,1440)=671.01. p<0.0001) on the 

amount of BrdU-positive staining. The relative increases in cell proliferation as a result 

of both lesion condition and drug treatment are presented in Figure 33(A). This depiction 

of the normalized data indicated that amongst clorgyline-, 5,7-DHT-, and saline-treated 

animals that received a lesion, cell proliferation increased to the greatest extent in the 

saline and clorgyline conditions. Animals who received saline in combination with a 

lesion exhibited an approximate 2.5-fold increase in BrdU-positive staining. The latter 

increase was statistically equivalent to that of clorgyline-treated animals that received a 

lesion (ca. 2.25-fold increase, t=0.18, p=0.0507). However, 5,7-DHT-treated animals 

that received a lesion exhibited an approximate 2-fold increase in BrdU-positive staining, 

which was significantly lower than that seen in the both the clorgyline/lesion condition 

(t=0.26, p=0.0375) and the saline/lesion condition (t=0.44, p=0.0002). Thus, dramatic 
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Figure 33(A-B): Normalized measures of BrdU-positive staining in saline-, clorgyline-, 
and 5,7-DHT-treated animals depicting the relative increases in cell proliferation as a 
result of both lesion condition and drug treatment 

(A) Animals that received saline in combination with a lesion exhibited an approximate 
2.5-fold increase in BrdU-positive staining, relative to sham operate controls. The latter 
increase was statistically equivalent to that of clorgyline-treated animals that received a 
lesion (ca. 2.25-fold increase; t=0.18, p=0.0507). However, 5,7-DHT-treated animals 
that received a lesion exhibited an approximate 2-fold increase in BrdU-positive staining, 
which was significantly lower than that seen in both the clorgyline/lesion (t=0.26, 
p=0.0375) and saline/lesion (t=0.44, p=0.0002) conditions. Error bars indicate S E M . 

(B) For each individual drug treatment, cell proliferation was significantly increased in 
animals that received a lesion, relative to their sham operate counterparts. 
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Drug/bMFC Drug/Sham ^Drug/bMFC:Drug/Sham ^Critical P 

Saline/bMFC Saline/Sham 1.45 0.161 <0.0001* 
Clorgyline/bMFC Clorgyline/Sham 1.25 0.198 <0.0001* 
5,7-DHT/bMFC 5,7-DHT/Sham 1.00 0.279 <0.0001* 
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and equivalent increases in cell proliferation occurred following a lesion in both the 

saline and clorgyline conditions. Although, relative to sham operates, cell proliferation 

was also enhanced in 5,7-DHT-treated animals, the degree of the increase in cell 

proliferation following the lesion was significantly lower than that seen in both saline and 

clorgyline conditions. Thus, treatment with 5,7-DHT appears to attenuate the lesion-

induced increases in cell proliferation observed in both saline- and clorgyline-treated 

animals (Figure 33(A)). In addition, for each individual treatment (i.e. saline, clorgyline, 

and 5,7-DHT), cell proliferation was significantly increased in animals that received a 

lesion, relative to their sham operate counterparts (Figure 33(B)). 

2.3.5 Effect of genetic and pharmacological manipulations on levels of biogenic amines 

Brain tissue from 3 distinct sample regions (right anterior cortex, right posterior 

cortex, midbrain/thalamus), collected at 4 distinct times of sacrifice (PD 3, 7, 14, 28), 

were taken from sham operate animals in all groups (MAO-A K O , C3H, clorgyline, 5,7-

DHT, saline) and subjected to analysis via high-pressure liquid chromatography (HPLC). 

The latter provided quantitative measures of 7 biogenic amines: serotonin, 5-HIAA, 

tryptophan, noradrenaline, dopamine, homovanillic acid and D O P A C . H P L C data for 

each amine was analyzed separately by way of factorial A N O V A with group, age at 

sacrifice, and sample region as factors. The results of each analysis are considered, in 

turn, below. 

2.3.5.1 Serotonin (5-HT) 

Results from the factorial A N O V A indicated a significant main effect of group 

(F(4,101)=623.47, p<0.0001) and significant two-way interactions of group by both age 

at sacrifice (F(12,10T)=55.15, p<0.0001) and sample region (F(8,101)=38.46, p<0.0001), 

on 5-HT levels. 5-HT was most dramatically increased in M A O - A K O animals, relative 

to any other manipulation (Figure 34(A,B)). M A O - A K O animals exhibited an 

approximate 7-fold increase in 5-HT levels relative to control animals (C3H) of the same 

genetic background. Pharmacological treatment via tri-daily injections of the M A O - A 
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Figure 34(A-B): Main effect of serotonin condition on levels of 5-HT, as determined by 
HPLC 

(A) Main effect of serotonin condition on levels of 5-HT, as determined by HPLC. Error 
bars indicate S E M . 

(B) Levels of 5-HT were most dramatically increased in M A O - A K O animals, relative to 
any other manipulation. Pharmacological treatment with clorgyline resulted in a 
significant increase in levels of 5-HT, relative to saline-treated controls. In contrast, 
pharmacological treatment with 5,7-DHT resulted in no significant depletion of 5-HT 
levels, relative to saline-injected controls. 
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MAO-A KO C3H Clorgyline DHT Saline 

5-HT Condition 

B 
5-HT Group A 5-HT Group B l5-HT Group A:5-HT Group B ̂ Critical P 

MAO-A KO C3H 1332.79 190.66 <0.0001* 
MAO-A KO Clorgyline 861.45 217.41 <0.0001* 
MAO-A KO DHT 1296.79 215.09 <0.0001* 
Clorgyline DHT 435.33 217.41 0.0001* 
Clorgyline Saline 370.17 188.95 0.0002* 
DHT Saline -65 .16 186.27 0.4906 
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inhibitor clorgyline, spanning PD 4-11, resulted in a significant increase in levels of 5-

HT, relative to saline-injected controls (Figure 34(A,B)). However, injection of the 

serotonergic neurotoxin 5,7-DHT at PD 0 resulted in no significant depletion of 5-HT 

levels, relative to saline-injected controls (Figure 34(A,B)). 

The temporal dynamics of 5-HT after various treatments are presented in figure 

35(A-F). M A O - A K O animals exhibited their highest levels of 5-HT at PD 3, followed 

by an approximate 50% decrease in 5-HT levels by PD 28 (Figure 35(A,B)). Clorgyline-

treated animals exhibited their highest levels of 5-HT at PD 7 - a time that corresponded 

to the midpoint of pharmacological treatment with the drug (Figure 35(A,D)). By PD 28, 

5-HT levels in clorgyline-treated animals appeared similar to saline-treated controls. The 

developmental profile of 5-HT levels in 5,7-DHT-treated animals appeared similar to that 

of saline-treated controls despite slightly depressed levels of 5-HT at PD 3, 7, and 14 

(Figure 35(A,E)). 

The spatial dynamics of 5-HT after various treatments are presented in figure 

36(A-F). M A O - A K O animals exhibited significantly increased levels of 5-HT in 

midbrain/thalamus, relative to both anterior and posterior portions of right cerebral cortex 

(Figure 36(A,B)). 5-HT levels in 5,7-DHT treated animals duplicated the pattern 

observed in saline-treated controls. In both groups, levels of 5-HT were significantly 

increased in midbrain/thalamus relative to the posterior, but not anterior, portion of right 

cerebral cortex (Figure 36(A,E,F)). The latter spatial distribution of 5-HT was apparent 

in clorgyline-treated animals, but not to an extent that yielded any statistically significant 

differences (Figure 36(A,D)). 

2.3.5.2 5-Hydroxy indoleacetic acid (5-HIAA) 

Results from the factorial A N O V A indicated a significant main effect of group 

(F(4,102)=63.39, p<0.0001) and significant two-way interactions of group by both age at 

sacrifice (F(12,102)=4.91, p<0.0001) and sample region (F(8,102)=8.13, p<0.0001), on 

levels of the 5-HT metabolite, 5-HIAA. 5-HIAA was most dramatically decreased in 

M A O - A K O animals, relative to any other manipulation (Figure 37(A,B)). 
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Figure 35(A-F): Interaction of serotonin condition by age at sacrifice on levels of 5-HT, 
as determined by HPLC 

(A) Interaction of serotonin condition by age at sacrifice on levels of 5-HT, as determined 
by HPLC. Error bars indicate SEM. 

(A, B) M A O - A K O animals exhibited their highest levels of 5-HT at PD 3, followed by 
an approximate 50% decrease in 5-HT levels by PD 28. 

(A, D, F) Clorgyline-treated animals exhibited their highest levels of 5-HT at PD 7. By 
PD 28, 5-HT levels in clorgyline-treated animals appeared similar to saline-treated 
controls. 

(A, E, F) The developmental profile of 5-HT levels in 5,7-DHT-treated animals appeared 
similar to that of saline-treated controls despite slightly depressed levels of 5-HT at PD 3, 
7, and 14. 



MAO-A KO C C3H 

PA P B tp A:P B tcritical P PA PB tp A:P B tcritical P 
P3 P7 222.50 760.58 0.5486 P3 P7 -17.82 109.10 0.7428 
P3 P14 490.51 760.58 0.1936 P3 P14 -102.24 109.10 0.0654 
P3 P28 934.59 760.58 0.0185* P3 P28 -267.58 109.10 <0.0001* 
P7 P14 268.01 760.58 0.4709 P7 P14 -84.42 89.08 0.0626 
P7 P28 712.10 760.58 0.0650 P7 P28 -249.77 89.08 <0.0001* 
P14 P28 444.09 760.58 0.2374 P14 P28 -165.34 89.08 0.0006* 

Clore vline E DHT 
PA PB tp A:P B tcritical P PA P B tp A:P B tcritical P 
P3 P7 -1501.69 337.18 <0.0001* P3 P7 -84.91 166.91 0.3013 
P3 P14 -452.48 321.49 0.0083* P3 P14 -124.08 166.91 0.1367 
P3 P28 -383.17 321.49 0.0220* P3 P28 -366.16 166.91 0.0002* 
P7 P14 1049.21 337.18 <0.0001* P7 P14 -39.16 166.91 0.6299 
P7 P28 1118.52 337.18 <0.0001* P7 P28 -281.25 166.91 0.0022* 
P14 P28 69.31 321.49 0.6569 P14 P28 -242.08 166.91 0.0067* 

Saline 
PA P B tp A:P B tcntical P 
P3 P7 -169.88 106.96 0.0025* 
P3 P14 -175.56 106.96 0.0019* 
P3 P28 -388.60 106.96 <0.0001* 
P7 P14 -5.68 106.96 0.9152 
P7 P28 -218.72 106.96 0.0002* 
P14 P28 -213.03 106.96 0.0002* 
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Figure 36(A-F): Interaction of serotonin condition by sample region on levels of 5-HT, as 
determined by HPLC 

(A) Interaction of serotonin condition by sample region on levels of 5-HT, as determined 
by HPLC. Error bars indicate SEM. 

(A, B) M A O - A K O animals exhibited significantly increased levels of 5-HT in 
midbrain/thalamus, relative to both anterior and posterior portions of right cerebral 
cortex. 

(A, E , F) 5-HT levels in 5,7-DHT treated animals duplicated the pattern observed in 
saline-treated controls. In both groups, levels of 5-HT were significantly increased in 
midbrain/thalamus relative to the posterior, but not anterior, portion of right cerebral 
cortex. 

(A, D) The latter spatial distribution of 5-HT was apparent in clorgyline-treated animals, 
but not to an extent that yielded any statistically significant differences. 



MAO-A KO 

Sample Area A Sample Area B t A:B tcritical P 
RCTX ANT RCTX POST 114.88 469.58 0.6162 
RCTX ANT MID/THAL -1050.84 469.58 0.0001* 
RCTX POST MID/THAL -1165.72 469.58 <0.0001* 

c C3H 
Sample Area A Sample Area B t A.B tcritical P 

RCTX ANT RCTX POST 11.58 91.85 0.8001 
RCTX ANT MID/THAL -188.09 91.85 0.0002* 
RCTX POST MID/THAL -199.66 91.85 <0.0001* 

Clorqvline 

Sample Area A Sample Area B t A:B tcritical P 

RCTX ANT RCTX POST 368.47 628.11 0.2353 
RCTX ANT MID/THAL -176.89 606.81 0.5500 
RCTX POST MID/THAL -545.36 628.11 0.0852 

E DHT 
Sample Area A Sample Area B t A:B tcritical P 

RCTX ANT RCTX POST 111.70 169.57 0.1852 
RCTX ANT MID/THAL -147.08 169.57 0.0856 
RCTX POST MID/THAL -258.79 169.57 0.0046* 

Saline 
Sample Area A Sample Area B t A:B tcritical P 

RCTX ANT RCTX POST 85.27 127.41 0.1844 
RCTX ANT MID/THAL -78.59 127.41 0.2205 
RCTX POST MID/THAL -163.86 127.41 0.0129* 
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Figure 37(A-B): Main effect of serotonin condition on levels of 5-HIAA, as determined 
by HPLC 

(A) Main effect of serotonin condition on levels of 5-HIAA, as determined by HPLC. 
Error bars indicate S E M . 

(B) Levels of 5-HIAA were most dramatically decreased in M A O - A K O animals, relative 
to any other manipulation. Pharmacological treatment with clorgyline or 5,7-DHT 
resulted in significant decreases and increases, respectively, in levels of 5-HIAA, relative 
to saline-treated controls. 
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400 

MAO-A KO C3H Clorgyline DHT Saline 

5-HT Condition 

5-HT Group A 5-HT Group B Group A:5-HT Group B tcritical P 

MAO-A KO C3H -156 .28 27.53 <0.0001* 
MAO-A KO Clorqvline -162 .29 30.86 <0.0001* 
MAO-A KO DHT -220.1 1 30.86 <0.0001* 
Clorqvline DHT -57 .82 30.86 0.0003* 
Clorqyline Saline -27 .05 26.72 0.0473* 
DHT Saline 30.77 26.72 0.0244* 
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Pharmacological treatment with clorgyline resulted in a significant decrease in levels of 

5-HIAA (Figure 37(A,B)), relative to saline-injected controls. Conversely, injection of 

5,7-DHT at PD 0 resulted in a significant increase in levels of 5-HIAA (Figure 37(A,B)), 

relative to saline-injected controls. The temporal and spatial dynamics of 5-HIAA after 

various treatments are presented in figures 38(A-F) and 39(A-F), respectively. 

2.3.5.3 Tryptophan 

Results from the factorial A N O V A indicated a significant main effect of group 

(F(4,102)=24.35, p<0.0001) and significant two-way interactions of group by both age at 

sacrifice (F(12,102)=10.24, p<0.0001) and sample region (F(8,102)=2.71, p=0.0094), on 

levels of the 5-HT precursor, tryptophan. Levels of tryptophan did not differ 

significantly amongst M A O - A K O and C3H animals (Figure 40(A,B)). Similarly, 

tryptophan levels were not modulated to any significant extent amongst clorgyline- and 

5,7-DHT-treated animals, relative to saline-treated controls (Figure 40(A,B)). 

Tryptophan levels were, however, significantly depressed in M A O - A K O animals, 

relative to both clorgyline- and 5,7-DHT-treated animals (Figure 40(A,B)). The temporal 

and spatial dynamics of tryptophan after various treatments are presented in figures 41(A-

F) and 42(A-F), respectively. 

2.3.5.4 Noradrenaline (NA) 

Results from the factorial A N O V A indicated a significant main effect of group 

(F(4,102)=31.17, p<0.0001) and significant two-way interactions of group by both age at 

sacrifice (F(12,102)=15.47, p<0.0001) and sample region (F(8,102)=2.70, p=0.0098), on 

levels of noradrenaline. N A was most dramatically increased in M A O - A K O animals, 

relative to any other manipulation (Figure 43(A,B)). M A O - A K O animals exhibited an 

approximate 1.70-fold increase in 5-HT levels relative to control animals (C3H) of the 

same genetic background. Pharmacological treatment with either clorgyline or 5,7-DHT 

resulted in no significant change in levels of N A (Figure 43(A,B)), relative to saline-
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Figure 38(A-F): Interaction of serotonin condition by age at sacrifice on levels of 5-
HIAA, as determined by HPLC. Error bars indicate SEM. 
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MAO-A KO c C3H 

PA PB tp A:P B tcritical P 

c 
PA PB tp A:P B tcritical P 

P3 P7 2.86 76.74 0.9389 

c 

P3 P7 -23.80 138.39 0.7297 
P3 P14 -74.35 76.74 0.0569 

c 

P3 P14 -140.64 138.39 0.0466* 
P3 P28 -96.70 76.74 0.0161* 

c 

P3 P28 -127.58 138.39 0.0697 
P7 PI 4 -77.20 76.74 0.0488* 

c 

P7 P14 -116.84 112.99 0.0430* 
P7 P28 -99.52 76.74 0.0136* 

c 

P7 P28 -103.78 112.99 0.0707 
PI 4 P28 -22.35 76.74 0.5503 

c 

P14 P28 13.06 112.99 0.8163 

Clore yline E DHT 
PA PB tp A:P B tcritical P 

E 
PA PB tp A:PB tcritical P 

P3 P7 48.16 181.56 0.5862 

E 

P3 P7 -140.02 241.53 0.2407 
P3 PI 4 -114.33 181.56 0.2039 

E 

P3 PI 4 -122.72 241.53 0.3019 
P3 P28 36.24 181.56 0.6816 

E 

P3 P28 -33.05 241.53 0.7782 
P7 P14 -162.50 181.56 0.0766 

E 

P7 P14 17.30 241.53 0.8827 
P7 P28 -11.93 181.56 0.8924 

E 

P7 P28 106.97 241.53 0.3666 
PI 4 P28 150.57 181.56 0.0991 

E 

P14 P28 89.67 241.53 0.4478 

Saline 
PA PB tp A:P B tcritical P 
P3 P7 -14.44 109.42 0.7915 
P3 P14 -108.31 109.42 0.0523 
P3 P28 -41.13 109.42 0.4527 
P7 P14 -93.86 109.42 0.0909 
P7 P28 -26.69 109.42 0.6254 
P14 P28 67.17 109.42 0.2226 
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Figure 39(A-F): Interaction of serotonin condition by sample region on levels of 5-HIAA, 
as determined by HPLC. Error bars indicate SEM. 



MAO-A KO 

Sample Area A Sample Area B t A:B tcritical P 
RCTX ANT RCTX POST -13.35 62.36 0.6606 
RCTX ANT MID/THAL -105.26 62.36 0.0021* 
RCTX POST MID/THAL -91.91 62.36 0.0059* 

c C3H 
Sample Area A Sample Area B t A:8 tcritical P 

RCTX ANT RCTX POST 33.15 65.85 0.3149 
RCTX ANT MID/THAL -228.47 65.85 <0.0001* 
RCTX POST MID/THAL -261.61 65.85 <0.0001* 

Clorqvline 
Sample Area A Sample Area B t A:B tcritical P 
RCTX ANT RCTX POST 53.35 136.21 0.4245 
RCTX ANT MID/THAL -157.90 136.21 0.0252* 
RCTX POST MID/THAL -211.54 136.21 0.0041* 

E 

F 

DHT 
Sample Area A Sample Area B t AB tcritical P 
RCTX ANT RCTX POST 30.98 108.71 0.5597 
RCTX ANT MID/THAL -334.79 108.71 <0.0001* 
RCTX POST MID/THAL -365.77 108.71 <0.0001* 

Saline 
Sample Area A Sample Area B t A:B tcritical P 
RCTX ANT RCTX POST 32.48 60.49 0.2852 
RCTX ANT MID/THAL -206.26 60.49 <0.0001* 
RCTX POST MID/THAL -238.74 60.49 <0.0001* 
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Figure 40(A-B): Main effect of serotonin condition on levels of tryptophan, as 
determined by HPLC 

(A) Main effect of serotonin condition on levels of tryptophan, as determined by HPLC. 
Error bars indicate S E M . 

(B) Levels of tryptophan did not differ significantly amongst M A O - A K O and C3H 
animals. Tryptophan levels were not modulated to any significant extent amongst 
clorgyline- and 5,7-DHT-treated animals, relative to saline-treated controls. Tryptophan 
levels were, however, significantly depressed in M A O - A K O animals, relative to both 
clorgyline- and 5,7-DHT-treated controls. 
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MAO-A KO C3H Clorgyline DHT Saline 

5-HT Condition 

5-HT Group A 5-HT Group B *5-HT Group A:5-HT Group B ^Critical P 

MAO-A KO C3H -0 .57 0.76 0 .1404 
MAO-A KO Clorgyline - 2 . 5 3 0.86 <0.0001* 
MAO-A KO DHT - 2 . 7 4 0.86 <0.0001* 
Clorgyline DHT - 0 . 2 2 0.86 0.6186 
Clorgyline Saline - 0 . 2 9 0.74 0.4362 
DHT Saline - 0 . 0 8 0.74 0.8378 
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Figure 41(A-F): Interaction of serotonin condition by age at sacrifice on levels of 
tryptophan, as determined by HPLC. Error bars indicate SEM. 
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A 

MAO-A KO C3H Clorgyline DHT Saline 

5-HT Condition 

MAO-A KO C C3H 

PA PB tpA:PB tcritical P PA PB tp A:P B tcritical P 
P3 P7 -0.70 1.68 0.3962 P3 P7 -0.94 0.86 0.0341* 
P3 P14 -0.84 1.68 0.3074 P3 P14 0.29 0.86 0.5040 
P3 P28 -0.19 1.68 0.8139 P3 P28 1.33 0.86 0.0035* 
P7 PI 4 -0.15 1.68 0.8586 P7 P14 1.22 0.70 0.0011* 
P7 P28 0.51 1.68 0.5368 P7 P28 2.27 0.70 <0.0001* 
P14 P28 0.65 1.68 0.4280 P14 P28 1.04 0.70 0.0048* 

Clore vline E DHT 
PA PB tp A:P B tcritical P PA PB tp A:P B tcritical P 
P3 P7 0.83 1.63 0.3021 P3 P7 -7.02 2.19 <0.0001* 
P3 PI 4 0.88 1.63 0.2755 P3 P14 0.58 2.19 0.5878 
P3 P28 4.94 1.63 <0.0001* P3 P28 1.97 2.19 0.075 
P7 PI 4 0.05 1.63 0.9512 P7 P14 7.59 2.19 <0.0001* 
P7 P28 4.12 1.63 <0.0001* P7 P28 8.99 2.19 <0.0001* 
PI 4 P28 4.07 1.63 <0.0001* P14 P28 1.39 2.19 0.1994 

Saline 
PA PB tp A:P B tcritical P 
P3 P7 -3.62 1.98 0.0006* 
P3 PI 4 1.17 1.98 0.2402 
P3 P28 3.50 1.98 0.0009* 
P7 P14 4.78 1.98 <0.0001* 
P7 P28 7.11 1.98 <0.0001* 
PI 4 P28 2.33 1.98 0.0219* 
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Figure 42(A-F): Interaction of serotonin condition by sample region on levels of 
tryptophan, as determined by HPLC. Error bars indicate SEM. 



MAO-A KO 

Sample Area A Sample Area B t A:B tcritical P 

RCTX ANT RCTX POST 0.35 1.41 0.6118 
RCTXANT MID/THAL -0.49 1.41 0.4776 
RCTX POST MID/THAL -0.84 1.41 0.2293 

c C3H 
Sample Area A Sample Area B t A B tcritical P 
RCTX ANT RCTX POST 0.31 0.93 0.5083 
RCTX ANT MID/THAL 0.20 0.93 0.6625 
RCTX POST MID/THAL -0.11 0.93 0.8211 

Clorgyline 
Sample Area A Sample Area B t A:B tcritical P 
RCTXANT RCTX POST 1.91 2.33 0.1026 
RCTX ANT MID/THAL 1.98 2.33 0.0914 
RCTX POST MID/THAL 0.07 2.33 0.9507 

F 

DHT 
Sample Area A Sample Area B t A:B tcritical P 

RCTX ANT RCTX POST 0.96 4.10 0.6298 
RCTX ANT MID/THAL 2.73 4.10 0.1800 
RCTX POST MID/THAL 1.77 4.10 0.3795 

Saline 
Sample Area A Sample Area B t A:B tcritical P 

RCTX ANT RCTX POST 1.04 2.43 0.3953 
RCTXANT MID/THAL 2.37 2.43 0.0555 
RCTX POST MID/THAL 1.38 2.43 0.2739 
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Figure 43(A-B): Main effect of serotonin condition on levels of noradrenaline, as 
determined by HPLC 

(A) Main effect of serotonin condition on levels of noradrenaline, as determined by 
HPLC. Error bars indicate SEM. 

(B) Levels of noradrenaline were most dramatically increased in M A O - A K O animals, 
relative to any other manipulation. Noradrenaline levels were not modulated to any 
significant extent amongst clorgyline- and 5,7-DHT-treated animals, relative to saline-
treated controls. 
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500 

400 ^ 

300 -

200 -

100 

MAO-A KO C3H Clorgyline DHT Saline 

5-HT Condition 

5-HT Group A 5-HT Group B *5-HT Group A:5-HT Group B ^Critical P 

MAO-A KO C3H 170.91 33.01 <0.0001* 
MAO-A KO Clorgyline 129.02 37.24 <0.0001* 
MAO-A KO DHT 156.68 37.24 <0.0001* 
Clorgyline DHT 27.66 37.24 0.1438 
Clorgyline Saline 7.93 32.25 0.6268 
DHT Saline - 1 9 . 7 3 32.25 0 .2278 
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injected controls. The temporal and spatial dynamics of N A after various treatments are 

presented in figures 44(A-F) and 45(A-F), respectively. 

2.3.5.5 Dopamine (DA) 

Results from the factorial A N O V A indicated neither significant main effect of 

group (F(4,101)=0.70, p=0.5937) nor significant two-way interactions of group by both 

age at sacrifice (F(12,101)=1.21, p=0.2878) and sample region (F(8,101)=1.93, 

p=0.0638), on levels of dopamine. D A levels appeared homogeneous amongst all groups 

(Figure 46(A,B)). 

2.3.5.6 Homovanillic acid(HVA) 

Results from the factorial A N O V A indicated neither significant main effect of 

group (F(4,125)=1.74, p=0.1446) nor significant two-way interaction of group by age at 

sacrifice (F(12,125)=1.50, p=0.1329), on levels of the dopaminergic metabolite, 

homovanillic acid. H V A was significantly decreased in M A O - A K O animals, relative to 

control animals (C3H) of the same genetic background (Figure 47(A,B)). 

Pharmacological treatment with either clorgyline or 5,7-DHT resulted in no significant 

change in levels of H V A (Figure 47(A,B)), relative to saline-injected controls. 

2.3.5.7 3,4-Dihydroxyphenylacetic acid (DOPAC) 

Results from the factorial A N O V A indicated a significant main effect of group 

(F(4,128)=8.22, p<0.0001), but no significant two-way interaction of group by sample 

region (F(8,128)=1.55, p=0.1477), on levels of the dopaminergic metabolite, DOPAC. 

Levels of D O P A C were significantly decreased in M A O - A K O animals, relative to 

control animals (C3H) of the same genetic background (Figure 48(A,B)). 

Pharmacological treatment with either clorgyline or 5,7-DHT resulted in no significant 

change in levels of DOPAC (Figure 48(A,B)), relative to saline-injected controls. 
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Figure 44(A-F): Interaction of serotonin condition by age at sacrifice on levels of 
noradrenaline, as determined by HPLC. Error bars indicate SEM. 
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A 

MAO-A KO C3H Clorgyline DHT Saline 

5-HT Condition 

MAO-A K0 C C3H 

PA PB tp A:P B tcritical P PA PB tp A:PB tcritical P 
P3 P7 27.18 294.37 0.8492 P3 P7 0.21 162.35 0.9979 
P3 P14 -104.39 294.37 0.4681 P3 PI 4 -71.43 162.35 0.3787 
P3 P28 -648.17 294.37 0.0002* P3 P28 -230.30 162.35 0.0066* 
P7 P14 -131.57 294.37 0.3623 P7 PI 4 -71.64 162.35 0.2808 
P7 P28 -675.35 294.37 0.0001* P7 P28 -230.51 162.35 0.0011* 
PI 4 P28 -543.78 294.37 0.0010* PI 4 P28 -158.87 162.35 0.0201* 

Clore vline E DHT 
PA PB tP A:P B tcritical P 

E 
PA PB tP A:P B tcritical P 

P3 P7 -49.76 210.54 0.6274 

E 

P3 P7 -45.14 205.51 0.6517 
P3 P14 -238.86 210.54 0.0282* 

E 

P3 PI 4 -95.51 205.51 0.3439 
P3 P28 -313.46 210.54 0.0056* 

E 

P3 P28 -247.19 205.51 0.0208* 
P7 PI 4 -189.10 210.54 0.0757 

E 

P7 P14 -50.37 205.51 0.6148 
P7 P28 -236.70 210.54 0.0167* 

E 

P7 P28 -202.05 205.51 0.0536 
P14 P28 -74.61 210.54 0.4684 

E 

P14 P28 -151.68 205.51 0.1393 

Saline 
PA P B tPA:PB tcritical P 
P3 P7 -42.17 146.05 0.5636 
P3 P14 -145.49 146.05 0.0508 
P3 P28 -230.14 146.05 0.0027* 
P7 PI 4 -103.33 146.05 0.1610 
P7 P28 -187.97 146.05 0.0128* 
P14 P28 -84.65 146.05 0.2491 
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Figure 45(A-F): Interaction of serotonin condition by sample region on levels of 
noradrenaline, as determined by HPLC. Error bars indicate SEM. 



MAO-A KO 

Sample Area A Sample Area B t A:8 tcritical P 
RCTX ANT RCTX POST 107.51 344.10 0.5229 
RCTX ANT MID/THAL -295.42 344.10 0.0886 
RCTX POST MID/THAL -402.93 344.10 0.0239* 

C3H 
Sample Area A Sample Area B t A:B tcritical P 
RCTX ANT RCTX POST 6.51 99.25 0.8952 
RCTX ANT MID/THAL -271.75 99.25 <0.0001* 
RCTX POST MID/THAL -278.26 99.25 <0.0001* 

Clorgyline 
Sample Area A Sample Area B t A:B tcritical P 
RCTX ANT RCTX POST 146.95 172.55 0.0911 
RCTX ANT MID/THAL -182.52 172.55 0.0392* 
RCTX POST MID/THAL -329.47 172.55 0.0007* 

E 

F 

DHT 
Sample Area A Sample Area B t A:B tcritical P 
RCTX ANT RCTX POST 63.31 131.85 0.3294 
RCTXANT MID/THAL -254.48 131.85 0.0006* 
RCTX POST MID/THAL -317.79 131.85 <0.0001* 

Saline 
Sample Area A Sample Area B t A:B tcritical P 
RCTX ANT RCTX POST 76.82 102.99 0.1400 
RCTX ANT MID/THAL -232.92 102.99 <0.0001* 
RCTX POST MID/THAL -309.74 102.99 <0.0001* 
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Figure 46(A-B): Lack of main effect of serotonin condition on levels of dopamine, as 
determined by H P L C 

(A) Lack of main effect of serotonin condition on levels of dopamine, as determined by 
HPLC. Error bars indicate SEM. 

(B) Dopamine levels were homogenous amongst all groups. 



5-HT Group A 5-HT Group B ^5-HT Group A:5-HT Group B ^Critical P 

MAO-A KO C3H 47 .55 188.08 0.6171 
MAO-A KO Clorgyline 145.58 211.57 0.1753 
MAO-A KO DHT 184.28 211.57 0.0871 
Clorgyline DHT 38.71 209.30 0.7145 
Clorgyline Saline 5.62 181.26 0 .9510 
DHT Saline - 3 3 . 0 8 181.26 0.7181 
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Figure 47(A-B): Lack of main effect of serotonin condition on levels of homovanillic 
acid (HVA), as determined by HPLC 

(A) Lack of main effect of serotonin condition on levels of homovanillic acid (HVA), as 
determined by HPLC. Error bars indicate SEM. 

(B) Levels of H V A were most dramatically decreased in M A O - A K O animals, relative to 
control animals (C3H) of the same genetic background. H V A levels were not modulated 
to any significant extent amongst clorgyline- and 5,7-DHT-treated animals, relative to 
saline-treated controls. 
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300 -

250 -

MAO-A KO C3H Clorgyline DHT Saline 

5-HT Condition 

5-HT Group A 5-HT Group B ^5-HT Group A: 5-HT Group B ^Critical P 

MAO-A KO C3H -164.71 129.92 0.0137* 
MAO-A KO Clorgyline - 1 1 1 . 7 8 144.94 0.1295 
MAO-A KO DHT - 1 8 2 . 7 4 140.33 0 .0111* 
Clorgyline DHT - 7 0 . 9 6 120.18 0.2448 
Clorgyline Saline 3.84 105.97 0.9429 
DHT Saline 74.80 99.58 0.1396 
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Figure 48(A-B): Main effect of serotonin condition on levels of 3,4-dihydroxypheylacetic 
acid (DOPAC), as determined by HPLC 

(A) Main effect of serotonin condition on levels of 3,4-dihydroxypheylacetic acid 
(DOPAC), as determined by HPLC. Error bars indicate S E M . 

(B) Levels of D O P A C were dramatically decreased in M A O - A K O animals, relative to 
control animals (C3H) of the same genetic background. D O P A C levels were not 
modulated to any significant extent amongst clorgyline- and 5,7-DHT-treated animals, 
relative to saline-treated controls. 
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225 

MAO-A KO C3H Clorgyline DHT Saline 

5-HT Condition 

5-HT Group A 5-HT Group B ts-HT Group A:5-HT Group B tcritical P 

MAO-A KO C3H -169.31 82 .74 <0.0001* 
MAO-A KO Clorgyline - 5 6 . 7 5 86.91 0.1987 
MAO-A KO DHT - 9 8 . 5 3 86 .54 0.0260* 
Clorgyline DHT - 4 1 . 7 8 55.32 0.1375 
Clorgyline Saline - 3 5 . 3 9 48.08 0.1477 
DHT Saline 6.39 47 .40 0 .7900 
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Chapter 3: Experiment 2: Serotonergic Modulation of Behavioural Recovery 
following Neonatal Injury 

3.1 Introduction 

If serotonin is capable of regulating processes related to neural development and 

neurogenesis, likely through an effect on NSCs, it follows that modulating levels of 

serotonin should have some effect - positive or otherwise - on behavioural recovery 

following neonatal cortical injury. Specifically, increasing serotonin by way of 

pharmacological manipulation (clorgyline-treatment) should facilitate behavioural 

recovery following early injury to M F C , as assessed in the Morris water maze. 

Conversely, depleting serotonin levels by way of pharmacological manipulation (5,7-

DHT-treatment) should impede behavioural recovery following early injury to M F C , as 

assessed in the Morris water maze. These two hypotheses - involving both increased and 

decreased levels of serotonin - are tested in Experiment 2. 

As mentioned in Chapter 2 (Experiment 1, section 2.2.5), some of the animals 

used in our anatomical studies were also used in behavioural experiments. However, for 

the sake of brevity, the anatomical methods listed in the previous chapter are not 

reiterated below. 

3.2 Methods 

For an overview of the two pharmacological models used in Experiment 2, the 

reader is referred to Figure 1(B,C) 

3.2.1 Animals 

The effect of modulating levels of serotonin on behavioural recovery following 

neonatal cortical injury was assessed by way of two pharmacological models: one 

involving increased levels of serotonin, the other involving decreased levels of serotonin. 

Together, the pharmacological models consisted of 86 WT CD1 animals derived from 

either the University of Calgary breeding colony or Charles River breeding stock 

(Charles River, Quebec). 
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A l l animals were group housed with parents and littermates in clear, plastic cages 

in a colony room maintained on a 12-hour light/dark schedule. The temperature in the 

colony room was approximately 23°C. A l l animals had access to a standard laboratory 

diet and water ad libitum. On PD 21, animals were removed from the parents' home cage 

and were housed with same-sex littermates until time of sacrifice. A l l experiments were 

conducted according to the guidelines of the Canadian Council on Animal Care. 

3.2.2 Pharmacological treatments 

Pharmacological treatments with clorgyline or 5,7-DHT were conducted in the 

same manner as in Experiment 1. Details pertaining to pharmacological manipulations 

are presented in Chapter two, sections 2.2.2.1 (clorgyline-treatment) and 2.2.2.2 (5,7-

DHT-treatment). 

3.2.3 Bilateral medial frontal cortex aspiration lesion 

Bilateral medial frontal cortex aspiration lesions were produced in experimental 

animals in the same manner as in Experiment 1. Details pertaining to these procedures 

are presented in Chapter two, section 2.2.3. 

3.2.4 Morris water maze 

The methods used in the Morris water maze test, with only slight modification, 

followed those of Morris (1981) and Sutherland et al. (1983). The minimum age of 

animals at the commencement of behavioural training was PD 38, thus allowing at least 4 

weeks of recovery time following M F C lesion. Water maze testing typically began on 

Monday mornings. Each animal swam 8 times per day (4 morning swims, 4 afternoon 

swims), Monday through Friday, with each set of 4 swims constituting a 'trial block' (0 

through 9). On Friday afternoon, animals swam 1 additional 'probe' trial. Therefore, 

each animal swam a total of 41 times over the course of behavioural testing. 
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3.2.4.1 Apparatus 

The maze consisted of a featureless, black circular pool (diameter 1.20 m, height 

36 cm), filled to a height of 17.5 cm with water of approximately 22°C. Within the 

testing room, various objects were hung from the roof in order to provide salient extra-

maze cues and to facilitate spatial navigation learning in the water maze. For habituation 

and acquisition trials, a black platform (11.5 x 12 cm) was present inside the pool. 

Centered above the pool was a video camera (HVS Image) connected to a video tracker 

(HVS Image) and PC computer running Water 2020 software (HVS Image). For each 

trial, the camera, tracker, computer and software were used to record both the time taken 

for an animal to find the hidden platform (latency) and the total swim path. 

3.2.4.2 Habituation trials 

Habituation trials, constituting trial block 0 (swims 1-4), were designed to 

familiarize animals with the water maze apparatus and the objective of the water maze 

test. In order to increase the salience of the platform during habituation trials, the 

platform surface was located 1 cm above the surface of the water, and the edge of the 

platform was marked with white tape. The location of the platform was consistent 

throughout habituation (and acquisition) trials. A trial consisted of placing an animal into 

the water, facing the wall of the pool, at one of four starting locations (north, east, south 

or west) around the pool's perimeter. Within each block of four trials, each animal 

started at the four starting locations, and the sequence of locations was randomly 

selected. If on a particular trial an animal found the platform, it was permitted to remain 

on the platform for 10 seconds. A trial was terminated if an animal failed to find the 

platform after 60 seconds, at which point it was placed on the platform for 10 seconds 

before being returned to its home cage. 

3.2.4.3 Acquisition trials 

Acquisition trials constituted trial blocks 1 through 9 (swims 5-40). Unlike 

habituation trials, the platform surface was located 1 cm below the surface of the water, 
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making the platform invisible to a viewer located inside the pool. Throughout acquisition 

trials, the location of the hidden platform remained fixed. Both escape latency and swim 

path were recorded during acquisition trials. 

3.2.4.4 Probe trial 

Upon completion of acquisition training, one additional trial - the probe trial -

constituted swim 41. During the probe trial, the platform was removed and the animal's 

swim path was recorded throughout the entire 60-second trial. Animals were sacrificed 

shortly after completion of the probe trial. 

3.2.5 Statistical analyses - Behaviour 

Measures of latency from the acquisition trials were analyzed with a repeated 

measures A N O V A using StatView 5.0 (SAS Institute). The independent variables 

examined included serotonin condition (i.e. drug: clorgyline, 5,7-DHT, saline), lesion 

condition (lesion, sham), and trial block (1 through 9). For the probe trial, the percent 

time spent in each quadrant of the water maze was determined and analyzed with an 

independent groups A N O V A using StatView 5.0 (SAS Institute). The independent 

variables examined included serotonin/lesion condition (i.e. drug/lesion condition: 

clorgyline/bMFC, clorgyline/sham; 5,7-DHT/bMFC, 5,7-DHT/sham) and quadrant (1 

through 4). A l l significant effects were followed up using multiple Fisher's PLSD t-tests. 

For all statistical procedures, a significance level of 5% was assumed. 

3.2.6 A methodological note 

Although all behavioural data was collected upon completion of the probe trial in 

the Morris water maze, many of the animals used in behavioural studies were also used in 

anatomical studies (Chapter 2). Thus, it should be noted that many of the methods listed 

in the previous chapter (pertaining to BrdU injections, perfusion, histology, BrdU and 

BrdU/NeuN immunohistochemistry, BrdU quantification, and anatomical statistical 

analyses) were reiterated for animals in the present set of behavioural studies. 
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3.3 Results 

3.3.1 Behavioural recovery in mice with increased levels of serotonin 

In order to assess the effect of increased levels of serotonin on behavioural 

recovery following neonatal injury, measures of latency, or time taken to find the 

submerged platform, were taken from 36 acquisition trials (4 trials/block) of the Morris 

water maze task. The data were analyzed by way of repeated measures A N O V A with 

drug condition (clorgyline, saline), lesion condition (lesion, sham), and trial block (1-9) 

as factors. 

3.3.1.1 Acquisition curves 

Results from the repeated measures A N O V A indicated a significant main effect 

of trial block (F(8,376)=29.94, p<0.0001) and significant interactions of trial block by 

both drug condition (F(8,376)=2.82, p=0.0048) and lesion condition (F(8,376)=2.86, 

p=0.0042), on latency in the Morris water maze task. Post-hoc Fisher's PLSD multiple t-

tests and inspection of the acquisition curves for each group (Figure 49) suggested that 

although some significant differences in latencies were detected amongst animals in the 

various conditions (i.e. clorgyline/lesion, clorgyline/sham, saline/lesion, saline/sham), all 

such differences in latency were eliminated after the third trial block of training. Thus, 

relative to sham operates, animals that received a lesion, regardless of drug condition, 

exhibited no significant deficit in learning the appropriate swim and escape behaviour in 

the Morris water maze task - they simply acquired the behaviour at a slightly slower rate. 

3.3.1.2 Effect of lesion and drug condition on acquisition latency 

Results from the repeated measures A N O V A indicated a significant main effect 

of lesion condition (F( 1,376)=6.31, p=0.0155, Figure 50), but no significant main effect 

of drug condition (F(l,376)=0.81, p=0.3722), and no significant interaction of drug 

condition by lesion condition (F( 1,376)=0.15, p=0.7024), on latency to find the hidden 

platform. Post-hoc Fisher's PLSD multiple t-test revealed that, collapsed across trial 

block and drug condition, animals that received a lesion took significantly longer to find 
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Figure 49: Acquisition curves in the Morris water maze for animals in the 
clorgyline/lesion, clorgyline/sham, saline/lesion and saline/sham conditions 

Although some significant differences in latency were detected amongst animals in the 
various conditions, all such differences were eliminated by the fourth trial block of 
training. Error bars indicate SEM. 
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Figure 50: Main effect of lesion condition on latency to find the hidden platform in the 
Morris water maze 

Collapsed across trial block and drug condition, animals that received a lesion took 
significantly longer to find the hidden platform than did animals in the sham operate 
condition. * denotes p<0.0001. Error bars indicate S E M . 
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the hidden platform in the Morris water maze task than did animals in the sham operate 

condition (t=6.07, p<0.0001, Figure 50). 

Average cumulative acquisition latencies, which reflected swim times over the 

entire 9 trial blocks of acquisition training, were analyzed via Fisher's PLSD multiple t-

tests with both drug and lesion condition taken into consideration. Results from this 

analysis supported the notion that whether an animal received clorgyline or saline had no 

bearing on acquisition in the Morris water maze. Cumulative measures of acquisition 

latency of animals that received clorgyline, both with and without a lesion, were 

statistically indistinguishable from their respective saline-treated controls (Figure 

51(A,B)). Interestingly, animals that received clorgyline and a lesion exhibited 

significantly greater average acquisition latencies than did clorgyline-treated animals in 

the sham condition (t=6.52, p=0.0270, Figure 51(A,B)) while saline-treated animals that 

received a lesion were statistically equivalent to saline-treated animals in the sham 

condition (t=4.79, p=0.1751, Figure 51(A,B)). Taken together, these results suggested 

that clorgyline, in combination with a lesion, may have imparted an impairment upon an 

animal's ability to learn the water maze task. However, this assertion was not supported 

by the omnibus A N O V A , which failed to detect a significant interaction of drug 

condition by lesion condition. 

3.3.1.3 Probe trial 

Perhaps the most conclusive indication that all animals - regardless of both drug 

and lesion condition - learned the appropriate behaviour in the Morris water maze task 

came from analysis of the probe trial data. Upon completion of acquisition training, 

animals were placed into the water maze in the absence of the submerged platform, 

making escape from the pool impossible. The animals' swim paths during the 60-second 

probe trial were recorded and analyzed, and animals that had learned to solve the water 

maze task were expected to spend significantly more time in the quadrant that had 

previously housed the submerged platform, relative to the other three quadrants within 

the pool. 
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Figure 51(A-B): Average cumulative acquisition latencies for animals in the 
clorgyline/lesion, clorgyline/sham, saline/lesion and saline/sham conditions 

(A) Average cumulative acquisition latencies for animals in the clorgyline/lesion, 
clorgyline/sham, saline/lesion and saline/sham conditions. Error bars indicate SEM. 

(B) Post-hoc Fisher's PLSD multiple t-tests revealed that cumulative measures of 
acquisition latency of animals that received clorgyline, both with and without a lesion, 
were statistically indistinguishable from their respective saline-treated controls. 



Drug/Lesion Condition 

A:Drug/Lesion Condition B:Drug/Lesion Condition tA:B ^Critical P 

Clorgyline/bMFC Clorgyline/Sham 6.52 5.74 0 .0270* 
Saline/bMFC Saline/Sham 4.79 7.00 0.1751 
Clorgyline/bMFC Saline/bMFC 2.89 5.56 0 .3008 
Clorgyline/Sham Saline/Sham 1.16 7.14 0 .7449 
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As is apparent in Figure 52(A-E), animals in each combination of lesion and drug 

condition learned the location of the hidden platform by the time of probe trial testing. 

Post-hoc Fisher's PLSD multiple t-tests revealed that for each group, animals spent 

significantly more time in the quadrant that had previously housed the hidden platform 

(quadrant 4) than they did in any of the other three quadrants (Figure 52(A-E)). Thus, by 

the end of acquisition training, all animals, regardless of whether or not they received a 

lesion, and regardless of whether or not they received clorgyline, demonstrated learning 

of the Morris water maze task. 

3.3.2 Behavioural recovery in mice with decreased levels of serotonin 

In order to assess the effect of decreased levels of serotonin on functional 

recovery following neonatal injury, measures of latency from acquisition trials of the 

Morris water maze task were analyzed by way of repeated measures A N O V A with drug 

condition (5,7-DHT, saline), lesion condition (lesion, sham), and trial block (1-9) as 

factors. 

3.3.2.1 Acquisition curves 

Results from the repeated measures A N O V A indicated a significant main effect 

of trial block (F(8,248)=19.53, p<0.0001), but no significant interactions of trial block by 

either drug condition (F(8,248)=1.94, p=0.0547) or lesion condition (F(8,248)=1.03, 

p=0.4149), on latency in the Morris water maze task. Inspection of the acquisition curves 

for each group (i.e. 5,7-DHT/lesion, 5,7-DHT/sham, saline/lesion, saline/sham, Figure 

53) suggested some learning of the water maze task by animals in each condition. Plots 

of latency as a function of trial block for all four groups displayed the general shape of 

typical water maze acquisition curves - all animals displayed faster latencies at the end of 

acquisition training (block 9) than they did at the outset of training (block 1). However, 

the choppy appearance of the curves, combined with post-hoc Fisher's PLSD multiple t-

tests that revealed significant differences in latencies amongst animals in the various 
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Figure 52(A-E): Probe trial data for animals in the clorgyline/lesion, clorgyline/sham, 
saline/lesion and saline/sham conditions 

(A) Probe trial data for animals in the clorgyline/lesion, clorgyline/sham, saline/lesion 
and saline/sham conditions. Error bars indicate SEM. 

(B-E) Post-hoc Fisher's PLSD multiple t-tests revealed that for each group, animals spent 
significantly more time in the quadrant that had previously housed the hidden platform 
(quadrant 4) than they did in any of the other three quadrants. 



Clorgyline/bMFC C Clorgyline/Sham 

Quad A Quad B tQuad A:QuadB tcritical P Quad A Quad B tQuad A:Quad B tcritical P 

Quad 1 Ouad 2 8.32 6.67 0.0151* Quad 1 Quad 2 1.82 8.63 0.6715 

Quad 1 Quad 3 -0.80 6.67 0.8132 Quad 1 Ouad 3 -5.55 8.63 0.2006 

Quad 1 Ouad 4 -18.97 6.67 <0.0001 * Ouad 1 Ouad 4 -20.59 8.63 <0.0001 * 

Quad 2 Ouad 3 -9.12 6.67 0.0080* Quad 2 Quad 3 -7.37 8.63 0.0920 

Quad 2 Ouad 4 -27.29 6.67 <0.0001* Quad 2 Quad 4 -22.41 8.63 <0.0001* 

Quad 3 Quad 4 -18.17 6.67 <0.0001 * Ouad 3 Ouad 4 -15.04 8.63 0.0011* 

Saline/bMFC E Saline/Sham 

Quad A Quad B tQuad AiQuad B tcritical P Quad A Quad B tQuad A:Quad B tcritical P 

Quad 1 Ouad 2 9.21 7.20 0.0135* Quad 1 Quad 2 12.49 7.69 0.0025* 

Quad 1 Ouad 3 -1.26 7.20 0.7266 Quad 1 Quad 3 6.73 7.69 0.0842 

Quad 1 Quad 4 -13.82 7.20 0.0004* Quad 1 Quad 4 -15.11 7.69 0.0004* 

Ouad 2 Quad 3 -10.46 7.20 0.0055* Quad 2 Ouad 3 -5.76 7.69 0.1362 

Quad 2 Quad 4 -23.03 7.20 <0.0001* Quad 2 Quad 4 -27.60 7.69 <0.0001 * 

Ouad 3 Quad 4 -12.56 7.20 0.0011* Quad 3 Quad 4 -21.84 7.69 <0.0001* 
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Figure 53: Acquisition curves in the Morris water maze for animals in the 5,7-
DHT/lesion, 5,7-DHT/sham, saline/lesion and saline/sham conditions 

Inspection of the acquisition curves for each group suggested some learning of the water 
maze task by animals in each condition. Plots of latency as a function of trial block for 
all four groups displayed the general shape of typical water maze acquisition curves - all 
animals displayed faster latencies at the end of acquisition training than at the outset of 
training. However, the choppy appearance of the curves, combined with post-hoc 
Fisher's PLSD multiple t-tests that revealed significant differences in latencies amongst 
animals in the various conditions that persisted until trial block 7, suggested that the 
animals' learning of the water maze task was questionable at best. Error bars indicate 
S E M . 
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conditions that persisted until trial block 7, suggested that the animals' learning of the 

water maze task was questionable at best. 

3.3.2.2 Effect of lesion and drug condition on acquisition latency 

Results from the repeated measures A N O V A indicated a significant main effect 

of lesion condition (F(l,248)=15.12, p=0.0005), but no significant main effect of drug 

condition (F(l,248)=3.69, p=0.0639), and no significant interaction of drug condition by 

lesion condition (F( 1,248)=0.02, p=0.8851), on latency to find the hidden platform. Post-

hoc Fisher's PLSD multiple t-test revealed that, collapsed across trial block and drug 

condition, animals that received a lesion took significantly longer to find the hidden 

platform in the Morris water maze task than did animals in the sham operate condition 

(t=6.72, p<0.0001, Figure 54). 

Average cumulative acquisition latencies were analyzed via Fisher's PLSD 

multiple t-tests with both drug and lesion condition taken into consideration. Results 

from this analysis supported the notion that whether an animal received 5,7-DHT or 

saline had no bearing on acquisition in the Morris water maze. Cumulative measures of 

acquisition latency of animals who received 5,7-DHT, both with and without a lesion, 

were statistically indistinguishable from their respective saline-treated controls (Figure 

55(A,B)). Animals that received 5,7-DHT and saline, in combination with a lesion, 

exhibited significantly higher latencies than did sham operates that received 5,7-DHT 

(t=6.95, p=0.0081) and saline (t=7.49, p=0.0114), respectively. This finding underscored 

lesion condition as the central factor in determining latency for these animals in the water 

maze task, while the effect of drug condition upon latency was negligible. 

3.3.2.3 Probe trial 

Data from the probe trial (Figure 56(A-E)) supported the notion that animals in all 

groups of the present experiment did not fully learn to solve the Morris water maze task. 

According to post-hoc Fisher's PLSD multiple t-tests, no group of animals displayed a 

preference for the quadrant that had housed the hidden platform during acquisition trials, 
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Figure 54: Main effect of lesion condition on latency to find the hidden platform in the 
Morris water maze 

Collapsed across trial block and drug condition, animals that received a lesion took 
significantly longer to find the hidden platform than did animals in the sham operate 
condition. * denotes p<0.0001. Error bars indicate SEM. 
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Figure 55(A-B): Average cumulative acquisition latencies for animals in the 5,7-
DHT/lesion, 5,7-DHT/sham, saline/lesion and saline/sham conditions 

(A) Average cumulative acquisition latencies for animals in the 5,7-DHT/lesion, 5,7-
DHT/sham, saline/lesion and saline/sham conditions. Error bars indicate SEM. 

(B) Post-hoc Fisher's PLSD multiple t-tests revealed that cumulative measures of 
acquisition latency of animals that received 5,7-DHT, both with and without a lesion, 
were statistically indistinguishable from their respective saline-treated controls. 



Drug/Lesion Condition 

A:Drug/Lesion Condition B:Drug/Lesion Condition ^Critical P 

DHT/bMFC DHT/Sham 6.95 5.01 0 .0081* 
Saline/bMFC Saline/Sham 7.49 5.68 0 .0114* 
DHT/bMFC Saline/bMFC - 3 . 8 4 5.22 0.1439 
DHT/Sham Saline/Sham - 3 . 3 0 5.49 0.2297 
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Figure 56(A-E): Probe trial data for animals in the 5,7-DHT/lesion, 5,7-DHT/sham, 
saline/lesion and saline/sham conditions 

(A) Probe trial data for animals in the 5,7-DHT/lesion, 5,7-DHT/sham, saline/lesion and 
saline/sham conditions. Error bars indicate SEM. 

(B-E) Post-hoc Fisher's PLSD multiple t-tests revealed that no group of animals 
displayed a preference for the quadrant that had housed the hidden platform during 
acquisition trials, relative to each of the other three quadrants. Animals that received a 
lesion, in combination with either 5,7-DHT or saline, displayed no preference for 
quadrant 4, relative to each of the other three quadrants. Thus the apparent effect of a 
lesion, but not drug condition, was to prevent learning of the appropriate swim and 
escape behaviours in the Morris water maze. 
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• Quad! 

• Quad2 

I Quad3 

I Quad4 

Drug/Lesion Condition 

DHT/bMFC c DHT/Sham 

Quad A Quad B ^Quad A:Quad B ^Critical P 

c 

Quad A Quad B *Quad A:Quad B ^Critical P 

Quad 1 Quad 2 3.18 8.77 0.4696 

c 

Ouad 1 Ouad 2 12.85 11.99 0.0366* 

Quad 1 Quad 3 2.36 8.77 0.5907 

c 

Quad 1 Quad 3 7.11 11.99 0.2344 

Quad 1 Quad 4 -5.79 8.77 0.1901 

c 

Ouad 1 Quad 4 -10.55 11.99 0.0822 

Quad 2 Quad 3 -0.82 8.77 0.8520 

c 

Quad 2 Ouad 3 -5.74 11.99 0.3353 

Quad 2 Ouad 4 -8.97 8.77 0.0453* 

c 

Quad 2 Quad 4 -23.40 11.99 0.0004* 

Quad 3 Ouad 4 -8.15 8.77 0.0678 

c 

Quad 3 Quad 4 -17.66 11.99 0.0054* 

Saline/bMFC E Saline/Sham 

Quad A Quad B *Quad A:Quad 8 ^Critical P 

E 

Quad A Quad B t-Quad A:Quad B ^Critical P 

Quad 1 Quad 2 2.91 13.02 0.6483 

E 

Quad 1 Quad 2 9.09 10.25 0.0799 

Ouad 1 Quad 3 3.69 13.02 0.5646 

E 

Ouad 1 Ouad 3 9.31 10.25 0.0731 

Quad 1 Quad 4 -5.87 13.02 0.3613 

E 

Quad 1 Quad 4 -6.99 10.25 0.1734 

Quad 2 Ouad 3 0.77 13.02 0.9037 

E 

Ouad 2 Quad 3 0.23 10.25 0.9644 

Ouad 2 Quad 4 -8.79 13.02 0.1765 

E 

Quad 2 Quad 4 -16.08 10.25 0.0033* 

Ouad 3 Ouad 4 -9.56 13.02 0.1429 

E 

Ouad 3 Ouad 4 -16.30 10.25 0.0029* 
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relative to each of the other three quadrants. Sham operates who received either 5,7-DHT 

or saline did exhibit a preference for the correct quadrant (quadrant 4), relative to two of 

the three alternative quadrants (Figure 56(A,C,E)). However, for each of the sham 

groups, the amount of time spent in quadrant 1 during the probe trial was statistically 

indistinguishable from the amount of time spent in quadrant 4. Animals that received a 

lesion, in combination with either 5,7-DHT or saline, displayed no preference for 

quadrant 4, relative to each of the other three quadrants (Figure 56(A,B,D)). Thus, the 

apparent effect of a lesion, but not drug condition, was to prevent learning of the 

appropriate swim and escape behaviours in the Morris water maze. 
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Chapter 4: Discussion 

4. 1 Summary of main results 

The effects of serotonergic modulation on cortical regeneration and behavioural 

recovery following neonatal injury are described in chapters 2 and 3, respectively. In 

chapter 2, we used both genetic (MAO-A KO) and pharmacological (clorgyline, 5,7-

DHT) manipulations with the aim of increasing (MAO-A K O , clorgyline) and decreasing 

(5,7-DHT) 5-HT levels, and examined the resultant effects on cortical regeneration of 

M F C following aspiration lesion at PD 7. In chapter 3, we used pharmacological 

(clorgyline, 5,7-DHT) manipulations with the aim of increasing (clorgyline) and 

decreasing (5,7-DHT) 5-HT levels, and examined the resultant effects on spatial 

navigation learning in the Morris water maze in both lesioned and sham operated 

animals. What follows is a summary of our main results. 

4.1.1 Cell proliferation is increased following a lesion in MFC at PD 7, relative to sham 
operates 

The most obvious finding in our studies is that, relative to sham operated controls, 

mice that receive a bilateral M F C aspiration lesion at PD 7 exhibit significantly more cell 

proliferation, as assessed by quantification of BrdU-positive staining. This effect was 

observed in animals across all treatment groups: saline, M A O - A K O , clorgyline and 5,7-

DHT. Depictions of these effects are presented in figures 8 (saline group), 14(B) and 15 

( M A O - A K O and C3H groups), 21(B) (clorgyline group), 27(A) (5,7-DHT group) and 

33(A) (saline, clorgyline, and 5,7-DHT groups). Note that figure 33(A) recapitulates the 

data presented in figures 8, 21(B) and 27(A), but uses data pooled from sham operates in 

each of the saline, clorgyline and 5,7-DHT conditions. 

4.1.2 The effect of increased cell proliferation following a lesion in MFC at PD 7 is 
attenuated by 5,7-DHT treatment, but not by clorgyline-treatment or MAO-A KO 

Given the effect of increased cell proliferation in mice that receive a bilateral 

M F C aspiration lesion at PD 7, an obvious follow-up question is: what effect do our 
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genetic and pharmacological manipulations have on lesion-induced increases in cell 

proliferation? In addressing this question, we determined that treatment with 5,7-DHT 

causes a significant attenuation (or lessening) of lesion-induced cell proliferation. In 

contrast, neither M A O - A K O nor clorgyline-treatment causes a significant attenuation of 

lesion-induced cell proliferation. 

Stated differently, the degree of increased cell proliferation following a lesion to 

M F C is significantly lessened in the context of 5,7-DHT (figures 27(B), 33(A)) 

treatment. In contrast, in M A O - A K O (figures 14(A), 15) and clorgyline-treated (figures 

21(A), 33(A)) animals, cell proliferation following cortical injury is increased to the same 

extent as it is in C3H and saline-treated animals, respectively. Note that figure 33(A) 

recapitulates the data presented in figures 27(B) and 21(A), but uses data pooled from 

sham operates in each of the saline, clorgyline and 5,7-DHT conditions. 

4.1.3 Modulation of 5-HT is effective in the case of MAO-A KO and clorgyline-treatment, 
but not in the case of 5,7-DHT-treatment 

As a means of verifying the efficacy of our genetic and pharmacological 

treatments, we collected tissue samples from M A O - A K O , clorgyline-treated and 5,7-

DHT-treated mice and analyzed the tissue for the presence of various biogenic amines, 

including 5-HT, by way of HPLC. M A O - A K O animals exhibited a significant 7.2-fold 

increase in levels of 5-HT, relative to C3H animals. Clorgyline-treated animals exhibited 

a significant 2.2-fold increase in levels of 5-HT, relative to saline-treated animals of the 

same strain (CD1). However, contrary to our predictions, 5,7-DHT-treated animals did 

not exhibit significantly different (i.e. depleted) 5-HT levels relative to saline-treated 

controls. Thus, the efficacy of 5,7-DHT treatment, but not M A O - A K O or clorgyline 

treatment, in modulating levels of 5-HT is questionable at best. Depictions of these 

effects are presented in figure 34(A,B). 

4.1.4 Generic features of cell proliferation following neonatal MFC lesion 

Upon examination of superficial cortical surfaces and coronal sections of animals 

that received a lesion in M F C at PD 7, we observed substantial filling-in within the lesion 
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cavity in 80-90% of the brains examined. Representative depictions of these results are 

presented in figures 6, 7, 11, 12, 18, 19, 24, 25, 29, 30, and 31. In addition, when 

collapsing across groups of animals - that is, irrespective of the effects of our genetic and 

pharmacological manipulations - we consistently observed a stereotyped pattern of 

BrdU-expression following a lesion in M F C . 

Firstly, animals that received a lesion displayed a gradient of cell proliferation 

along the anterior-posterior axis. An abundance of BrdU-positive staining was found in 

posterior regions of the lesion cavity and progressively less BrdU-positive staining was 

observed in the middle and anterior portions of the cavity. This effect is depicted for 

both saline- and clorgyline-treated animals in figures 9(A) and 22(A), respectively. In 

the former case, there was significantly more cell proliferation in the posterior portion of 

the cavity relative to the anterior region of the lesion. In the case of clorgyline-treated 

animals, there was significantly more cell proliferation in the posterior portion of the 

cavity relative to both anterior and middle portions of the cavity. 

There are several possible explanations for the observed anterior-posterior 

gradient of lesion-induced cell proliferation. The most parsimonious of these 

explanations is that the first cells to repopulate a lesion in M F C do so in posterior regions 

of the cavity. Simply stated, we injected BrdU on the day of the lesion and two days 

thereafter, and the newly dividing, BrdU-positive cells that we observed preferentially 

occupied posterior portions of the cavity. Had we injected BrdU throughout the period of 

recovery (form the day of lesion to the day of sacrifice), we might have expected to see a 

more homogenous distribution of BrdU-positive staining throughout the A-P axis. 

Disregarding the time of BrdU injection in the present studies, another possible 

explanation for the anterior-posterior gradient of BrdU-positive staining is that posterior 

regions of a lesion cavity produced in M F C fill-in in a more complete fashion than do 

anterior regions. This idea is supported by the fact that, relative to anterior regions, 

posterior regions of the cavity are more closely located to the V Z , the purported source of 

the repopulating cells. However, we have seen that anterior portions of the cavity do 
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indeed fill in, a finding that is apparent at the time of sacrifice (3 weeks post-lesion, 

minimum). 

Finally, the anterior-posterior gradient of lesion-induced cell proliferation might 

be explained by considering the time-course of cortical histogenesis. In the normal brain, 

mitosis and cell migration are completed in frontal cortex prior to posterior cortex (Kolb, 

1995). Therefore, around the time of M F C lesion at PD 7, a large number of neurons are 

still migrating to posterior cortical regions. This suggests that cells heading to posterior 

cortex of frontal operates may contribute to the filling-in of a lesion cavity, and that the 

reason we observe a gradient of cell proliferation from 'high' in posterior regions to 'low' 

in more anterior regions is that as cells are being diverted from their normal pathway to 

posterior cortex, they have a shorter distance to travel and thus accumulate in more 

posterior regions, as opposed to anterior regions, of the frontal lesion cavity. 

A second generic feature of lesion-induced cell proliferation is made apparent by 

examining measures of BrdU-positive staining within the various sample windows used 

for BrdU quantification. For instance, cell proliferation following a lesion occurred most 

prominently along the lesion scar. In particular, the dorsal portion of the scar was the site 

of greatest cell proliferation. In the majority of cases, significantly more BrdU-positive 

staining was seen within the sample window along the dorsal scar than within any other 

window examined. The ventral portion of the lesion scar consistently contained more 

BrdU-positive staining than any of the other non-scar sample windows. The window 

inside the dorsal portion of the regrown area was the site of greatest cell proliferation 

amongst non-scar sample windows, followed by the window inside the ventral portion of 

the regrown area. With respect to BrdU-positive staining, the latter sample window was 

more or less equivalent to dorsal and ventral sample windows, outside and proximate to 

the lesion area. In turn, these sample windows consistently contained more BrdU-

positive staining than either dorsal or ventral sample windows outside and distal to the 

regrown area. Sample windows most distal to the lesion site were associated with the 

lowest amount of cell proliferation, relative to all other sample windows examined. 
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These results are depicted in figures 10 (saline group), 16 ( M A O - A K O and C3H 

groups), 23 (clorgyline group) and 28 (5,7-DHT group). 

As in the case of the anterior-posterior gradient of lesion-induced cell 

proliferation, the stereotyped pattern of BrdU expression within particular sample 

windows is most easily explained by the fact that we injected BrdU at PD 7, 8, and 9, and 

the areas that exhibit the largest amount of BrdU labeling are simply the most regenerated 

at those ages. Other areas are likely regenerated at later ages, or, perhaps, during the 

period of time that falls in between the 2-hour intervals in which we labeled newly 

dividing cells (see section 4.3.1). 

4.1.5 Behavioural recovery is observed in saline- and clorgyline-treated animals, but not 
5,7-DHT-treated animals, following neonatal injury to MFC at PD 7 

In addition to assessing the effects of serotonergic modulation on cortical 

regeneration following M F C injury, we were also interested in discerning the effect of 

our pharmacological manipulations on behavioural recovery. To this end, we tested 

saline-, clorgyline- and 5,7-DHT-treated animals in the Morris water maze after a 

minimum of 4 weeks of recovery following M F C aspiration lesion at PD 7. M A O - A KO 

animals were not used in the behavioural portion of our studies due to pilot work that 

indicated an inability of these animals to learn the water maze task. This impairment was 

not surprising, given other reports of behavioural anomalies in M A O - A KOs (e.g. Cases 

et al., 1995; Shih and Chen, 1999) and reports of age-related retinal detachment in the 

C3H strain (Sidman and Green, 1965; Caley et al., 1972; Schmidt and Lolley, 1973; 

Farber and Lolley, 1974). 

Behavioural data for clorgyline-treated animals, both with and without a lesion, 

indicated acquisition and learning of the water maze task. Although animals with a 

lesion appeared to acquire the appropriate behaviour at a slightly slower rate than 

controls (differences in latency across groups persisted until trial block 3), all animals, by 

the end of acquisition training, appeared to learn the swim and escape behaviours 

required for successful completion of the task. This result is depicted in figure 49. 

Further evidence of learning by clorgyline-treated animals was provided in the probe 
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trial. Animals in each combination of lesion (lesion, sham) and drug condition 

(clorgyline, saline) spent more time in the quadrant that had previously housed the hidden 

platform (quadrant 4), relative to the other three quadrants. This result is depicted in 

figure 52. 

In contrast, behavioural data for 5,7-DHT-treated animals, both with and without 

a lesion, failed to conclusively indicate learning of the water maze task. Firstly, 

acquisition curves of animals in all groups appeared choppy, and differences in latency 

persisted until late (trial block 7) in acquisition training. This result is depicted in figure 

53. Secondly, probe trial data of animals in each combination of lesion (lesion, sham) 

and drug condition (5,7-DHT, saline) failed to indicate a preference for the quadrant that 

had previously housed the hidden platform (quadrant 4), relative to the other three 

quadrants. This result is depicted in figure 56. Taken together, behavioural data of 5,7-

DHT-treated animals indicated that regardless of lesion condition, learning of the water 

maze task was questionable at best. One troubling aspect of this data set is that saline-

treated animals that were expected to successfully solve the water maze (just as saline-

treated controls from the clorgyline data set did), also failed to exhibit learning, making 

interpretation of the 5,7-DHT data difficult. 

4.1.6 An overall view 

Notwithstanding the occasional contradiction, our data does contribute to our 

understanding of the role of 5-HT in cortical regeneration and behavioural recovery 

following neonatal injury. In M A O - A KO and clorgyline-treated animals, levels of 5-HT 

are significantly increased but result in no significant effect on lesion-induced cell 

proliferation. That is, following a lesion, cell proliferation increases in K O and 

clorgyline-treated animals to the same extent as in saline-treated animals. 

In contrast, treatment with the serotonergic neurotoxin 5,7-DHT results in an 

attenuation, or a lessening, of lesion-induced cell proliferation. That is, following a 

lesion, cell proliferation is decreased to a significant degree in 5,7-DHT-treated animals, 

relative to saline-treated animals that receive a lesion. However, H P L C data revealed 
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that 5-HT levels were not significantly depleted by our 5,7-DHT treatment. Thus, despite 

a failure to demonstrate a veritable decrease in 5-HT levels, treatment with a serotonergic 

neurotoxin reduces the amount of cell proliferation following neonatal M F C injury. 

The behavioural data generated in the Morris water maze assay also hints at an 

obstructive effect of 5,7-DHT treatment in the context of cortical injury. In contrast to 

clorgyline-treated animals that received a lesion and subsequently exhibited learning in 

the Morris water maze, 5,7-DHT treated animals failed to show acquisition of the task, 

and further failed to exhibit learning in the probe trial. One problem in interpreting the 

behavioural data with respect to 5,7-DHT is that control (i.e. saline-treated) animals that 

were run concurrently with 5,7-DHT animals also failed to exhibit learning. Thus, 

whether the observed behavioural deficits are attributable to 5,7-DHT treatment, or to the 

simple injection of any substance (i.e. saline or 5,7-DHT) at PD 0, remains unclear. 

Thus, an overall view that explains the majority of the data is this: 5-HT plays a 

role in cortical regeneration and behavioural recovery following neonatal injury of M F C . 

Increased levels of 5-HT - by way of either genetic or pharmacological manipulation -

do not appear to facilitate either anatomical or behavioural recovery processes. Both 

lesion-induced increases in cell proliferation (in M A O - A K O and clorgyline-treated 

animals) and performance in the Morris water maze (in clorgyline-treated animals) are 

equivalent in animals with increased levels of 5-HT and saline-treated animals. Thus, 

increased levels of 5-HT confer neither an advantage nor disadvantage upon animals 

experiencing cortical injury early in life. In contrast, depleted 5-HT levels may have 

detrimental effects on both cortical regeneration and behavioural recovery following 

neonatal injury to M F C . As a result of 5,7-DHT treatment, lesion-induced increases in 

cell proliferation are attenuated, and performance in the Morris water maze is 

compromised. Therefore, further investigation of the effects of 5-HT depletion on both 

anatomical and behavioural recovery following neonatal cortical injury is warranted. 
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4.2 Results in the context of related studies 

One of the most exciting (and, at times, frustrating) features of the experiments 

contained in the present thesis is their novelty. Indeed, there are but a handful of studies 

that have looked at the influence of 5-HT on neurogenesis, and most of these have 

focused exclusively on the generation of new neural cells in the dentate gyrus of the 

hippocampus. The effect of 5-HT on neurogenesis in the cerebral cortex constitutes 

relatively 'unknown' scientific territory, and the effect of 5-HT on neurogenesis in the 

cerebral cortex in the context of neonatal cortical injury is literally an untouched domain. 

One finding that is commonly reported in studies of 5-HT and hippocampal 

neurogenesis is that of a bi-directional, 'direct' relationship between 5-HT levels and the 

generation of new neural cells. That is, increased levels of 5-HT are typically associated 

with increased neurogenesis, and, conversely, decreased levels of 5-HT are typically 

associated with decreased neurogenesis. This direct relationship has been reported in a 

variety of studies using a variety of methods to both up-regulate and down-regulate either 

5-HT levels or neurogenesis (for examples, see section 1.6.2.3). 

The data reported in the present thesis is partially consistent with this 'direct' 

relationship between 5-HT and neurogenesis. Given that 5-HT is generally thought to 

facilitate neurogenesis, we expected post-lesion cell proliferation to increase significantly 

in M A O - A K O and clorgyline-treated animals, relative to saline-treated controls that 

received a lesion at PD 7. Instead, we found that lesion-induced cell proliferation occurs 

at normal levels, despite veritable increases in 5-HT by way of M A O - A K O or 

clorgyline-treatment. 

In contrast, a feature of our data that is consistent with previous literature is the 

attenuating effect of 5,7-DHT on lesion-induced cell proliferation. In this case, the 

hypothesis that 5-HT depletion would down-regulate cell proliferation and interfere with 

concomitant behavioural recovery was supported. However, the failure to demonstrate a 

significant depletion of 5-HT via 5,7-DHT leaves the interpretation of our data subject to 

skepticism. 
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Finally, given the dearth of studies of 5-HT's role in cortical neurogenesis, it is 

possible that the regulatory mechanisms operating in cortex are vastly different from 

those in the dentate gyrus. Furthermore, it remains possible that the regulatory 

mechanisms operating in an intact cortex are vastly different from those in the 

neonatally-injured cortex. Thus, at this juncture there is no reason to expect that 

modulating serotonin would have similar neurogenic effects in both hippocampus and 

cortex, or in both the normal and injured brain. 

4.3 Methodological considerations 

As in any set of experiments, there are certain methodological issues that warrant 

consideration. Three such issues are presented in the current section. The reliable use of 

BrdU as a marker of newly dividing cells, the suitability of tissue used for H P L C 

analysis, and the potential bias imparted by using but one behavioural assay are discussed 

below. 

4.3.1 BrdU as a marker of newly dividing cells 

Since the introduction of BrdU labeling as a tool to study CNS development 

(Gratzner, 1982; Nowakowski et al., 1989), one concern pertaining to its ubiquitous use 

in studies of neurogenesis is the potential of the compound to detect D N A repair as 

opposed to D N A replication. Given that D N A is sometimes synthesized in cells for the 

purposes of repair, it is possible to misinterpret BrdU-positive labeling as indicative of 

cell proliferation when it actually indicates D N A synthesis in a cell that does not proceed 

to divide. In addition, the quantity of BrdU incorporated during D N A repair is less than 

the amount incorporated during replicative synthesis (Selden et al., 1993), and thus the 

high doses of BrdU typically used in studies of neurogenesis hold the potential to produce 

false positives. 

However, if BrdU labels the synthesis of D N A for the purposes of repair and not 

for the purposes of cell division, then one would not expect to see an increase in the 

number of BrdU-positive cells with increased survival times. Yet this is precisely what is 
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observed in the brains of BrdU-injected animals that are sacrificed at various times post-

injection (Gould et al., 1999; Gould and Gross, 2000). Secondly, the observation of 

BrdU-positive mitotic figures strongly suggests that BrdU labels cells that are 

synthesizing D N A in preparation for cell division and that the cells ultimately do divide 

(Gould and Gross, 2000). Thus, while concern over the true meaning of the BrdU-

positive signal is warranted, one can be fairly certain that BrdU does indeed label newly 

dividing cells, and not simply D N A synthesis for the purposes of repair. 

An additional concern that enshrouds the use of BrdU in studies of neurogenesis 

pertains to the availability of the compound post-injection and, in a related matter, to the 

ability of BrdU to label all new cells in a neurogenic or regenerated region. In our 

studies, BrdU is injected following M F C lesion on PD 7 and once a day thereafter 

spanning PD 8-9. Given that we sacrificed animals at a minimum age of PD 28 and that 

BrdU is only incorporated into dividing cells during the first 2 hours post-injection 

(Takahashi et al., 1992), we have only labeled cells that divide within an approximate 6-

hour time window at the outset of a 3-week survival period. Thus, identifying all cells 

that divide and populate a lesion cavity is both impossible, given our injection schedule, 

and impractical, given the toxic effects associated with repeated administration of high 

doses of BrdU (Webster et al., 1973; Yu, 1976). 

4.3.2 HPLC tissue 

In order to verify the efficacy of our genetic and pharmacological manipulations, 

we collected tissue samples from M A O - A K O , clorgyline-treated and 5,7-DHT-treated 

mice and analyzed the tissue for the presence of various biogenic amines, including 5-

HT, by way of HPLC. However, all samples collected for H P L C analysis were derived 

from sham operates. Thus, while veritable increases in 5-HT levels were determined in 

the case of both M A O - A K O and clorgyline treatment, the effect of these manipulations 

in the context of a lesion was not determined. The possibility remains that M F C lesion at 

PD 7 modulates 5-HT levels over and above the effects of a gene knockout or various 

pharmacological treatments (see Pappius and Dadoun, 1987). 
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4.3.3 Assessing behavioural recovery 

As mentioned in section 1.4.2.1, the use of a single behavioural measure provides 

a biased estimate of behaviour, particularly if the measure involves the performance of a 

learned task (e.g. Kolb and Whishaw, 1983). The behavioural assay used in the present 

studies measured spatial learning in the Morris water maze. While such an assay may be 

useful in identifying some of the subtle effects of cortical injury (Kolb, 1995), the effects 

of neonatal M F C injury on the majority of behaviours that the cortex evolved to support 

(e.g. Warren, 1972) remain unexamined. Thus, in order to provide a complete and 

unbiased assessment of behavioural recovery following cortical injury, the inclusion of 

additional measures drawn from numerous classes of behavioural tests (see section 

1.4.2.1) is warranted. 

4.4 Proposed mechanisms of recovery 

4.4.1 Anatomical considerations 

In positing possible mechanisms through which 5-HT can facilitate cortical 

regeneration and resultant behavioural recovery, an important, initial consideration 

involves the anatomy of both the M F C and the serotonergic system. As discussed in 

section 1.3.2, if an aspiration lesion is induced in M F C within a specific window of time 

(i.e. during the second postnatal week), the lesion cavity will fill in with newly generated 

neural tissue. In contrast, for reasons that are not entirely known, damage to M F C 

occurring outside of the critical window is not associated with filling-in of the lesion 

cavity (Kolb et al., 1996). 

Two regions that lie proximate to M F C and appear important in the regrowth 

phenomenon are the V Z (or ependymal zone) and SVZ (or subependymal zone). As 

discussed in section 1.5.2.2.1, these two areas are thought to contain NSCs that give rise 

to the majority of cells that comprise the CNS. It is this ventricular region (which, for the 

purposes of this discussion, can be thought of as both the ependymal and subependymal 

zones) that is the most likely source of cells that repopulate a lesion cavity produced in 

M F C . If the ventricular region is damaged during the production of a lesion in M F C , 
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filling-in of the cavity fails to occur (Kolb, 1998b). Furthermore, the ventricular region is 

enlarged following M F C injury, suggesting increased mitotic activity (Kolb, 1998b). 

One possible reason that a lesion cavity produced within M F C during the first postnatal 

week fails to fill in is because of the difficulty in producing a lesion in a brain of such a 

young age. Indeed, in a very small brain, it is not possible remove M F C without 

encroaching upon the ventricular region (Kolb et al., 1998b). 

Unlike the M F C , damage to other cortical areas during the second postnatal week 

is not associated with regrowth. Injury to parietal (Kolb et al., 1987), visual (Kolb et al., 

1996), and sensorimotor (Szele and Chesselet, 1996) cortices results in a lesion cavity 

that fails to fill in (although post-lesion increases in cell number within the SVZ have 

been reported (Szele and Chesselet, 1996)). While it is not entirely clear what 

distinguishes M F C from other cortical areas in terms of its regenerative ability, one 

possibility involves its location. In particular, M F C is located proximate to the OBs, 

structures that receive newly generated neurons from the ventricular region throughout a 

rodent's life (Alvarez-Buylla et al., 2000, section 1.5.2.2.1). Migrating neuroblasts 

destined for the OBs traverse the RMS, which underlies M F C . Thus, it is not too hard to 

imagine that migrating neurons destined for the OBs are somehow recruited from the 

RMS to fill in a lesion area within MFC. 

Just as the anatomy of the M F C is well-suited for the purposes of regrowth 

following neonatal injury, the serotonergic system is well-positioned for the purposes of 

modulating that regrowth. Serotonergic axons emanate from both dorsal and medial 

raphe nuclei to provide widespread innervation to virtually all regions of the CNS (see 

section 1.6.2.1). In particular, all layers of M F C are densely innervated by serotonergic 

fibers (Azmitia and Segal, 1978; Steinbusch, 1984). Furthermore, cell-cell interactions 

between 5-HT neurons and proliferating cells of the neuroepithelium, and the presence of 

5-HT 1 A receptors on ependymal cells (Lauder, 1995) and in proliferative regions (Lidow 

and Rakic, 1995), make the 5-HT system a feasible regulator of NSC activity. Taken 

together, the optimal positioning of the 5-HT system and the ubiquity of 5-HT receptors 

(Martin and Humphrey, 1994; Boess and Martin, 1994; see section 4.4.2), make the 
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serotonergic system a prime candidate as a potential modulator of regeneration within 

MFC. 

4.4.2 Serotonin receptors 

4.4.2.1 Overview 

No discussion of potential mechanisms by which 5-HT might modulate cortical 

regeneration and behavioural recovery is complete without a section on 5-HT receptors. 

As mentioned in section 1.6.2.1, the effects of 5-HT in the mammalian CNS are mediated 

by 14 structurally and pharmacologically distinct 5-HT receptor subtypes (reviewed in 

Boess and Martin, 1994, and Barnes and Sharp, 1999; Azmitia, 2001). A l l but one of 

these receptors belong to the family of G-protein coupled metabotropic receptors. (The 

one exception is the 5-HT3 receptor, a cation-selective, ligand-gated ion channel (Barnes 

and Sharp, 1999)). Having reviewed the structural characteristics of G-protein coupled 

receptors, in general, and 5-HT 1 A and 5-HT 2 A receptors, in particular (section 1.6.2.1), the 

present section examines G-protein coupled receptor function and discusses the potential 

roles of 5-HT, A and 5-HT 2 A receptors in mediating both cell proliferation and 

differentiation, two processes intimately linked to anatomical recovery following cerebral 

injury. 

4.4.2.2 G-protein coupled metabotropic receptors: Functional aspects 

G-proteins function in the transduction of a signal from the extracellular ligand-

receptor complex to either an ion channel (Clapham, 1994), or to an intracellular second 

messenger system (Brown, 1994). When activated, second messenger systems initiate a 

cascade of biochemical processes by activating specific protein kinases that are capable 

of protein phosphorylation. It is these phosphorylated proteins that are able to regulate 

the physiological responses within the cell (Brown, 1994). There are a variety of second 

messengers that either become activated or inhibited by a G-protein, including cyclic 

A M P , cyclic GMP, calcium, inosotol phospholipids, tyrosine kinase and arachidonic acid 

derivatives (Greengard, 1979; Berridge, 1985; Brown, 1994). 
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One example of a second messenger system involves cyclic adenosine 

monophosphate (cyclic AMP) . When a particular ligand binds to a G-protein coupled 

receptor on the cell membrane, the G-protein may be stimulated to activate the effector 

enzyme, adenylate cyclase (AC). In turn, A C converts adenosine triphosphate to cAMP, 

which then binds to protein kinase A (PKA). Once activated, P K A phosphorylates both 

membrane-bound and cytoplasmic proteins, resulting in alterations in membrane 

permeability (as ion channels are opened) and protein synthesis (Brown, 1994). 

Another second messenger system involves a different type of G-protein that 

activates the effector enzyme, phospholipase C (PLC), through hydrolysis (Kandel et al., 

2000). Once hydrolyzed, PLC produces a pair of second messengers: inositol 1,4,5-

triphosphate (IP3) and diacylglycerol (DAG). IP3 and D A G then affect intracellular 

levels of calcium and activity of protein kinase C (PKC), respectively (Kandel et al., 

2000). 

In contrast to the above descriptions, the extensive and interacting biochemical 

cascades induced by various second messenger systems are complex, and a full 

discussion of these molecular torrents is beyond the scope of this thesis. What then, are 

the main points of this subsection? Firstly, the large majority of neurotransmitter 

receptors are G-protein coupled metabotropic receptors: all but one of the 5-HT receptors 

fall into this category. Secondly, G-protein linked 5-HT receptors differ in terms of their 

associated second messenger systems. However, a common end of the various second 

messenger-induced biochemical cascades is an ability to alter the physiological functions 

of the cell. These alterations include changes in membrane permeability and gene 

transcription - changes that alter the structure and function of the cells in which G-

protein coupled metabotropic receptors reside. With these points in mind, we'll discuss 

two specific 5-HT receptors and examine their potential role in mediating changes in 

cellular functions that are relevant to cortical regeneration following neonatal injury. 
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4.4.2.3 5-HT1A receptors 

Functionally, the 5-HT, A receptor is associated with electrical inactivity by 

hyperpolarization due to an efflux of potassium ions (Azmitia, 2001). Further inactivity 

is promoted by the transduction action of the 5-HT 1 A receptor. Being negatively coupled 

to adenylate cyclase, 5 -HT 1 A receptor activation reduces levels of c A M P , and thus 

induces metabolic rest (Azmitia, 2001). A further consequence of reduced cAMP levels 

is a reduction in P K A activity and thus reduced activity of the transcription factor pCREB 

(phosphorylated cAMP response element binding protein) (Azmitia, 2001). 

The activation of 5-HT 1 A receptors causes changes in cell structure by affecting 

the cytoskeleton and the spindle apparatus (Azmitia, 2001). It is these structural effects 

that are thought to make 5-HT 1 A receptors important in the processes of cell 

differentiation and cell proliferation. While this may seem paradoxical, in that 

differentiation is generally thought of as a process that signals the end of proliferation 

(Whiaker-Azmitia, 1991), the action of 5-HT on 5-HT 1 A receptors appears to mediate 

cytoskeletal effects that can facilitate both processes. By promoting the assembly of 

tubulin into microtubules, activated 5-HT 1 A receptors mediate the maturation of the 

cytoskeleton, thereby supporting cell stability and differentiation. In addition, by 

mediating the de- and re-polymerization of tubulin, and thus the redistribution of tubulin 

from the cytoskeleton to the mitotic spindle apparatus, 5-HT 1 A receptors promote cell 

division. Whether 5-HT,A receptors promote cytoskeletal stability or spindle apparatus 

construction depends on the phase of the cell cycle in which the 5-HT 1 A receptor-

containing cell resides (Azmitia, 2001). Given that 5-HT 1 A receptors are found on 

ependymal cells (Lauder, 1995) and in proliferative regions (Lidow and Rakic, 1995), it 

is possible for 5-HT to use these receptors to modify the cytoskeleton, thereby regulating 

both SC proliferation and differentiation. 

4.4.2.4 5-HT2A receptors 

When activated by 5-HT, 5-HT 2 A receptors are associated with increased 

concentrations of intracellular calcium and hydrolysis of phosphatidylinositol (Boess and 
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Martin, 1994). Functional consequences of these actions include increased electrical and 

metabolic activity within the cell, as well as activation of P K C - events that, in turn, lead 

to the activation of important transcription factors, including c-Fos, Jak and STAT 

(Azmitia, 2001). In addition, activation of 5-HT 2 A receptors is associated with increased 

accumulation of c A M P and increased P K A activity (Azmitia, 2001). Taken together, the 

ability of 5-HT 2 A receptors to affect both P K A and P K C activity makes them prime 

candidates as mediators of interactions between the cyclic A M P and inositol phosphate 

systems (Azmitia, 2001). 

Activation of two major kinases (PKC and PKA) results in the initiation of many 

phosphorylation mechanisms within the cell and has implications for numerous cellular 

mechanisms, many of which are associated with the cytoskeleton and cellular shape 

(Azmitia, 2001). In particular, activation of 5-HT 2 A receptors destabilizes the internal 

cytoskeleton through the depolymerization of microtubules, promotes process branching 

or retraction, and results in cell proliferation, synaptogenesis and apoptosis (Azmitia, 

2001). Further support of a role for 5-HT 2 receptors in cell proliferation is provided by 

their presence in the neural fold (Ceccatelli et al., 1997), and their role in mediating the 

action of 5-HT during embryonic neurogenesis, probably by preventing the 

differentiation of cranial neural crest cells (Choi et al., 1997). 

In summary, the dynamic action of tubulin has implications for the cytoskeleton, 

affecting both brain morphology and the stability of neuronal phenotype (Azmitia, 2001). 

In turn, the stability of tubulin depends directly of the phosphorylation state of the 

proteins to which it is attached. Serotonin, through the G-protein coupled actions of 

neural and glial 5-HT 1 A and 5-HT 2 A receptors, regulates the phosphorylation state of 

tubulin-associated proteins, and thus regulates the stability of the cytoskeleton to 

determine the proliferative or differentiative state of the cell. 

4.4.3 Astrocytes and growth factors 

The time of maximal astrocyte generation in cortex occurs at the end of the first 

postnatal week (Kolb et al., 1998b), a juncture that coincides with the production of M F C 
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aspiration lesion in our experiments. In addition, a major consequence of neonatal 

aspiration lesion to M F C is the production of reactive astrocytes following the injury 

(Kolb, 1995; Kolb et al., 1998b). Given that astrocytes are born both in response to the 

lesion and as a consequence of normal developmental processes, these cells are in a 

unique position to facilitate anatomical recovery following M F C injury. In particular, the 

astrocyte-mediated production of the growth factor S 100(3 may be important in this 

regard. 

S 100(3 is localized to astrocytes in the CNS and is regarded as a neuroprotective 

agent, given its release during times of hypoxia (Jensen et al., 2000). The release of 

SlOOP from astrocytes is promoted by a variety of factors, including activation of 

astrocyte-residing 5-HT 1 A receptors (Whitaker-Azmitia and Azmitia, 1989; Whitaker-

Azmitia et al., 1990; Ahlemeyer et al., 2000). Interestingly, the same 5-HT receptors that 

mediate the release of S 100(3 from astrocytes also hold potential in controlling the 

proliferative and differentiative state of 5-HT 1 A receptor-containing cells (see section 

4.4.2.3) - such as neural progenitors residing in the ependymal zone. Furthermore, as 

mentioned in section 1.6.2.2.1, S100(3 has a variety of important developmental effects, 

including regulation of terminal outgrowth on serotonergic neurons. In particular, 

chronic treatment with the 5-HT enhancing drug fluoxetine is known to induce S 100(3 

expression (Haring et al., 1993), as well as neurogenesis (Jacobs and Fornai, 1999; 

Malberg et al., 2000) in the hippocampus, suggestive of a neurogenic role for S 100(3. 

Thus, one possible mechanism underlying anatomical recovery following M F C 

injury involves the production of injury-related signals by both developing and reactive 

astrocytes. These cells could produce the tropic factor S 100(3 to facilitate neurogenesis 

and exert effects on the differentiative or proliferative state of a cell, perhaps through the 

action of 5-HT 1 A receptors. Moreover, astrocyte-produced injury signals may be able to 

stimulate directly the proximate NSCs of the ventricular region, leading to neurogenesis, 

or induce the development of further 5-HT neurons, which could, in turn, affect NSC 

proliferation. Given the proximity of M F C to the proliferative regions, an explanation 

such as this may account for why M F C lesions around PD 7, but not lesions to other 
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cortical areas (e.g. occipital cortex) around this time, are exclusive in their association 

with regenerated neurons occupying the lesion cavity (Kolb et al., 1998b). 

In addition to S 100(3, another growth factor that holds potential to affect 

anatomical recovery following M F C injury is brain derived neurotrophic factor (BDNF; 

Leibrock et al., 1989). BDNF belongs to the neurotrophin family that, together, is known 

to play an important role in the regulation of neuronal development, differentiation and 

survival (Levi-Montalcini, 1987; Barde, 1994; Davies, 1994). In both the developing and 

adult brain, B D N F has been shown to promote SVZ-mediated neurogenesis in the OBs 

(Zigova et al., 1998), as well as neuronal differentiation and survival in the hippocampus 

(Palmer et al., 1997). In culture, however, the true effects of B D N F are contentious. 

Some investigators have reported a BDNF-induced enhancement of neuronal survival of 

sensory neuron precursors (Memberg and Hall , 1995) and SVZ-derived cells 

(Kirschenbaum and Goldman, 1995), while others provide evidence of BDNF-enhanced 

neuronal differentiation, and no effect upon neuronal survival (Ahmed et al., 1995). 

Among the neurotrophins, BDNF has the widest distribution with peak levels of 

expression in the hippocampus and cerebral cortex (Hofer et al., 1990). In these 

locations, B D N F regulates neuronal differentiation, synaptic strength and neuronal 

survival (Ghosh et al., 1994; McCallister et al., 1995). As well, in both hippocampus and 

cortex, the expression of B D N F mRNA is activity dependent and shows marked and 

transient changes in response to trauma (Lindvall et al., 1994). Finally B D N F mRNA is 

stimulated by glucocorticoids, which also influence the regulation of BDNF in response 

to neuronal insult (Barbany and Persson, 1993). 

Most relevant to the current set of studies, however, is that B D N F mRNA 

expression is modulated via activation of 5-HT 2 A , and not 5-HT 1 A or 5-HT 2 C, receptors 

(Vaidya et al., 1997), in a location-dependent manner. That is, 5-HT 2 A receptor activation 

causes significantly increased BDNF mRNA expression in parietal and other neocortical 

areas, and significantly decreased BDNF mRNA expression in the granule cell layer of 

the hippocampus. Therefore, it is conceivable that activation of 5-HT 2 A receptors by way 

of our genetic and pharmacological manipulations causes an increase in levels of BDNF 
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expression in cortex, thus providing trophic support for cells that repopulate a lesion 

cavity within MFC. 

One other possibility pertaining to astrocyte-mediated recovery involves the 

presumptive relationship between astrocytes, radial glia cells, and NSCs. In particular, it 

may be possible for astrocytes to re-traverse their lineage to de-differentiate into radial 

glial cells (Hunter and Hatten, 1995; Leavitt et al., 1999). Although known primarily for 

their role in supporting and directing the migration of neurons to their appropriate 

locations in cortex during neurogenesis (Rakic, 1971, 1972, 1988), recent work on radial 

glial cells has demonstrated that they are capable of reverting to NSCs (Malatesta et al., 

2000; Noctor et al., 2001; Parnavelas and Nadarajah, 2001), a process that appears to be 

under the control of Notch signaling (Gaiano et al., 2000; Wang and Barres, 2000). Thus, 

the de-differentiation of both existing and reactive astrocytes into radial glial cells that 

retain NSC-like properties is yet another possible mechanism whereby astrocytes might 

facilitate anatomical recovery following neonatal injury. 

4.4.4 PSA-NCAM 

One final consideration with respect to mechanisms of cortical regrowth concerns 

the cell adhesion molecule, P S A - N C A M . As discussed earlier (see sections 1.5.2.2.1-

1.5.2.2.3), P S A - N C A M is a weakly adhesive cell adhesion molecule thought to be 

permissive for cell migration and is enriched in the both the rostral migratory stream, 

which connects the SVZ with the olfactory bulbs, and the D G of the hippocampus. When 

Brezun and Daszuta (1999b) produced lesions in serotonergic nuclei of the dorsal and 

medial raphe nuclei by injecting 5,7-DHT, decreases in the density of serotonergic fibers 

were associated with decreases in P S A - N C A M expression in the basal ganglia and 

hypothalamic nuclei (Brezun and Daszuta, 1999b). Recently, this finding has been 

extended to the D G as well (Brezun and Daszuta, 2000). In addition, inhibition of 5-HT 

synthesis by PCPA caused similar decreases in P S A - N C A M staining. Given that 

confocal microscopic analyses revealed a lack of P S A - N C A M expression by serotonergic 

neurons themselves, 5-HT may regulate levels of P S A - N C A M and thus modulate cell 
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adhesion in the vicinity of the terminal regions to which serotonergic neurons project. 

Presumably, increased 5-HT levels would cause increased levels of P S A - N C A M 

expression and thus facilitate cell migration, while decreased 5-HT levels would cause 

decreased levels of P S A - N C A M expression and thus impede cell migration. This is just 

one possible mechanism whereby 5-HT could regulate the migration of neural precursors 

or more fully differentiated cells following cortical injury. 

4.5 Function of postnatal neurogenesis 

Having discussed (4.1) the major findings of the present thesis, (4.2) how these 

findings fit in with the results of related studies, (4.3) a few of the methodological issues 

pertaining to the current set of experiments and (4.4) plausible mechanisms of recovery 

following neonatal injury to M F C , our attention now shifts to a more philosophical topic: 

the function of postnatal neurogenesis. Due to the relatively immature state of neural 

stem cell biology, this topic is particularly difficult to address. The truth of the matter is 

that nobody really knows the significance of long-term cellular self-renewal in the CNS 

(Gage, 2000). Despite the lack of a definitive answer, a discussion of plausible 

neurogenic functions is presented below. 

4.5.1 Postnatal neurogenesis and learning and memory 

Far and away, the most commonly ascribed function to postnatal neurogenesis is 

the facilitation of learning and memory. This notion has a long historical precedent, 

stretching back to the original studies of Altman and Das (1965b), Kaplan and Hinds 

(1977), and more recent demonstrations of functionally regulated neurogenesis in the 

vocal nucleus and hippocampus of adult songbirds (Nottebohm, 1981; Goldman and 

Nottebohm, 1983). Part of the appeal for this idea stems from the fact that one location 

synonymous with robust, postnatal, mammalian neurogenesis is the dentate gyrus of the 

hippocampus. Although, despite extensive study, no consensus exists pertaining to the 

exact function of the hippocampus (Kempermann, 2002), classically, the structure is 

thought to play a central role in learning and memory. 
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The hippocampus does have some capacity for information storage, but the latter 

is only transient (Kempermann, 2002). Thus, as opposed to being a 'storage house' of 

memory, contemporary views of the hippocampus regard it as the 'gateway' to memory. 

In this sense, all information must pass through the hippocampus before being committed 

to long-term memory (Kempermann, 2002), the location of which is thought to be the 

widely distributed neural circuits inherent to cerebral cortex. Under this scheme, the 

hippocampus represents a bottleneck of information processing, and continual 

neurogenesis therein may allow for refinements in information processing and a 

significant increase in the complexity of information that can 'pass through' the 

bottleneck (Kempermann, 2002). Importantly, however, this idea rests purely on 

theoretical ground and awaits rigourous examination through experimentation. 

4.5.2 Postnatal neurogenesis and neuronal replacement 

Another possibility regarding postnatal neurogenesis is that neurons are born 

continuously in order to replace neurons that are lost to either natural causes (i.e. 

apoptosis) or injury and disease. The suggestion that new neurons are generated in order 

to compensate for apoptotic cells makes intuitive sense: if cells were not dying as new 

cells were born, the cellular population would be forever expanding and we would simply 

run out of neural space! One recent theory of postnatal neurogenesis regards it as a 

mechanism intricately tied to aging and long-term memory (Nottebohm, 2002). In this 

theory, an important feature of the neuron is its transient lifespan, and the replacement of 

older neurons by new ones that are, in turn, transient and replaceable, offers a mechanism 

whereby integral brain circuits are constantly and spontaneously rejuvenated (Nottebohm, 

2002). Thus, as an organism ages, there is a continual refinement of the neuronal 

population such that cells become increasingly equipped to code novel and complex 

information. 

The generation of new neurons in order to replace cells lost to injury or disease, 

though unlikely, remains plausible. Animals in the wild, having no healthcare system or 

hospitals, rarely have an opportunity to recover from brain dysfunction (after Nottebohm, 
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2002). Furthermore, the two main regions of mammalian neurogenesis are no more 

susceptible to injury than other, non-neurogenic regions, which runs counter to what one 

would expect if postnatal neurogenesis occurred precisely for the purposes of injury-

induced cell loss. 

Thus, whether neurogenesis persists in order to facilitate normal CNS function or 

recovery from brain injury, or simply as some vestige of our evolutionary history, 

remains to be determined. What one can be certain of is that neurons continue to be 

produced in the mammalian CNS, and that understanding the mechanisms that mediate 

this phenomenon holds much potential for future, therapeutic interventions. 

4.5.3 Is postnatal neurogenesis always a good thing? 

One final point worth mentioning is that postnatal neurogenesis is not necessarily 

beneficial at all times in all organisms in which it occurs. At first glance, this notion may 

seem counterintuitive: why would neurons be generated throughout an organism's 

lifetime if it did not confer some advantage? Indeed, in the case of the present thesis, 

lesion-induced increases in cell proliferation are associated with functional recovery in 

the Morris water maze. However, on the flip side, biological functions can occasionally 

go awry, with extremely negative consequences. 

One bit of anecdotal evidence consistent with this theme comes from the work of 

Drs. R. Sutherland and J. Keith. In the Sutherland and Keith labs, a series of studies 

examining the role of 5-HT in recovery from colchicine-induced hippocampal lesions 

were initiated, and fluoxetine, a commonly prescribed drug used in the treatment of 

depression, was used to modulate 5-HT levels. Sutherland and his colleagues describe a 

3-fold increase in cell proliferation in animals that receive fluoxetine, relative to saline-

treated operates (Keith, 2002). However, the newly born cells are not confined to the 

subgranular zone of the dentate gyrus - where the lesions are produced - but instead are 

seen in other hippocampal regions (the C A I and CA3 subfields), where they assume an 

anomalous neuronal morphology (appearing as granule cells as opposed to pyramidal 

cells). Moreover, performance in the Morris water maze of fluoxetine-treated animals 
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with a lesion is significantly worse than that of saline-treated animals with a lesion 

(Keith, 2002). 

Thus, while lesion-induced neurogenesis is enhanced in fluoxetine-treated 

animals, the anatomical and behavioural consequences of this enhancement are decidedly 

negative. Newly born cells display an unusual phenotype, and learning and memory are 

impaired. The implication of these results is that the generation of new neurons - albeit 

of the wrong phenotype - somehow interferes with either existing hippocampal circuits 

or the formation of new hippocampal circuits (or both), the effects of which are manifest 

as a behavioural deficit in the water maze. Although this result is not consistent with data 

involving enhanced 5-HT levels in the present thesis, it is important to keep in mind that 

despite the intuitive appeal of 'more neurons being better', the continuous and enhanced 

generation of new neural cells may not always be a 'good' thing. 
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Conclusions 

5-HT plays a role in cortical regeneration and behavioural recovery following 

neonatal injury of M F C . Increased levels of 5-HT - by way of either genetic or 

pharmacological manipulation - do not appear to facilitate either anatomical or 

behavioural recovery processes. Both lesion-induced increases in cell proliferation (in 

M A O - A K O and clorgyline-treated animals) and performance in the Morris water maze 

(in clorgyline-treated animals) are equivalent in animals with increased levels of 5-HT 

and saline-treated animals. Thus, increased levels of 5-HT confer neither an advantage 

nor disadvantage upon animals experiencing cortical injury early in life. 

In contrast, depleted 5-HT levels may have detrimental effects on both cortical 

regeneration and behavioural recovery following neonatal injury to M F C . As a result of 

5,7-DHT treatment, lesion-induced increases in cell proliferation are attenuated, and 

performance in the Morris water maze is compromised. Therefore, further investigation 

of the effects of 5-HT depletion on both anatomical and behavioural recovery following 

neonatal cortical injury is warranted. 

Future Directions 

The main findings of the current thesis warrant a number of future studies. First 

and foremost, the effect of 5-HT depletion on both lesion-induced neurogenesis and 

behavioural recovery in the Morris water maze should be followed-up. In particular, new 

lots of the serotonergic neurotoxin, 5,7-DHT, as well as additional pharmacological 

agents, should be used in order to achieve a veritable 5-HT depletion. These studies are 

currently underway in the lab of Dr. R.H. Dyck. 

Other sets of studies aimed at determining both the origin and connectivity of 

cells that repopulate a lesion cavity in M F C are also appropriate. This would entail 

injecting a label (or labeled cells) into the purported source of the repopulating cells -

likely the anterior region of the SVZ - and determining if that label subsequently appears 

in the regenerated portion of cortical tissue. The use of green fluorescent protein cells 

might prove especially useful in this regard. Similarly, the injection of anterograde 
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tracers into the lesion area, and retrograde tracers into areas known to receive inputs from 

the lesion area, would help elucidate whether or not the connectivity of the regrown area 

is reestablished. Electrophysiological recordings from new cells in M F C , in either in 

vitro or in vivo preparations, would also be informative, and ambitious, studies to 

undertake. 

Finally, future studies of cortical regeneration and behavioural recovery following 

neonatal injury to M F C should strive to include multiple behavioural measures. The use 

of a variety of tasks spanning the range of rodent behaviour is crucial for complete 

assessments of behavioural recovery. Ultimately, the behavioural viability of regenerated 

neural tissue is of paramount importance in these studies, and only the use of varied and 

sophisticated assays will provide a complete picture of the behavioural consequences of 

neonatal cortical injury. 
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Appendix: Reagents, Solutions and Protocols 

A 1.1 Reagents 

Name Formula/Abbreviation Supplier 

Diaminobenzedine D A B Sigma 
Distilled water dH 2 0 Chemistry stores 
Formimide H C O N H 2 B D H 
Hydrochloric acid HC1 B D H 
Hydrogen peroxide H 2 0 2 Sigma 
Nickel chloride NiCl B D H 
Paraformaldehyde (CH 2 0) n /PFA E M Science 
Potassium chloride KC1 B D H 
Potassium phosphate K H 2 P 0 4 B D H 
Sodium azide N 3Na/NaAz Sigma 
Sodium chloride NaCl B D H 
Sodium citrate dihydrate Na 3 C 6 H 5 0 7 -2H 2 0 E M Science 
Sodium hydroxide NaOH B D H 
Sodium phosphate Na 2 HP0 4 Fisher Scientific 
Sucrose C 1 2 H 2 2 O n B D H 
Triton-X-100 T-X-100 Sigma 
Trizma base C 4 H n N 0 3 Sigma 
Trizma HC1 C 4 H U N 0 3 H C 1 Sigma 
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A1.2 Solutions 

(1) 1M (IPX) Phosphate buffered saline (PBS), stock 
Makes 2L 
To 1200mLdH 2 O, add: 
160g NaCl 
4g KC1 
28.8g Na 2 HP0 4 

4.8g K H 2 P 0 4 

Then add about 500 mL dH 2 0 
Mix solution, bring final volume to 2L using dH 2 0 
Use NaOH to adjust pH to 7.2-7.4 

(2) 0.1M (IX) PBS, working 
Makes 1L 
Dilute 1M PBS 9-fold 
To 900 mL dH 2 0, add: 
100 mL 1M PBS 

(3) 0.1M (IX) PBS + 0.3% Triton-X-100 (PBS+1. working 
Makes ca. 1L 
To 1L0 .1MPBS, add: 
30 mL 10%T-X-100 

(4) 20X saline citrate buffer CSSCÌ. stock 
Makes 1L 
To 900 mL dH 2 0, add: 
175g NaCl 
88g Na 3 C 6 H 5 0 7 -2H 2 0 
Use I N HC1 to adjust pH to 7.0 
Bring final volume to 1L using dH 2 0 

(5) 2X SSC. working 
Makes 500 mL 
Dilute 20X SSC 9-fold 
To 450 mL dH 2 0, add: 
50 mL 20X SSC 
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A1.2 Solutions (Continued) 

(6) 0.5M Tris buffer saline (TBS), stock  
Makes 2L 
To 2L dH 2 0, add: 
121.2 g Trizma HC1 ( C 4 H n N C y H C l ) 
27.8g Trizma base ( C 4 H n N 0 3 ) 

(7) 0 .1MTBS. working 
Makes 1L 
Dilute 0.5M TBS 4-fold 
To 800 mL dH 2 0, add: 
200 mL 0.5M TBS 

(8) 20% Paraformaldehyde (PFA). stock 
Makes 500 mL 
To 100g paraformaldehyde, add: 
300 mL dH 2 0 
Stir and heat at 65°C 
Add NaOH drop-wise until solution clears 
Bring final volume to 500 mL using dH 2 0 
Filter 

(9) 4% PFA in 0.1M PBS, working 
Makes 100 mL 
Dilute 20% PFA 4-fold 
To 70 mL dH 2 0, add: 
10 mL 1M PBS 
20 mL 20% PFA 

(10) Cryoprotectant solution. 30% Sucrose 
Makes ca. 500 mL 
To 450 mL dH 2 0, add: 
50 mL 1M PBS 
150g sucrose 
5 mL 2% sodium azi de 

(11) Chromagen solution 
Makes 20 mL 
To 2 0 m L 0 . 1 M T B S , add: 
8.0 mg NiCl (20 uL of 400 mg/mL solution) 
4.0 mg D A B (400 uL of 10 mg/mL solution) 
6.0 uL 30% H 2 0 2 
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Al.3 Protocols 

(1) BrdU Immonohistochemistry (after Kempermann, Kuhn and Gage (1997a)) 

(a) Pre-treatment (denature DNA) 
Incubate in 50% formimide/50% 2X SSC buffer at 65°C for 2 hours 
Rinse 3 X 1 0 min. in 2X SSC buffer 
Incubate in 2 M HC1 for 30 min. at 37°C 
Rinse 3 X 1 0 min. in 0.1M PBS 
Peroxidase block: 3% H 2 0 2 in dH 2 0 for 7 min. 
Rinse 2 X 10 min. in 0.1M PBS 

(b) Immunohistochemistry 
Incubate in primary BrdU antibody (1:500, Harlan Sera-Lab, rat monoclonal), diluted in 
0.1M PBS+ and 5% blocking serum (Vector Laboratories) for 48-72 hours at 4 °C 
Rinse 3 X 10 min. in 0.1M PBS+ 
Incubate in biotinylated secondary antibody (1:500, Vector Laboratories, rabbit anti-rat 
IgG), diluted in 0.1M PBS+ for 2 hours at room temperature 
Rinse 3 X 10 min. in 0.1M PBS 
Incubate in A B C reagent (1:500, Vector Laboratories) diluted in 0.1M PBS for 1 hour at 
room temperature 
Rinse 3 X 10 min. in 0.1M PBS 
Incubate in chromagen solution for 30 seconds 
Rinse 2 X 10 min. in 0.1M PBS 
Rinse 2 X 10 min. in 0.1M PBS+ 
Mount, air dry, dehydrate, and coverslip using Permount® (Fisher Scientific) 

(2) BrdU and NeuN immunohistochemistry (double-labeling) 

(a) Pre-treatment (denature DNA), as above 

(b) Immunohistochemistry 
Incubate in primary BrdU antibody (1:500, Harlan Sera-Lab, rat monoclonal), primary 
NeuN antibody (1:100, Chemicon, mouse monoclonal), and 5% goat serum (Jackson 
Labs) diluted in 0.1 M PBS+ for 48-72 hours at 4 °C. 
Rinse 3 X 10 min. in 0.1M PBS 
Incubate in fluorescently-conjugated secondary antibodies (Alexa Flour™ 488 goat anti-
rat IgG, 1:200, Molecular Probes, and Rhodamine Red™-X-conjugated AffiniPure goat 
anti-mouse IgG, 1:200, Jackson Labs) diluted in 0.1M PBS+ for 2 hours at room 
temperature 
Rinse 2 X 10 min. in 0.1M PBS 
Mount and coverslip using fluorescent mounting medium 




