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ABSTRACT OF THE DISSERTATION

Impairments in Experience-Dependent Cortical Plasticity in Aged Animals

by

Jessica Louise Rickert

Doctor of Philosophy in Neurosciences

University of California, San Diego, 2009

Professor Mark H. Tuszynski, Chair

Advanced age is associated with diverse behavioral and neurobiological

deficits in comparison to adults. Potential mechanisms underlying age-related declines

in neural function include impairments in neural plasticity. Here, we employ the motor

system as a model to examine experience-dependent cortical plasticity in aged

animals, as the motor cortex of young adult animals has been demonstrated to undergo

a variety of plastic adaptations in the context of both normal learning and recovery

from injury.

This thesis first examined the ability of the aged motor cortex to undergo

plasticity in association with acquisition of a skilled motor task. Gene expression
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changes were assessed using microarray analysis; spine density plasticity was assessed

using intracellular filling techniques; and cortical map reorganization was assessed

using intracortical microstimulation. Results indicate that aged animals exhibit

impaired cortical plasticity in all measured parameters relative to young adults. These

impairments were associated with motor performance deficits.

The demand for neural plasticity in the context of injury is particularly

important in aging, given the increased incidence of cortical trauma along with the

reduced capacity for recovery in aged individuals. Thus, this thesis next investigated

whether aged animals exhibited impaired plasticity in the context of recovery from

focal cortical injury. Plasticity was assessed by quantifying the extent of map

reorganization using intracortical microstimulation. Aged animals exhibited a

complete absence of cortical map plasticity in association with rehabilitative training

after cortical injury compared to young adults. Impaired plasticity and recovery were

associated with age-related decreases in the cholinergic system, a system known to be

essential for cortical plasticity and optimization of behavioral performance in young

adults.

Combined, the results of this thesis indicate that aged animals have impaired

cortical plasticity mechanisms in the context of novel skill learning and recovery from

focal cortical injury. These age-related impairments in plasticity likely contribute to

deficits in behavioral performance in both the intact and injured aged brain.
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CHAPTER 1

Introduction

Neurobiology of Aging

Research into the biological mechanisms of aging is important, as the

population of aged individuals continues to rise dramatically worldwide (e.g. Cohen,

2003). The study of aging is accompanied by a set of complex problems, as

individuals experience different effects of aging based on a unique combination of

genetic and environmental factors. Irrespective of individual variability, aging has a

generally deleterious effect on many forms of behavior, as age-related declines in

cognition, sensory ability and motor performance have all been well documented.

From a broader perspective, aging impacts the ability of individuals to adapt to new

behavioral challenges, whether the challenge involves learning a new skill or

recovering from injury.

The prevailing hypothesis underlying most work investigating the

neurobiology of aging is that functional impairments are related to age-related deficits

in neurobiological substrates. This work has yielded important results both in terms of

basic science and clinical application, as it has helped guide treatment for age-

associated disorders such as Alzheimer’s and Parkinson’s disease. However, in spite

of the large literature supporting the hypothesis that aging is associated with baseline

deficits in brain function, less work has investigated the extent to which the aged brain
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remains capable of undergoing plasticity in the context of experience. It is this

capacity for experience-dependent modification that is postulated to serve as a

substrate for normal learning as well as recovery from injury.

This thesis investigates the impact of age on mechanisms of experience-

dependent plasticity. It specifically examines several distinct mechanisms of cortical

plasticity that are selectively associated with skilled motor learning or motor recovery

following injury. The motor system is ideal for examining potential age-related

impairments in plasticity since there is a substantial literature documenting cortical

plasticity mechanisms associated with motor skill acquisition and recovery in the adult

rat. This introduction will first discuss current knowledge concerning the ability of the

aged brain to undergo experience-dependent alterations. Next, the motor cortex will be

introduced as a model system in which to explore learning-dependent plasticity in

aged rats, and evidence for cortical plasticity following novel skill acquisition and

recovery from injury in adult animals will be discussed. Finally, aged motor

impairments as well as baseline deficits in the aged rat cortex that might impair the

ability of aged animals to undergo cortical plasticity in the same manner as adults will

be described.

Plasticity in the aged rat cortex

Current evidence examining the capacity for aged animals to undergo cortical

plasticity is generally limited to studies designed to ameliorate deficient
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neurobiological substrates in specific treatment paradigms. This work has yielded

evidence for aged cortical modification on all levels of analysis. One common

paradigm utilized in aging research involves enriched environment exposure. Lifetime

rearing in enriched or impoverished environments altered forelimb somatosensory

maps in aged rats (Coq and Xerri, 2001), while enrichment later in life reportedly

reversed age-related receptive field enlargement in hindlimb sensory maps (Churs et

al., 1996) and restored shrinkage of the hindlimb motor map area (Reinke and Dinse,

1999). Enriched environment exposure in aged animals also increased brain weight by

~ 3% (Cummins et al., 1973), cortical thickness by ~ 4-10% (Diamond et al., 1977a),

synaptophysin content by ~ 50% (Saito et al., 1994), dendritic arborization by ~ 15%

(Kolb et al., 2003), spine density by ~ 15-20% (Kolb et al., 2003), and modestly

decreased age-related elevations of GFAP (Soffie et al., 1999).

Another common method of examining age-related alterations in the nervous

system involves dietary manipulation. Caloric restriction restored L-type spines to

levels seen in young animals (Moroi-Fetters et al., 1989), and reduced age-associated

increases in genes related to inflammation (Lee et al., 1999), stress (Lee et al., 1999),

and apoptosis (Hiona and Leeuwenburgh, 2004). Similarly, dietary supplements

containing antioxidants increased the relatively low percentage of cells preferring the

fastest stimulus speed in aged animals from approximately 15 to 55% in the auditory

cortex (de Rivera et al., 2005).
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Treatments designed to ameliorate deficits in various neuromodulatory systems

can also elicit cortical plasticity. For example, nerve growth factor administration

restored spine density on cortical pyramidal neurons to levels seen in adults (Mervis et

al., 1991) and moderately increased the number of synaptophysin-positive presynaptic

terminals in the frontal cortex in aged impaired animals (Chen et al., 1995).

Other evidence for the plastic capacity of the aged cortex has been provided by

research into stroke and traumatic brain injury. Typically, these studies have found a

reduced capacity for injury-related plasticity in aged animals compared to adults.

Findings include decreases in glial (Kharmalov et al., 2000; Popa-Wagner et al.,

2007), neuroprotective (Li et al., 2005), and anti-oxidative responses (Buga et al.,

2008) along with reduced expression of factors thought to be important for

regeneration (Popa-Wagner et al., 1999; Badan 2003a; Schroeder et al., 2003),

neuroprotection (Buga et al., 2008), and immunosuppression (Buga et al., 2008).

Additionally, aged animals have a decreased capacity for angiogenesis following

injury (Zhang et al., 2005), along with a reduction in the number of oligodendrocyte

progenitor cells that could potentially remyelinate axons (Ohta et al., 2003). It is

important to note that these previous studies were mostly limited to the molecular

level, and did not investigate recovery-related plasticity at the level of cortical map

reorganization.
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Other studies have investigated cortical plasticity in aged animals following

chemically induced seizures. Similar to the work examining plasticity after injury,

these studies have generally observed a blunted capacity for experience-dependent

alterations with aging (Retchkiman et al., 1996; Wagner et al., 2000). For example,

Wagner et al. reported that aged animals exhibited a plastic response after seizure

activity in terms of increased levels of cfos, TpA and MAP1B expression, but that

increases in cfos and TpA were often several-fold lower than those observed in adult

animals (there was a relative increase in MAP1B expression; Wagner et al., 2000).

Despite the literature discussed above, there is a lack of knowledge concerning

the nature of cortical plasticity mechanisms associated with normal learning in the

aged brain. It is important to fill this knowledge gap, as insight into the nature and

proficiency of cortical plasticity mechanisms is potentially of great relevance to

quality of life for the rapidly expanding population of elderly individuals in society.

The most relevant previous work examining learning-dependent plasticity in aged

animals is summarized below:

1. Reversal learning: One study identified reversal learning impairments in

aged rats (Shoenbaum et al., 2006). The authors found that orbitofrontal

neurons in the cortices of rats identified as impaired during initial training

were less flexible as measured by single unit recordings compared to

neurons in adult and aged unimpaired rats; for example, neurons were less

likely to switch preferences when odor contingencies were reversed.



6

2. Hippocampal place field expansion: In this paradigm, the firing of place

cells in the hippocampus is recorded as rats traverse a closed track route.

After a few laps around the route, place fields expand and shift in a

direction opposite the route based on the principles of Hebbian synaptic

plasticity (Mehta et al., 1997). In contrast to results seen in young animals,

aged animals previously characterized as cognitively impaired had

deficient experience-dependent place field activity (Shen et al., 1997;

Tanila et al., 1997).

3. Hippocampal-dependent trace eyeblink conditioning (EBC): After EBC

learning, there is a decrease in postburst afterhyperpolarization (AHP) in

the hippocampal neurons of adult animals. In one study, aged and adult

rabbits were trained on trace EBC. Aged rabbits able to learn the task

required more trials to reach criterion performance, but exhibited reduced

AHPs relative to naïve aged animals as well as aged rabbits unable to reach

criterion performance (Moyer et al., 2000). One interpretation of these data

is that some aged animals were able to undergo learning-induced plasticity

in a manner similar to adults. However, the authors proposed another

conclusion; namely, that the aged animals able to successfully learn the

task had baseline AHPs that were similar to young animals (Disterhoft and

Oh, 2007).
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Although the few studies listed above provide some insight, there is

insufficient knowledge concerning whether age-related deficits in plasticity are the

cause of age-related functional deficits. Furthermore, the mechanisms underlying

impaired plasticity with aging, especially with regard to the cortex, are poorly

understood. The motor cortex is a useful model system in which to investigate

mechanisms underlying potential age-related plasticity deficits, as much work has

documented specific experience-dependent alterations in adult animals.

Motor learning and the motor cortex

Motor learning is often defined as the acquisition of new skilled movements

(Asanuma and Pavlides, 1997). The acquisition of “skills” implies that movements

will be generated efficiently in a similar manner in each instance, or “the learned

ability to bring about a predetermined outcome, with maximal certainty, and a

minimal outlay of time and energy, or both” (Newell and Ranganathan, 2009).

Acquisition of new skilled movements can take place on different time scales

depending on the task at hand, but is generally a slower process than the acquisition of

declarative knowledge (Karni et al., 1998). Many brain regions are important for

motor learning. As shown in Figure 1.1 (Squire et al., 2003), the motor system is

comprised of both cortical and subcortical structures that coordinate various

movements through feedback loops initiated by both sensory and top-down input.

With practice, these connections can be modified to achieve efficient and accurate

performance of skilled movements. Subcortical regions often studied in motor learning
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include the basal ganglia and the cerebellum, as these structures are activated (Karni et

al., 1998; Ungerleider et al., 2002; Doyon, 2008; Doyon et al., 2009) and modified

during skill acquisition (Kleim et al., 1998a; Mahon et al., 2004; Graybiel, 2005; Luft

et al., 2005). However, the work in this thesis specifically focuses on the role of the

motor cortex in skill acquisition and recovery from injury, as the motor cortex is

hypothesized to be essential for the fine motor control necessary for optimal skill

learning as well as the consolidation and storage of motor memories (e.g. Muellbacher

et al., 2002; Monfils et al., 2005).

Organization of the motor cortex

The motor cortex is composed of six layers containing various cell

populations. Large pyramidal cells in layers II/III and V have both extended and local

horizontal collaterals. Extended collaterals can either be excitatory or provide the

framework for feed-forward inhibition (Keller, 1993). The motor cortex also contains

nonpyramidal inhibitory neurons. In general, these neurons connect the deep and

superficial layers and do not have extended horizontal collaterals (Keller, 1993).

Like other cortical regions, the motor cortex is thought to process information

in a columnar fashion. Evidence for this organization is based on termination patterns

of local axon collaterals and incoming axons from somatosensory cortex and the

thalamus, as well as from functional similarity of neurons located within a column

(Keller, 1993). Each column has a width of approximately 0.5 to 1 mm in diameter
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(Mountcastle, 1957; Asanuma and Pavlides, 1997; Blake et al., 2002), and electrical

stimulation of a single column results in an enhanced probability of contraction of

either a single muscle or group of functionally-related muscles (Asanuma and

Pavlides, 1997).

One major source of input to the motor cortex is the somatosensory cortex.

Inputs from the somatosensory cortex are highly specific, synapsing onto layer II/III

pyramidal cells and innervating only a single or a few columns in primary motor

cortex (Asanuma and Pavlides, 1997). These connections are likely functionally

important, as stimulating the somatosensory cortex results in long term potentiation

(LTP) in the motor cortex (Asanuma and Pavlides, 1997; Sakamoto et al., 1987; Keller

et al., 1990a; Keller et al., 1990b). Furthermore, a number of experiments have shown

that input from the somatosensory cortex is necessary for acquiring grasping behavior

(Whishaw et al., 1991), although somatosensory input is not needed for skill

maintenance after learning has been completed (Pavlides et al., 1993). The other major

source of input to the motor cortex is the ventrolateral (VL) nucleus of the thalamus.

Input from the VL is more diverse, as one VL neuron can activate multiple columns

(Asanuma and Pavlides, 1997).

The major output of the motor cortex is through layer V pyramidal cells. These

neurons send their axons along the corticospinal tract to terminate onto motor neurons

in the spinal cord. There is currently a debate in the literature about the nature of this
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connection in the rat, with some reports arguing for a monosynaptic connection

between layer V cells and alpha motor neurons (Elger et al., 1977; Liang et al., 1991;

Grinevich et al., 2005) while others contend that layer V axons synapse onto

segmental interneurons (Yang and Lemon, 2003; Alstermark et al., 2004). In any case,

layer V cells are thought to innervate both single motoneuron pools as well as to

diverge in the spinal cord and therefore cause the contraction of several muscles

(Keller, 1993). Many experiments have electrically stimulated layer V pyramidal

neurons and observed evoked movements. Through systematic stimulation of layer V

using a technique known as intracortical microstimulation (ICMS), it is possible to

create a topographical map of evoked movements. Movements can typically be

evoked in similar locations from animal to animal, although there are differences

depending on rat strain (VandenBerg et al., 2002). A representative motor map from

an adult male F344 albino rat, the strain exclusively employed in this thesis, is

illustrated in Figure 1.2.

Skilled motor learning in the rat

Investigations into skilled motor learning employ different behavioral tasks

depending on the species of the subject being tested. Tests commonly used to explore

mechanisms of motor learning in rodents include an acrobatic conditioning task (e.g.

Kleim et al., 1996) and a skilled reaching task (e.g. Whishaw and Pellis, 1990). The

skilled reaching task is perhaps most appropriate for translational research across

species since the ability to grasp is a conserved motor behavior that can be traced far
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back evolutionarily (Iwaniuk and Whishaw, 2000; Whishaw et al., 2008). Use of a

reaching task in rodents has a long history, as the first documented experiment in

skilled reaching in a rat was performed in 1934 (Peterson, 1934). Most versions

presently in use today are based on an updated form of the task (Whishaw and Pellis,

1990) and involve teaching animals to learn to retrieve a single food pellet from a tray

or well. Whishaw and colleagues performed movement analysis of reaching behavior

using Eshkol-Wachman Movement Notation and divided successful skilled reaching

into several stereotypical components, including: aiming, digit opening during limb

advancement, palm pronation, grasping during retraction, and palm supination

(Whishaw and Pellis, 1990). In general, animals improve in performance on the skilled

reaching task by learning to successfully execute and refine these stereotypical

movements.

Plasticity in the adult rat motor cortex following skilled motor training

Skilled motor training in adult rats results in cortical plasticity across several

levels of analysis. For example, training on an acrobatic conditioning task resulted in

an increased number of fos-positive cells within layer II/III of the motor cortex in

comparison to motor control or inactive rats, suggesting a learning-related

upregulation of the immediate early gene c-fos (Kleim et al., 1996). Continuing on the

molecular level, experiments employing protein synthesis inhibitors have shown that

ongoing protein synthesis is necessary for maintaining functional map organization
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and optimal performance on the skilled reaching task (Kleim et al., 2003; Luft et al.,

2004).

Acquisition of a novel motor skill also increases morphological complexity.

Studies employing the non-selective Golgi technique found that training on the

forelimb reach task increased dendritic branching in layer V (Greenough et al., 1985)

and layer III (Withers and Greenough, 1989) pyramidal cells. Reports also indicate

synaptogenesis following skilled motor training within layer II/III cells of the motor

cortex as measured by stereological analysis using ultrastructural methods (Kleim et

al., 2002a), and increased spine width in layer I as determined with confocal imaging

after DiI labeling (Harms et al., 2008). Learning-dependent morphological changes are

not widespread, but instead occur in activated areas of the cortex. For example, while

motor training increased the number of synapses per neuron in layer V pyramidal

neurons in the caudal forelimb area, no increases were observed in the rostral forelimb

or hindlimb areas of motor cortex (Kleim et al., 2002a). Because the caudal forelimb

area controls the distal forelimb movements necessary for successful performance of

the skilled motor reaching task, these results provided a link between changes in

morphology and skill acquisition within a general cortical region. More recently, the

relationship between morphological changes and motor learning was clarified by a

study that combined retrograde tracing and intracellular filling. Here, tracer was

injected into either the C8 or C4 levels of the spinal cord, and retrogradely labeled

layer V pyramidal cells were subsequently located in the cortex. C4-projecting cells,
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which control more proximal forelimb movements not important for the refinement of

the skilled motor reaching task, showed no morphological plasticity with training. In

contrast, C8-projecting cells responsible for controlling distal forelimb movements

increased in morphological complexity in terms of both dendritic branching and spine

density (Wang et al., 2006a). Furthermore, as observed in previous work looking at

non-specific cell populations (Kleim et al., 2004), C8 neurons in animals performing a

motor control task did not exhibit the same degree of plasticity. These results imply

that morphological plasticity is maximal in “learning” neurons, and suggests a

possible mechanism for the behaviorally relevant storage of newly acquired skills.

At the highest level of analysis, skilled reach training results in cortical map

reorganization. Documented changes include the expansion of distal wrist and digit

movements with a corresponding shrinkage of proximal movements (Kleim et al.,

1998b; Kleim et al., 2002a; Kleim et al., 2004), or an enlargement of the total caudal

forelimb area following training (Conner et al., 2003; Molina-Luna et al., 2008). As

with morphological alterations, map plasticity is strongly associated with novel skill

learning and does not result from non-specific motor activity. For example, studies

investigating cortical map reorganization have observed a lack of map plasticity in

animals trained to perform a non-skilled motor task (Plautz et al., 2000; Remple et al.,

2001; Kleim et al., 2004) as well as in animals allowed to freely exercise (Kleim et al.,

2002b). Additionally, one study found a significant correlation between the amount of

map plasticity and level of behavioral performance (Molina-Luna et al., 2008).
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Finally, the most direct evidence for the involvement of cortical reorganization in

learning comes from studies in which behavior was impaired when cortical map

reorganization was eliminated (Conner et al., 2003; Ramanathan et al., 2009).

Timing of motor cortex plasticity

Human imaging studies have modeled the progression of motor learning by

dividing skill acquisition into two main stages: early and late. These stages can be

categorized both in terms of behavioral changes as well as by changes in regional

brain activity. During the early stage of motor learning, rapid behavioral improvement

is observed within initial training sessions and the cerebellar cortex is predominately

activated (Karni et al., 1998; Ungerleider et al., 2002; Doyon et al., 2009). The second

stage of motor learning takes place over many sessions, and is characterized by

moderate behavioral improvement from session to session. Here, cerebellar activity

decreases while other motor areas such as the striatum become more strongly activated

(Karni et al., 1998; Ungerleider et al., 2002; Doyon et al., 2009). The motor cortex is

hypothesized to be more involved in learning during this second stage, as imaging

studies found that motor cortex activity showed specificity for the learned skill only

during late-stage learning; during early stages of acquisition, similar amounts of

activity were observed for both unpracticed and practiced motor sequences (Karni et

al., 1995). Based on these data, current theories about the timing of motor skill

acquisition propose that early-stage learning requires both corticostriatal and

corticocerebellar systems, while only the corticostriatal system is necessary for long-
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term storage of the learned motor skill (Doyon, 2008). However, it should be noted

that the division of motor learning into early and late stages may be overly simplistic.

For example, current models of skill acquisition also incorporate an intermediate stage

of motor learning, as studies have provided evidence for a time period during which

motor memories are susceptible to interference even when no training is occurring

(Shadmehr and Brashers-Krug, 1997; Doyon et al., 2009).

Additional studies have attempted to define the sequence of plastic changes

that take place specifically within the motor cortex during skilled motor acquisition in

rats. Changes in gene expression in the motor cortex are thought to first occur during

early learning, as elevation of the number of fos-postive cells was observed on day 1

of an acrobatic conditioning task (Kleim et al., 1996). However, in agreement with the

human imaging literature, many training-dependent changes in the rat motor cortex do

not occur until late-stage learning. These changes include the correspondence of

increased signal to noise in M1 firing patterns with behavioral improvement (Kargo

and Nitz, 2004), synaptogenesis (Kleim et al., 2004), and map reorganization (Kleim

et al., 2004). More specifically, alterations in signal to noise ratio and synaptogenesis

occur prior to map reorganization. Data from these studies have led to the hypothesis

that learning-associated plasticity in the rat motor cortex occurs along a progressive

time line, with changes in gene expression and therefore protein synthesis first

occurring during early motor skill acquisition, while later stage learning (or

consolidation) is accompanied by morphological changes and finally cortical map



16

reorganization (Adkins et al., 2006). The above plasticity may be initiated by selective

alterations in synaptic strength.

Hypothesized mechanism for learning-dependent plasticity: long term potentiation

Map plasticity following skilled motor learning in the rat is thought to occur

via LTP-like mechanisms along horizontal connections in layer II/III of the motor

cortex. Both anatomical and functional evidence supports this hypothesis.

Anatomically, pyramidal cells have axon collaterals in layer II/III as well as in layer V

(Sanes and Donoghue, 2000) that extend for 1 mm or more, preferentially linking

representations of the same body part and often extending into border zones between

different representations (Huntley and Jones, 1991; Keller, 1993; Weiss and Keller,

1994). These horizontal connections are thought to maintain motor map

representations through a balance of excitation and feed-forward inhibition, as

manipulations that disrupt this balance such as pharmacological relief of inhibition or

peripheral nerve lesions result in rapid reorganization along this existing anatomical

framework (Jacobs and Donoghue, 1991; Huntley, 1997). Electrophysiologically,

evidence that LTP could be induced along layer II/III connections first came from

work employing stimulation protocols in slices (Hess and Donoghue, 1994; Aroniadou

and Keller 1995; Castro-Alamancos et al., 1995) as well as in the awake adult rat

(Trepel and Racine, 1998). However, evidence directly linking electrophysiological

plasticity along horizontal connections to skill learning was obtained when higher

amplitudes of evoked field potentials along layer II/III horizontal connections were
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found in trained compared to untrained hemispheres of rat motor cortex (Rioult-

Pedotti et al., 1998). As less LTP could subsequently be induced in the trained

hemisphere, it was hypothesized that skilled motor learning and LTP shared similar

mechanisms, the assumption being that if motor learning occurred via a different

mechanism, LTP could be induced to similar levels regardless of training status

(Rioult-Pedotti et al., 1998; Rioult-Pedotti et al., 2000). Further proof that motor

learning engaged LTP-like mechanisms was obtained when long-term depression

(LTD) was more easily induced in the trained hemisphere (Rioult-Pedotti et al., 2000).

As LTP and LTD are thought to have an inverse relationship, this data suggested that

the LTP-like mechanisms involved in learning the skilled reaching task had essentially

saturated the relevant horizontal connections, preventing further potentiation but

allowing for more depression (Rioult-Pedotti et al., 2000).

Increased potentiation after training as observed by Rioult-Pedotti et al. has

since been replicated by others in slice recordings (Hodgson et al., 2005) as well as in

acute and chronic in vivo experiments (Hodgson et al., 2005). Furthermore, a recent

study found enhanced response size and occluded LTP in layer I after motor training,

suggesting that learning-induced potentiation may not be solely restricted to layers

II/III (Harms et al., 2008). However, it should be noted that there is not complete

agreement in the field concerning learning-induced LTP in the motor cortex, as one

published study was unable to replicate the results obtained by Rioult-Pedotti and

colleagues, and instead documented electrophysiological differences related to factors
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such as handling and food-deprivation, suggesting that the results obtained by Rioult-

Pedotti et al. resulted from various stressors rather than motor learning (Cohen and

Castro-Alamancos, 2005).

Besides its proposed role in cortical map reorganization, LTP induction may

also result in morphological plasticity. Although most evidence for LTP-induced

alterations comes from literature examining the hippocampal formation (e.g. Segal,

2005; De Roo et al., 2008; Lynch et al., 2008), studies have also observed various

structural modifications after LTP induction in the motor cortex (Ivanco et al., 2000;

Monfils and Teskey, 2004; Connor et al., 2006). More recently, synaptic potentiation

was accompanied by transient expansion of spine head width in layer I of the cortex

(as assessed with confocal imaging) following skilled reach training (Harms et al.,

2008). While synaptic potentiation persisted for 30 days following skill acquisition,

spine width as well as the ability to induce LTP returned to levels seen in the untrained

hemisphere. The results of this study suggest a direct link between learning,

electrophysiology, and morphology, and also raise questions about the permanence of

morphological alterations.

In summary, motor cortex plasticity occurs on several levels of analysis

following skill acquisition in the adult rat. Plasticity is learning-specific, and does not

maximally occur after repetition of non-skilled movements. Different types of

plasticity are manifested depending on the stage of motor learning, with changes in
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gene expression and synaptic potentiation likely initiated during early stages, while

synaptogenesis and map reorganization occur after behavior has reached asymptotic

levels. Current theories suggest that synaptic potentiation is responsible for initiating

skilled motor acquisition along with subsequent storage of motor memory in primary

motor cortex.

Recovery-related cortical plasticity in adult animals following sensorimotor

injury

Plasticity following sensorimotor injury has been investigated using a variety

of paradigms. Lesions are typically induced electrolytically or with methods designed

to mimic stroke or traumatic brain injury. As with skill acquisition, recovery-related

plasticity has been demonstrated to occur in the adult brain on several levels of

analysis. These plastic changes occur in undamaged tissue in the peri-lesioned region

as well as remotely and are summarized below.

One major focus in the literature has been the investigation of map

reorganization following motor cortex injury. Experimenters have found that map

plasticity occurs adjacent to the lesion site (Castro-Alamancos and Borrel, 1995; Nudo

et al., 1996; Rouiller et al., 1998; Friel et al., 2000) as well as in more remote regions

(Frost et al., 2003; Conner et al., 2005; Eisner-Janowicz et al., 2008).  Importantly,

lesion-induced cortical map reorganization is thought to be necessary for behavioral

recovery. The most convincing evidence for the association of map reorganization
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with behavioral recovery comes from studies that have eliminated newly reorganized

representations following behavioral improvement and tested the functional

consequences. For example, in nonhuman primates (Rouiller et al., 1998) and rats

(Castro-Alamancos and Borrel, 1995), the inactivation of a newly formed forelimb

representation adjacent to the lesioned area impaired performance. Furthermore, rats

rehabilitated on a skilled reaching task following bilateral lesions of the caudal

forelimb area had expanded rostral forelimb area representations compared to non-

rehabilitated controls; subsequent lesioning of this reorganized area, but not a control

region, eliminated behavioral recovery (Conner et al., 2005). Other evidence

supporting the importance of cortical map reorganization for functional recovery

comes from studies in which the amount of expansion or absolute size of the newly

organized region was positively correlated with behavioral performance (Castro-

Alamancos and Borrel, 1995; Eisner-Janowicz et al., 2008). Along similar lines,

subtotal lesions of the distal forelimb region in monkeys resulted in shrinkage of the

remaining representation unless animals underwent behavioral training (Nudo et al.,

1996).

In addition to recovery-related motor map reorganization, several laboratories

have investigated morphological plasticity after unilateral injury to the rat forelimb

sensorimotor area. In this paradigm, injury results in a variety of structural changes in

the homotopic (forelimb) region of the contralateral cortex (Jones and Schallert, 1994;

Jones et al., 1996; Kozlowski et al., 1996; Jones et al., 1999; Biernaske and Corbett,
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2001; Hsu and Jones, 2006), although plasticity can also occur heterotopically in the

hindlimb area (Chu and Jones, 2000). As with cortical map reorganization,

morphological plasticity following injury relates to behavioral recovery. For example,

blocking use of the ipsilateral forelimb early after injury prevented contralateral

dendritic growth and impaired behavior (Jones and Schallert, 1994). In the reverse

experiment, inactivating the contralateral cortex with lidocaine impaired performance

in animals with large ipsilateral lesions (Biernaskie et al., 2005). Furthermore,

increases in dendrites labeled for MAP2 and NMDAR1 (known plasticity markers)

correlated with recovery performance on the skilled reaching task (Hsu and Jones,

2006). Finally, as seen during normal skill acquisition (Kleim et al., 2004; Wang et al.,

2006a), rats trained on a skilled versus unskilled recovery behavior had greater levels

of morphological plasticity (Jones et al., 1999; Chu and Jones, 2000). However, the

link between morphological plasticity and recovery behavior is not undisputed, as

there is also evidence to the contrary (e.g. Barth et al., 1990; Andersen et al., 1991;

Shanina et al., 2006). For example, Shanina et al. saw no effect of the contralateral

lesion on a variety of behavioral measures after first giving rats a unilateral lesion and

then lesioning the contralateral cortex at different time points throughout behavioral

recovery (Shanina et al., 2006).

Damage to the rat sensorimotor cortex also results in changes in gene

expression. In general, cortical injury upregulates the expression of immediate early

genes (Uemura et al., 1991; Collaco-Moraes et al., 1994; Neumann-Haefelin et al.,
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1994) and alters gene expression in a manner permissive to axonal sprouting and

neurogenesis (Carmichael, 2006) in the period following damage. However, the

relationship between expression changes in specific genes and functional recovery

remains largely unexamined, as many studies examining gene expression did not

measure behavior. Furthermore, studies that did measure behavioral outcome typically

treated animals similarly instead of documenting any differential expression between

non-rehabilitated or rehabilitated animals, thus not distinguishing between genes

directly involved in recovery and those associated with other aspects of injury.

However, a few studies have attempted to correlate elevations in growth-promoting

genes with recovery. For example, one study (Stroemer et al., 1995) found that

behavioral recovery from injury occurred within the same time frame as increased

expression of GAP-43 (involved with the initiation of neurite growth) and

synaptophysin (a presynaptic marker for synapses). In another study from the same

group, density measurements of GAP-43 in behaviorally-relevant cortical areas

correlated with recovery after traumatic brain injury (Hulsebosch et al., 1998). Despite

this work, elevation in the expression of any one gene is unlikely to support behavioral

recovery on its own. For example, a recent study found peri-lesional elevation of

BDNF expression after focal photothrombosis in the motor cortex, but no major

improvements in skilled reaching performance (Sulejczak et al., 2007). Microarray

technology, which allows for examination of expression changes on a genome-wide

scale, may ultimately be useful in determining which genes are most important for

recovery. However, data interpretation remains complicated, as even genes that are
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part of similar networks may be differentially regulated. For example, one recent study

found that in the first week following stroke there was an upregulation of genes related

to neuronal and oligodendrocyte survival, neuronal injury, axonal myelination and

neurogenesis, along with a downregulation of different genes involved in similar

neurobiological functions (Buga et al., 2008).

Rehabilitative training

Rehabilitation training is important for behavioral recovery as well as cortical

plasticity following injury. The method of rehabilitation following injury is of great

interest, as one goal of research into cortical damage is to develop effective behavioral

treatments for injured rodents and ultimately humans. Typically, studies investigating

cortical plasticity after sensorimotor lesions assess behavior at certain end points or

have animals engage in rehabilitative behavior throughout the experiment. It is often

difficult to compare the efficacy of different behavioral strategies and treatments on

recovery due to the use of different lesion paradigms. However, when evaluating

rehabilitation strategies it is important to consider how behavioral recovery is defined.

Whishaw and colleagues have stressed that improved behavioral performance after

injury could either be due to true recovery of original function or to development of

new compensatory movements (Whishaw, 2000). Currently, evidence exists for both

of these strategies in regards to reacquisition of skilled reaching behavior (Whishaw,

2000; Metz et al., 2005; Alaverdashvili et al., 2008a; Alaverdashvili et al., 2008b;

Moon et al., 2009). Strictly speaking, recovery of original function may be the most
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desirable outcome, especially when considering possible future translation to a clinical

setting.

Another issue to consider with regards to rehabilitation concerns the timing of

training onset relative to injury. Some studies have found that aggressive early

behavioral intervention actually results in greater lesion size, reduced plasticity and

impaired behavioral recovery (Kozlowski et al., 1996). On the other end of the

spectrum, delaying rehabilitation too long after injury can result in a lack of behavioral

recovery and plasticity (Biernaskie et al., 2004). For rats recovering from sensorimotor

injury, evidence suggests that moderate training early after injury can be beneficial,

but that aggressive training should be delayed until approximately the third week

following damage to paradoxically avoid worsening of anatomical and/or behavioral

deficits (Schallert et al., 2000).

To summarize, plasticity in the adult motor cortex following behavioral

recovery from cortical injury occurs on many levels. Evidence suggests that this

plasticity is often related to behavioral recovery, especially with regard to alterations

in morphology and the reorganization of cortical maps. The nature and timing of

rehabilitative training can affect functional outcome.

Acetylcholine is necessary for motor cortex plasticity
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Little is known about the neural substrates that support experience-dependent

cortical plasticity. However, one substrate thought to play an essential role in

mediating plasticity is acetylcholine. Acetylcholine is important for plasticity

mechanisms in many cortical areas, including visual (Gu, 2003), auditory (Bakin and

Weinberger, 1996; Kilgard and Merzenich, 1998), and sensory (Juliano et al., 1991;

Baskerville et al., 1997; Sachdev et al., 1998) cortex. Of special relevance to the work

in this thesis, it has recently been shown that acetylcholine is necessary for training-

dependent as well as recovery-related map reorganization in the motor cortex.

Specifically, elimination of cortical cholinergic projections with an immunotoxin

specific for cholinergic cells resulted in behavioral impairments as well as a complete

lack of map plasticity in the caudal forelimb area following skilled reach training

(Conner et al., 2003). Similarly, elimination of cortical cholinergic projections

prevented cortical map reorganization and optimal behavioral performance following

focal cortical injury (Conner et al., 2005).

Generally speaking, acetylcholine may support cortical plasticity through its

ability to enhance the responsiveness of cortical neurons (e.g. Donoghue and Carroll,

1987; Metherate et al., 1988a; Metherate et al., 1998b; Tremblay et al., 1990), thereby

creating a more permissive environment for synaptic potentiation (Verdier and Dykes,

2001).  Cholinergic afferents facilitate electrophysiological plasticity along the layer

II/III horizontal connections hypothesized to underlie map expansion (Hess and

Donoghue, 1999), and it has been argued that long term enhancement of the
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cholinergic system has characteristics similar to LTP (Verdier and Dykes, 2001).

However, the cholinergic system is not thought to cause general cortical excitation in

the awake behaving animal, but is instead believed to enhance activity in a

behaviorally relevant manner (e.g. Bakin and Weinberger, 1996; Kilgard and

Merzenich, 1998; Passetti et al., 2000; Arnold et al., 2002). For example,

microdialysis studies have shown modality-specific release of acetylcholine into

relevant cortical areas (Fournier et al., 2004). Furthermore, recent evidence suggests

that acetylcholine may only be necessary for behaviorally-relevant map plasticity, as

lesioning of the cholinergic system disrupted cortical reorganization related to

acquiring the skilled reaching task but did not affect passive map reorganization

following a peripheral nerve lesion (Ramanathan et al., 2009).

 Motor behavior in the aged rat

As is the case with many behaviors, advanced age is often associated with

impairments in motor performance, motor learning, and functional recovery from

injury in rodents, nonhuman primates and humans. The following section specifically

discusses evidence for impaired motor behavior in the aged rat.

Motor ability

Many studies have documented decreases in motor ability and performance in

aged rats. Impairments are often not significant for easy reflexive tasks (Wallace et al.,

1980; Janicke et al., 1983) but become more obvious with increasing task difficulty.
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Motor tasks at which aged animals are impaired include strength tests such as hanging

wire/rod suspension (Wallace et al., 1980; Janicke et al., 1983; Joseph et al., 1983;

Spangler et al., 1994; Murphy et al., 1995; Shukitt-Hale et al., 1998; Bowenkamp et

al., 2000) and the inclined screen or plane (Janicke et al., 1983; Joseph et al., 1983;

Spangler et al., 1994; Murphy et al., 1995; Shukitt-Hale et al., 1998). Aged rats are

also impaired on tests designed to measure motor coordination and balance such as

swimming (Marshall and Berrios, 1979), rod/ladder/bridge/plank walking (Wallace et

al., 1980; Joseph et al., 1983; Yurek et al., 1998; Gage et al. 1989; Friedemann and

Gerhardt, 1992; Shukitt-Hale et al., 1998; Bowenkamp et al., 2000; Metz and

Whishaw, 2002) and the rotorod (Wallace et al., 1980; Janicke et al., 1983; Spangler et

al., 1994; Shukitt-Hale et al., 1998).  Several studies have also reported decreased

spontaneous motor activity in aged rats (Spangler et al., 1994; Yurek et al., 1998;

Stanford et al., 2002; Badan et al., 2003b). Additionally, aged rodents often have an

abnormal walking pattern (Schuurman et al., 1987; Van der Zee et al., 1987) that has

mostly been associated with deterioration of hindlimb motor function (Godde et al.,

2002; David-Jurgens et al., 2008).

Motor learning

Very few studies have assessed motor learning in the aged rat. One set of

experiments investigated the ability of aged rats to learn to traverse a runway covered

with aluminum pegs placed in different patterns. Learning was assessed by measuring

the time needed to cross the runway over serial days of testing (Bickford et al., 1992;
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Bickford, 1993). Aged and adult animals had similar task acquisition during the

training phase of the experiment, in which pegs were placed in an equally spaced

pattern. However, later testing on a pattern in which the pegs were irregularly spaced

resulted in significant age-related acquisition impairments as measured by employing

an exponential decay model, with a final decay constant of –0.863 for young rats and -

0.079 for aged rats (Bickford, 1993). Age-related impairments in acquisition did not

correlate with deficits in motor ability or other factors such as motivation. Results

from this model suggest that aged animals are impaired at learning new motor

patterns.

Another study attempted to distinguish between motor ability and motor

learning in aged rats using an acrobatic conditioning paradigm (Churchill et al., 2003).

Performance was assessed in terms of number of days to reach criterion performance,

trial latency, and number of errors per trial. Compared to adults, aged animals required

significantly more days to reach criterion performance (~8 days instead of the ~2.5

days required by young and adult animals) and had increased latency to task

completion, although differences in latency to complete a motor control task could

partially account for some of the observed impairment. Aged animals also committed

significantly more errors than younger animals before reaching criterion performance.

However, the authors also calculated a “savings” value, or the amount of information

learned by the animal between or within a session. For within-session calculations, the

latency to complete the task on the first trial of the day was divided by the latency for
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the last trial, while for between-days calculations the latency to complete the first trial

on one day was divided by the latency to complete the last trial on the previous day.

This method of analysis yielded no significant differences between aged and young

animals in either situation, leading the authors to conclude that aged animals had the

ability to acquire a new motor task at the same rate as adults once individual baseline

performance was taken into account, and that aging spares procedural motor memory.

Recovery of motor behavior following cortical injury

Paralleling observations in humans (Pentland et al., 1986; Luerssen et al.,

1988; Nakayama et al., 1994; Susman et al., 2002; Hukkelhoven et al., 2003; AHA,

2009), aged animals are impaired at motoric recovery following cortical injury on a

variety of tests. Studies mimicking stroke have found worse behavioral recovery in

aged animals compared to younger counterparts on tasks such as beam-walking

(Brown et al., 2003), rotorod (Kharmalov et al., 2000; Badan et al., 2003b; Badan et

al., 2004; Popa-Wagner et al. 2007), and the inclined plane (Badan et al., 2003b; Popa-

Wagner et al., 2007), as well as neurological tests dependent on sensorimotor function

(Badan et al., 2003b; Zhang et al., 2005; Popa-Wagner et al., 2007; DiNapoli et al.,

2008). Paradigms mimicking traumatic brain injury have also found aged animals to

have greater impairments on beam-balance and beam-walking tests following damage

(Hamm et al., 1992).
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The magnitude of behavioral deficit exhibited by aged animals following

injury is related to the amount of cortical damage incurred based on the experimental

paradigm, as well as the means of behavioral quantification. Even when the same task

is employed, there are differences in outcome depending on experimenter criteria and

the length of recovery time. For example, Hamm et al. measured post-injury

performance on a beam-walking task for 5 days following traumatic brain injury and

found no performance deficits in young injured animals on any measured parameters

(Hamm et al., 1992). In contrast, aged animals were impaired for all 5 days in terms of

beam-balance duration and a beam-balance score, but recovered to control values for

beam-walking latency by day 4. Brown et al. also assessed animals on a beam-walking

test after a photothrombotic lesion of the sensorimotor cortex (Brown et al., 2003).

Based on the authors’ injury model and performance criteria, young adult rats took up

to 10 days of post-injury testing in order to recover to pre-injury levels, while only

17% of 18 month old injured animals were recovered by 60 days post-injury. The

results from the Hamm study suggest only a modest exaggeration of behavioral deficit

in aged animals following injury, while the Brown study implies a severe disparity

between age groups. However, the literature suggests that worsening of behavioral

deficits in aged compared to young rats is generally moderate in degree. For example,

in one recent study aged rats had approximately 20% less recovery on the rotorod and

15% less recovery on the inclined plane compared to young adults (Popa-Wagner et

al., 2007).
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Age-related deficits in motor function are well established, although whether

aged rats have impaired motor learning is less clear. In general, aged rats have

moderately exaggerated impairments in functional recovery following injury

compared to younger counterparts. Deficient motor behavior in aged animals might

result from impairments in cortical plasticity. Plasticity deficits may result in part from

age-related alterations in neurobiological substrate.

Age-related cortical deficits

Numerous studies have provided evidence for altered cortical function in aged

compared to young animals on a variety of measures. Observations include baseline

differences in gene expression, morphology, electrophysiology and representational

maps, along with deficits in ascending neuromodulatory systems that innervate the

cortex. Evidence for age-related changes in the cortex across several levels of analysis

is summarized below.

Gene expression

Although most studies examining gene expression with aging have been

conducted in the hippocampus (e.g. Blalock et al., 2003; Rowe et al., 2007; Burger et

al., 2008), the few studies examining age-related differences in the cortex suggest a

shift towards increased expression of genes involved with death and damage and

decreased expression of genes that promote growth and plasticity. For example, one

study examining tissue from human frontal cortex found an age-related increase in the
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expression of stress response, antioxidant and DNA repair genes, along with an age-

related reduced in expression of genes involved in synaptic plasticity, vesicular

transport and mitochondrial function (Lu et al., 2004). Similar results were found in an

examination of the aged mouse cortex, as aging upregulated genes implicated in

inflammatory and stress responses and downregulated genes regulating protein

turnover, growth, and trophic factors (Lee et al., 2000). In the rat sensorimotor cortex,

aged animals had higher levels of genes coding for apoptosis, decreased mRNA

coding for enzymes used for reactive oxygen species (ROS) scavenging, and

upregulation of mRNA indicating damaged myelin (Buga et al., 2008), while the

frontal cortex of aged rats exhibited increased levels of apoptotis-associated genes

(Hiona and Leeuwenburgh, 2004). Aged rats also had decreased basal cortical

expression of c-fos protein, suggesting a deficit in immediate early gene expression

(Lee et al., 1998). However, regulation of gene expression in the aged brain is likely to

be more complicated than simple increases or decreases in gene expression relative to

adults. For example, Li and colleagues found that aged animals had higher basal levels

of both growth inhibitory and growth promoting genes in frontal/parietal cortex (Li

and Carmichael, 2006).

Morphology

In general, studies in humans (Scheibel et al., 1975; Watanabe, 1981;

Nakamura et al., 1985; Anderson and Rutledge 1996; Jacobs et al., 1997; de

Brabander et al., 1998), nonhuman primates (Cupp and Uemura, 1980; Uemura, 1980;
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Page et al., 2002; Duan et al., 2003) and rodents have observed age-related decreases

in cortical morphology. Specifically focusing on aged rodents, reported deficits

include decreased cortical thickness (Diamond et al., 1977a; Connor et al., 1980a;

Wang et al., 2009), soma size (Wong et al., 2000; Wong et al, 2006) synaptic density

(Markus and Petit, 1987; Saito et al., 1994), dendritic length or aborization (Vaughan,

1977; Wong et al., 2000; Markham and Juraska, 2002; Wong et al., 2006; Wang et al.,

2009), and spine density (Feldman and Dowd, 1975; Moroi-Fetters et al., 1989;

Mervis et al., 1991; Wong et al., 2000; Markham and Juraska, 2002; Kolb et al., 2003;

Wong et al., 2006; Wang et al., 2009). Results consistently indicate a modest amount

of deficit, ranging from approximately 3-27% for cortical thickness, 30-40% for cell

size, 14-35% for synaptic density, 21-30% for dendritic length and arborization, and 8-

64% for spine density. However, in some instances methodology, animal strain, the

respective ages of the “young” and “aged” animals, and the location of analysis

(cortical area, layer, dendritic location) result in discrepancies between studies.

Specifically focusing on the potential effects of methodology on spine density,

whereas most studies observed decreases of ~20-40%, studies from Wong et al.

reported decreases of ~30-60% (Wong et al., 2000; Wong et al., 2006), perhaps

because Wong and colleagues quantified cells previously involved in

electrophysiological recordings. Of particular relevance to this thesis, previous studies

investigating spine density in aged animals have either used methods such as the Golgi

technique that label a wide variety of cell populations (Feldman and Dowd, 1975;

Moroi-Fetters et al., 1989; Mervis et al., 1991; Markham and Juraska, 2002; Kolb et
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al., 2003), or randomly sampled layer III or layer V pyramidal cells using intracellular

filling techniques (Wong et al., 2000; Wong et al., 2006; Wang et al., 2009). None

have investigated discrete neuronal populations known to be involved in a particular

behavioral task in aged animals as will be described later on in this work.

However, it is important to note that despite a literature mostly in support of

deficits, not all studies have reported age-related decreases in cortical morphology

across all measures (e.g. Connor et al., 1980b; Curcio et al., 1985; Stemmelin et al.,

2003). Morphological decreases and increases can even be observed within the same

cells depending on the parameter being measured (Wong et al., 2000). In other brain

regions, age-related increases in morphological parameters have sometimes been

hypothesized to represent compensatory processes in aging related to degeneration of

other systems (e.g. Coleman and Flood, 1986; Stroessner-Johnson et al., 1992).

Finally, no discussion of age-related structural changes is complete without

mentioning early theories of neuronal loss with aging. This hypothesis first took hold

due to the work of Brody (Brody and Lipshutz, 1955) and remained a guiding force in

the aging literature for several decades, aided by evidence for dramatic cell death in

age-related degenerative diseases such as Alzheimer’s. However, due to the advent of

improved methodological techniques (most notably stereology) this hypothesis has

been largely disproved, as studies have consistently found relative preservation of

neurons with age (e.g. Long et al., 1999; Morrison and Hof, 1997; Peters et al., 1998).
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Instead, when it occurs, significant cell death with aging appears to be restricted to

certain cell populations (e.g. Coleman and Flood, 1987; West, 1993; Morrison and

Hof, 2002; Smith et al., 2004). Specifically in regards to the aged rat cortex, most

evidence points to similar numbers of cortical neurons in comparison to adults (e.g.

Brizzee et al., 1968; Diamond et al., 1977b; Diamond et al., 1985; Merrill et al., 2001).

Of special relevance to this thesis, a recent study found no significant difference in

neuronal density between young and aged animals when measuring within layers of

the sensorimotor cortex (Wang et al., 2009).

Electrophysiology

Theories of functional decline with aging have included arguments for both

impaired excitation and impaired inhibition in the cortex, conditions which are not

necessarily mutually exclusive. Indirect measures supporting decreased excitation

include observations of a reduction in presynaptic boutons in the aged cortex (Chen et

al., 1995; Wong et al., 1998; but see Poe et al., 2001), along with a highly consistent

finding of a 20-50% decrease in NMDA receptor density (Segovia et al., 2001).

Evidence for morphological attrition as discussed previously also suggests reduced

excitation in the cortex, as spines are thought to be excitatory. Similar indirect

methods have been applied to inhibitory signaling with less consensus, as studies have

found increases, decreases, and no change in inhibitory markers with age (Bernstein et

al., 1985; Mhatre and Ticku, 1992; Frick et al., 2002; Giardino et al., 2002; Ling et al.,

2005; Jacobson et al., 2008). One often incorrectly-cited study used stereological
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techniques to determine whether there was an age-related decline in sensorimotor

cortex inhibitory synapses (Poe et al., 2001). While the authors found a decrease in

presumed inhibitory synapses between middle-aged and aged animals, no differences

were observed when comparing aged animals to young adults. Neurobiological reality

is likely to be more complicated than simple increases or decreases across all circuits.

For example, one study attempting to correlate the ratio of excitatory and inhibitory

boutons with behavioral performance found no differences presynaptically, but instead

observed a postsynaptic balance in favor of inhibitory markers in aged impaired

animals compared to young or aged unimpaired counterparts (Majdi et al., 2007).

Studies directly investigating the electrophysiology of aged cortical neurons

also lack consensus, as some work suggests decreased excitatory transmission while

other studies suggest impaired inhibition. In support of overall decreased excitation,

layer II/III pyramidal neurons in aged monkey prefrontal cortex were found to have

decreased excitation and increased inhibition through whole-cell patch recording

(Luebke et al., 2004). Similar findings were subsequently reported in the parietal

cortex of the aged rat, where even though frequencies of mEPSCs and mIPSCs

decreased in both aged impaired and unimpaired animals compared to young, the aged

unimpaired animals maintained a ratio similar to adults while the balance was tipped

towards inhibition in the impaired aged animals (Wong et al., 2006). In addition,

studies measuring glutamatergic neurotransmisson in rodents have found an age-

dependent reduction in glutamate uptake and velocity along with some evidence for
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decreased frontal cortex glutamate concentration (15-20%) (Segovia et al., 2001).

However, other work argues against decreased excitatory transmission, as numerous

studies have found no evidence for an age-related decrease in basal or evoked levels of

glutamate (Segovia et al., 2001). Furthermore, much recent work has focused on the

possibility of decreased functional inhibition in the aged cortex, whether measured

directly with paired pulse field potential recordings (Wang et al., 2006b; Schmidt et

al., 2008), or inferred from observations of decreased signal to noise ratios

(Schmolesky et al., 2000; Turner et al., 2005; Hua et al., 2006). Some have

hypothesized that decreased inhibition might be related to the age-related impairments

in temporal processing speed observed in auditory (Mendelson and Ricketts, 2001),

visual (Mendelson and Wells, 2002) and somatosensory (Dinse, 2006) cortex, as well

as to age-related decreases in tactile acuity (Kalisch et al., 2009). More evidence for

decreased functional inhibition comes from a study in which impaired visual function

was ameliorated in aged nonhuman primates through application of GABA or GABA

receptor agonists (Leventhal et al., 2003). However, electrophysiological alterations in

the aged cortex are again likely to be more complicated than simplistic shifts in

balance across circuits. For example, in contrast to the decreased excitation observed

in layer II/III pyramidal cells (Chang et al., 2005), layer V pyramidal cells in aged

nonhuman primate PFC were relatively unchanged compared to adults (Luebke and

Chang, 2007).

Representational Maps
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Studies have reported deterioration of representational maps with age, most

notably in the somatosensory cortex. Altered properties include changes in response

latencies after tactile stimulation along with differences in the size of receptive fields

and representational map area. In general, evidence suggests that hindlimb

somatosensory cortex is more affected by age than the forelimb area. Observed

changes in the hindlimb sensory cortex include a 190-225% enlargement of receptive

fields (Spengler et al., 1995; David-Jurgens et al., 2008), an approximately 30%

decrease in representational area (Godde et al., 2002), and a loss of topography. In

contrast, forelimb representations in the somatosensory cortex seem to be fairly

preserved with age, as studies have either reported no expansion (Coq and Xerri,

2000) or a comparatively small enlargement in receptive field size (22%) compared to

the hindlimb region (David-Jurgens et al., 2008), along with preserved topographic

order, cortical area and response strength (Godde et al., 2002). The greater alteration

of hindlimb sensory maps is possibly associated with impairments in hindpaw

behavior with age, especially in regards to alterations in walking (Spengler et al.,

1995; Godde et al., 2002; David-Jurgens et al., 2008). Specifically, one study

positively correlated age-related increases in receptive field size in the hindlimb region

with the level of walking behavior impairment (Spengler et al., 1995). However, the

forelimb cortex is not completely unaltered with age, as studies have observed

decreased area and fragmentation of cutaneous forelimb sensory representations (Coq

and Xerri, 2000), although overall area devoted to the forelimb sensory cortex

remained the same (Coq and Xerri, 2000; Godde et al., 2002). Furthermore, response
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latencies increased in both hindlimb and forelimb somatosensory cortex by

approximately 24-36% (Godde et al. 2002; David-Jurgens et al., 2008). Along with

these changes in somatosensory regions, an age-related 25-60% reduction in the size

of hindlimb motor maps together with a loss of muscle topology and a 40% increase in

thresholds for evoking movements was reported as a meeting abstract in 1999 (Reinke

and Dinse, 1999); however, this data was never published. Collectively, previous work

suggests a deterioration of representational maps with age, although the extent to

which these alterations are driven by changes in cortical processing versus changes in

behavior remains unresolved.

Neuromodulators

Much work has examined age-related alterations in neuromodulatory systems.

Of particular relevance to this thesis are alterations that might directly affect cortical

function. Acetylcholine will be discussed in some detail, as it is the most studied

neurotransmitter in the context of age-related deficits and a necessary substrate of

motor cortex plasticity. Changes in other neurotransmitter systems and the potential

role of free radicals/nitric oxide will be briefly summarized.

Acetylcholine

Age-related deficits in the cholinergic system are widely documented

throughout the literature. Cortical cholinergic projections arise specifically from the

Ch4 cell population. In the rat, this region is mainly comprised of the nucleus basalis,
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along with other regions such as the substantia innominata (Mesulam et al., 1983). A

decline in cholinergic function with advancing age has been documented in rodents,

non-human primates, and humans. Evidence includes a significant (≈ 30%) decrease in

the number and/or size of detectable cholinergic neurons (Mesulam et al., 1987;

Fischer et al., 1989; Fischer et al., 1992; Smith and Booze, 1995; Smith et al., 1999)

along with an associated modest loss (≈ 20-25% when quantifying fibers; 60-90%

when quantifiying cholinergic boutons on pyramidal neurons) of cholinergic

innervation to cortical targets (Geula and Mesulam, 1989; Conner et al., 2001; Casu et

al., 2002). Aging is also accompanied by significant (≈ 30%) reductions in high-

affinity choline uptake (Sherman and Friedman, 1990; Williams and Rylett, 1990;

Yufu et al., 1994), the presumed rate-limiting step in acetylcholine production (Okuda

et al., 2000), and a substantial decrease (≈ 35-70%) in both basal and evoked release

of acetylcholine in the cortex (Meyer et al., 1984; Wu et al., 1988; Rylett et al., 1993;

Giovannini et al., 1998).  Furthermore, the susceptibility of the cholinergic system to

injury (Pearson et al., 1986; Dixon et al., 1994; Schmidt and Grady, 1995; Dewar and

Graham, 1996; Dixon et al., 1997; Murdoch et al., 1998; Verbois et al., 2002) is

especially significant in aged animals (Stephens et al., 1988; Nyberg and Waller,

1989; Cooper and Sofroniew, 1996).

Other neurotransmitters

Even though the majority of research on age-related declines in

neuromodulatory systems has focused on acetylcholine, there is also evidence for
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deficient cortical functioning in other neurotransmitter systems. This evidence is

briefly summarized below.

Dopamine: Evidence for altered dopaminergic function includes decreased

endogenous dopamine in certain regions of the nonhuman primate cortex (Goldman-

Rakic and Brown, 1981; Wenk et al., 1989). The most striking change was a greater

than 50% decrease in the prefrontal cortex (Goldman-Rakic and Brown, 1981). More

recently, a study examining the prefrontal cortex in aged rats revealed decreases in

basal and evoked release of dopamine, dopaminergic fiber density, and tyrosine

hydroxylase activity (Mizoguchi et al., 2009).

Serotonin: Evidence for altered serotonergic function includes slight decreases

in cortical concentrations of serotonin in some regions of the nonhuman primate

cortex (Goldman-Rakic and Brown, 1981; Wenk, 1989). However, serotonin levels

appear to be increased in the aged rat brain (van Luijtelaar et al., 1992; Stemmelin et

al., 2000), even though this increase is not accompanied by differences in the number

of serotonergic cells in the dorsal raphe nucleus (Van Luijtelaar et al., 1992). Instead,

there are suggestions of altered serotonergic function in the aged rat in terms of

changes in fiber morphology (Van Luijtelaar et al., 1988; Van Luijtelaar et al., 1992;

Nishimura et al., 1998) and decreased fiber density (Van Luijtelaar et al., 1988; Van

Luijtelaar et al., 1992).

Norepinephrine: Slightly reduced levels of norepinephrine were found in

certain cortical regions in the nonhuman primate (Goldman-Rakic and Brown, 1981),
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while recent work in rodents found evidence for decreased noradrenergic activity in

the cingulate cortex but no accompanying changes in adrenergic receptor binding

(Collier et al., 2004).

It is important to note that all neurotransmitter systems interact with each other

in a complex manner, so deficits in any one system will most likely not have isolated

effects.

Free radical theory/Nitric Oxide

Although not specific to the cortex, the free radical theory of aging proposes

another mechanism for age-related neurobiological deficits. This theory is based on

the fact that hydroxyl radicals, hydrogen peroxide and superoxide anions undergo

what is known as the Haber-Weiss reaction to form toxic reactive oxygen species

(ROS) (Bokov et al., 2004). These ROS can damage and mutate DNA. ROS have been

demonstrated to increase with age (Sohal and Weindruch, 1996; Bokov et al., 2004),

along with a concurrent loss in the ability of aged animals to repair oxidative damage

(Sohal and Weindruch, 1996). In particular, increased production of the free radical

nitric oxide (NO) has been singled out as an important contributor to aging (McCann

et al., 1998). However, the exact role of NO in aging is unclear: while possible

decreases in NO levels are a candidate mechanism for age-related behavioral

impairment in hippocampal learning paradigms (e.g. Meyer et al., 1998), increased

NO is hypothesized to play a role in cell death in degenerative diseases such as

Parkinson’s, Alzheimer’s and Huntington’s chorea (McCann et al., 1998). At this
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point, the causal validity of the free radical theory is debatable. Even though some

work has shown that lifespan-increasing manipulations reduce ROS and increase

resistance to oxidative stress (Sohal and Weindruch, 1996), the evidence that

manipulating ROS alters lifespan is highly variable (Sohal and Weindruch, 1996;

Howes, 2006).

In summary, studies investigating the aged brain have found changes in gene

expression, morphology, electrophysiology, representational maps, and

neuromodulators. In most cases, observed deficits are fairly modest when examined on

the basis of individual parameters: however, the combined magnitude of dysfunction

is likely to have a large effect, some of which is readily observable in terms of

diminished behavioral function. Furthermore, these alterations in neurobiology might

negatively influence the ability of aged animals to exhibit plasticity in the face of new

internal or external experience.

Rationale and Hypothesis

Aged animals are known to have both neurobiological and functional

impairments relative to young adults. However, the mechanisms underlying impaired

cortically-mediated function in aged animals are poorly understood. Furthermore, the

extent to which the aged cortex is capable of plasticity in the context of new learning

or recovery from injury remains largely unknown.
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This thesis seeks to determine whether aged animals retain the capability for

cortical modification in two contexts wherein plasticity is demonstrable in adults: first,

in the acquisition of a skilled motor task, and second, following rehabilitation from

cortical injury. Due to the extensive literature documenting age-related cortical deficits

as well as age-related impairments in motor behavior, we hypothesize that in

comparison to adults, aged animals will exhibit impaired cortical plasticity during both

novel skill acquisition and rehabilitation from injury. This hypothesis will be tested

with the following two aims:

Specific Aim 1: Determine if there is an age-related decline in cortical plasticity

following motor skill acquisition.

Specific Aim 2: Determine if there is an age-related decline in cortical plasticity

following rehabilitation from focal cortical injury.
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Figure 1.1. Motor skill learning. This figure, taken from Squire et al., 2003, depicts
the general flow of information processing in the motor system.
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Figure 1.2. Intracortical microstimulation. A representative motor map from the
right hemisphere of an adult male F344 rat. R = rostral; L = lateral.
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CHAPTER 2

Aging is Associated with Significant Impairments in Genetic, Structural and

Electrophysiological Mechanisms of Experience-Dependent Plasticity

ABSTRACT

Deficits in baseline structural and functional measures across many brain

systems have been documented with aging. However, the extent to which aged

animals can recruit a variety of plastic mechanisms as a function of novel experience

is incompletely understood. We examined the ability of aged animals to undergo

cortical adaptation across several measures of plasticity in the context of acquiring a

new, skilled forelimb motor behavior. Alterations in gene expression, modification of

neuritic morphology, and plasticity of representational motor maps were assessed as

aged and young adult rats learned a skilled forelimb reaching task. We now report

motor performance deficits in aged subjects compared to young adults that are

accompanied by broad deficiencies across multiple plastic mechanisms: aged rats

exhibit significant impairments in recruitment of genetic mechanisms that accompany

normal learning, together with a failure to elaborate dendritic spines and to reorganize

cortical motor maps. These results reveal perturbed mechanisms of cortical adaptation

across multiple neural mechanisms that ordinarily support cortically-mediated

learning.
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INTRODUCTION

Normal aging results in functional and neurobiological deficits in the motor

system. Performance on some measures of motor function declines with age in

humans (e.g. Wiegand et al., 1983; Houx and Jolles, 1993; Durkin et al., 1995;

Kauranen and Vanharanta, 1996; Smith et al., 1999; Mattay et al., 2002; Smith et al.,

2005), non-human primates (Emborg et al., 1998; Walton, 2006; Lacreuse, 2007) and

rodents (Marshall and Berrios, 1979; Wallace et al., 1980; Janicke et al., 1983; Joseph

et al., 1983; Gage et al., 1989; Friedemann and Gerhardt, 1992; Spangler et al., 1994;

Murphy et al., 1995; Shukitt-Hale et al., 1998; Yurek et al., 1998; Bowenkamp et al.,

2000, Metz and Whishaw, 2002). However, the effects of age on learning of new

motor skills are less clear; studies have reported both deficits (Bickford et al., 1992;

Harrington and Haaland, 1992; Bickford, 1993; Howard and Howard, 1997; Raz et al.,

2000; Howard and Howard, 2001; Howard et al., 2004; Smith et al., 2005; Perrot and

Bertsch, 2007) and relative sparing (Wiegand et al., 1983; Durkin et al., 1995;

Churchill et al., 2003; Daselaar et al., 2003) of skill learning in aged subjects even

when similar tasks were employed.

To date, most studies investigating mechanisms underlying age-related motor

impairments in rodents have focused on neuromodulatory deficits in subcortical

regions rather than intrinsic cortical mechanisms (e.g. Yurek et al., 1998; Hebert and

Gerhardt, 1998; Bickford, 1993). In adult animals, a variety of cortical mechanisms
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are recruited to support plasticity as a function of learning, including alterations in

gene expression (Kleim et al., 1996) and protein synthesis (Kleim et al., 2003; Luft et

al., 2004a; Luft et al., 2004b), changes in synaptic efficacy (Rioult-Pedotti et al., 1998;

Rioult-Pedotti et al., 2000; Hodgson et al., 2005; Rioult-Pedotti et al., 2007; Harms et

al., 2008), and reorganization of representational maps (Kleim et al., 1998; Kleim et

al., 2002; Conner et al., 2003; Kleim et al., 2004; Molina-Luna et al., 2008). In

addition, skilled motor learning is associated with structural plasticity within the

primary motor cortex (Greenough et al., 1985; Withers and Greenough, 1989; Kleim

et al., 1996; Kleim et al., 2002; Kleim et al., 2004; Harms et al., 2008), and new

evidence suggests that this plasticity is selective to cortical neurons specifically

associated with the control of movements undergoing refinement during learning

(Wang et al., 2006). These plastic changes occur during different phases of motor skill

acquisition: synaptic potentiation along horizontal connections in layers II/III, along

with alterations in gene expression and protein synthesis, first occur early (Kleim et

al., 1996), while changes in morphology and reorganization of representational maps

occur late in acquisition (Kleim et al., 2004; Adkins et al., 2006). Manipulations that

disrupt selective aspects of cortical plasticity lead to impairments in skilled motor

function in young adult animals (Conner et al., 2003; Ramanathan et al., 2009),

suggesting that these plasticity mechanisms are necessary substrates for learning.

Thus, it is important to examine intrinsic cortical mechanisms to gain better insight

into age-related impairments in neural function, particularly in the well-defined motor

system.
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In the present study, we investigated whether aging is associated with deficits

in experience-dependent plastic mechanisms within the primary motor cortex during

skilled motor learning. We examined several measures of cortical plasticity as rats

learned a skilled forelimb reaching task: genome-wide patterns of gene expression,

modification of neuritic morphology, and plasticity of representational motor maps.

We find that rats exhibit broad declines across all of these plastic measures as a

function of aging during the acquisition of a novel motor skill, suggesting that aging is

associated with far-ranging deficiencies in neural mechanisms underlying learning.

METHODS

Experimental Design

A total of 53 young adult (3 months at start of study, Harlan) and 73 aged (22

months at start of study, National Institute on Aging) male F344 rats were subjects in

this study. All procedures for animal care adhered strictly to AAALAC, Society for

Neuroscience, and institutional guidelines for experimental animal health, safety and

comfort. All animals undergoing behavioral testing were food deprived to

approximately 85% of free-feeding body weight. Both weight and overall health were

monitored daily. Aged animals were assessed for general health and possible visual

impairments: 4 aged animals were eliminated from the study due to the presence of

cataracts.
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To assess the impact of age on training-induced plasticity, young adult and

aged animals were randomly assigned to be trained on the skilled forelimb reach task

or serve as untrained age-matched controls. Following training, several forms of

learning-induced plasticity were evaluated. 1. Changes in gene expression during early

skill acquisition were assessed using Affymetrix genome-wide microarrays. 2.

Structural plasticity as a function of learning was assessed by measuring dendritic

spine density specifically within layer V corticospinal neurons responsible for

controlling the distal limb movements needed for successful acquisition of the skilled

forelimb reach task (Wang et al., 2006). 3. Cortical map plasticity was assessed by

measuring the extent of training-induced expansion of the caudal forelimb

representation area of the motor cortex, as this plasticity is essential for skilled reach

learning in young adult rats (Conner et al., 2003). Separate groups of animals were

used to assess each parameter, as indicated below.

Skilled Forelimb Reach Task

Training on the skilled forelimb reach task (FRT) was conducted as described

previously (Whishaw and Pellis, 1990; Conner et al., 2003). In brief, after a week-long

handling period, rats were trained to reach through a slot in the wall of a clear

Plexiglass chamber to retrieve a single 45 mg sucrose pellet (TestDiet, Richmond, IN)

from a shallow well. Rats underwent two days of shaping prior to acquisition training.

During the shaping period, rats learned to orient to the front of the chamber and were

encouraged to grasp the reward pellets by coating pellets with a small amount of
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peanut butter. For acquisition training, rats underwent 35 trials on the first day, 40

trials on the second day, 50 trials on the third day, and 60 trials on all subsequent

testing days. Reward pellets were located 1.5 cm away from the chamber on the first

day of acquisition testing, 1.8 cm away on the second day, and 2.0 cm away on all

subsequent testing days. The maximum time each rat spent training on any given day

was 10 minutes.  Data is presented from 15 young adult and 17 aged trained subjects.

Grip Strength and Grid Walk

In a separate group of naïve (untrained) animals, performance on two lower

level motor tasks (grip strength and grid walk) was used to assess global motor system

function in aged animals. Forelimb grip strength was assessed using a Grip Strength

Meter (GSM; TSE Systems, Chesterfield, MO). A mirror was placed behind the GSM

platform to permit an unobstructed view of the gripping bar. Each trial began with the

animal held gently behind the neck so that its hindlimbs were touching the platform

and its forelimbs were outstretched facing the sensor bar. The whole body was then

slowly moved forward to allow both forelimbs to grip the sensor bar with all digits.

Once contact was made, the animal was pulled backwards horizontally in one fluid

motion. Grip strength force was recorded in “Ponds” measured immediately before

release of the sensor bar (1 Pond = 9.807 x 10–3 Newtons). Animals were acclimated

to the grip strength meter over a period of three days. Data were then collected over a

period of 4 days, 4 trials per day.
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The grid walk test was conducted on a 100 cm long x 36 cm wide wire grid

comprised of 4 cm x 4 cm squares. Animals were trained to start at one edge of the

grid and walk its length. Animals were acclimated to the testing apparatus over a two-

day period and then underwent pre-training for four days, during which they learned to

traverse increasing distances on the grid walk. At the end of pre-training, three days of

testing took place, with 2-4 trials per day. Each trial was videotaped and forelimb

“footfalls” were scored by an experimenter blinded to the testing conditions. A

“footfall” was scored when the forelimb was observed to slip through the grid. Error

scores were expressed as the percentage of forelimb steps resulting in a forelimb

footfall and were calculated as follows:

Forelimb error rate = (total forelimb footfalls/ total forelimb steps) x 100.

Error rates from all trials on a given day were averaged to obtain a daily error rate.

Data was obtained from 8 young adult and 8 aged subjects on both tasks.

Gene Microarray Analysis

Age-related alterations in gene expression were assessed in four groups of

animals: aged trained, young adult trained, aged control and young adult control (n =

4/group). Motor cortices from each animal yielded RNA sufficient for one array,

thereby providing n = 4 arrays/group, 16 arrays total. Aged and young adult trained

animals were sacrificed three days after the start of training on the skilled forelimb

reaching task, as previous work found that changes in expression of the immediate
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early gene cfos were highest during early stages of motor skill acquisition (Kleim et

al., 1996). Untrained controls were sacrificed after five days of handling.

To obtain mRNA, animals were deeply anesthetized with isoflurane

immediately after the final training or handling session. The brain was extracted and a

2.0 x 2.5 mm block of motor cortex corresponding to the caudal forelimb area (M/L:

2.0 – 4.5 mm from Bregma; R/C: 0 – 2.0 mm from Bregma) was dissected. The

dissected tissue encompassed all cortical layers. Extracted tissue was immediately

placed in RNAlater (Ambion, Austin, TX) and kept at 4°C overnight. The following

day, tissue was removed from RNAlater, weighed, and transferred to dry Eppendorf

tubes and stored at –80 °C until RNA extraction. RNA used for analysis was extracted

from the motor cortex contralateral to the preferred paw for trained animals and a

randomly chosen hemisphere for control animals. Extraction was performed using the

RNeasy Mini Kit (Qiagen, Valencia, CA) and quality was assessed though

examination of electropherograms produced by an Agilent 2100 Bioanalyzer (Agilent

Technologies, Santa Clara, CA). RNA was then amplified (biotin-aRNA

Amplification Kit 104, Epicentre Biotechnologies, Madison, WI) and purified (Qiagen

Rneasy MinElute Cleanup Kit) for microarray analysis. Microarray analysis was

performed using Affymetrix Rat Genome 230_20 arrays (Affymetrix, Santa Clara,

CA), with a separate gene chip employed for each animal (16 samples total). Raw data

were analyzed with Bioconductor software (www.bioconductor.org). Quality control

analysis was performed by inter-array Pearson correlation and RNA degradation
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plotting, and overall data coherence was assessed based on the clustering of the most

variable genes. All samples were of good quality and are included in reporting of array

results.

Analysis of Structural Morphology

Prior studies have indicated that skilled forelimb reaching is associated with

structural plasticity (Greenough et al., 1985; Withers and Greenough, 1989; Kleim et

al., 1996; Kleim et al., 2002; Harms et al., 2008). More recent work suggests that

behaviorally-mediated structural plasticity occurs selectively within layer V pyramidal

neurons that innervate motor neuron pools at the C8 level of the spinal cord, which are

primarily responsible for the control of distal forelimb movements (Wang et al., 2006).

To pre-label C-8 projecting corticospinal motor neurons in this study, animals were

anesthetized using either isoflurane or a cocktail containing ketamine (50 mg/kg),

xylazine (2.6 mg/kg), and acepromazine (0.5 mg/kg). The dura between the C7 and T1

vertebrae was exposed and bilateral injections (0.6-0.8 mm from midline, depth

approximately 0.25 mm), consisting of 50-100 nl of retrogradely transported red

fluorescent latex microspheres (Lumafluor Inc., Naples, FL), were made using a

Picospritzer II (General Valve, Inc., Fairfield, NJ). Animals were allowed a two-week

recovery period after surgery prior to any additional manipulations or training.
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Dendritic spine density in retrogradely labeled corticospinal neurons was

assessed as described previously (Wang et al., 2006).  Animals were anesthetized and

perfused with 9.25% sucrose for 1 minute at 300 mm Hg, followed by 4%

paraformaldehyde in phosphate buffered saline (pH 7.4). Brains were post-fixed for 30

minutes in 4% paraformaldehyde solution and blocked at a 20° angle relative to the

coronal plane to preserve the full extent of the apical dendritic tuft of layer V cells.

After blocking, 200µm slices were made through the motor cortex using a vibratome

(Ted Pella, Reading, CA) and sections were placed in Tris-buffered saline at 4°C. The

same day, retrogradely labeled cells were visualized based upon their emission spectra

of 590nm using a microscope equipped with infrared-DiC optics (Olympus, Melville,

NY) and a 40X water-immersion objective (NA 1.4). Pulled glass micropipettes were

used to impale cells and Lucifer Yellow was injected iontophoretically using 8-8.5nA

for 4-4.5min (Union-36 Iontophoresis Pump, Kation Scientific, Minneapolis, MN).

Retrogradely-labeled cells from the preferred hemisphere (contralateral to the paw

used for reaching) were filled in trained animals, while labeled cells from both

hemispheres were filled in untrained caged controls. After completion of cell filling,

slices were post-fixed overnight in 4% PFA at 4°C and coverslipped with

Fluoromount G (Southern Biotechnology, Birmingham, AL). To confirm the site of

tracer injection and assess the extent of tracer diffusion within the spinal cord, 40µm-

thick serial coronal spinal cord sections were examined.
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Imaging of dendrites was performed throughout the apical dendritic segment in

0.1µm increments using an Olympus FV300/Spectra Physics Mai Tai IR laser

scanning 2-photon microscope (Olympus) under a 60X oil-immersion (NA 1.4)

objective. Images were acquired at a resolution of 2048 x 2048 pixels using a

wavelength of 920nm. Up to five Lucifer Yellow-filled layer V pyramidal cells were

analyzed from each animal. One to four secondary branches from each distal apical

tuft located in layer II/III were reconstructed using Neurolucida (MBF Bioscience,

Williston, VT) and analyzed using NeuroExplorer (MBF Bioscience). The average

length of the traced distal apical dendritic segments was approximately 45µm for all

groups. Neuronal spine density was calculated by averaging the densities from 1-4

distal apical dendritic segments per cell and is expressed as number of spines per

10µm length of dendrite. Five neurons were analyzed from the aged trained group, 14

neurons from the young adult trained group, 5 neurons from the aged untrained control

group, and 12 neurons from the young adult untrained control group.

Electrophysiology

Cortical motor maps were generated using intracortical microstimulation as

previously described (Nudo et al., 1996a; Conner et al., 2003). Briefly, rats were

anesthetized with ketamine (70 mg/kg, i.p.) and xylazine (5 mg/kg, i.p.).

Supplementary doses of a ketamine/xylazine cocktail were given as needed to

maintain the animal in an areflexic state. Craniotomies were then performed bilaterally

over the motor cortex, the dura was reflected, and the brain was kept moist with sterile
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saline.  Pulled glass pipettes filled with 3M NaCl and containing a chlorided wire were

lowered 1.7 mm below the cortical surface to stimulate layer V pyramidal neurons.

Stimulation consisted of a 30ms train of 200µs duration monophasic cathodal pulses

delivered at 333Hz by a constant current stimulator (AMPI-Isoflex). Stimulation was

controlled by a programmable pulse stimulator (AMPI-Master-8) and resulted in two

pulse trains delivered 1.2s apart. Animals were consistently placed in a prone position

and movements evoked by minimal stimulation were visually recorded (up to 200µA).

Motor maps were derived by standard methods in the literature (Conner et al., 2003;

Conner et al., 2005), moving the stimulating electrode in 0.5mm increments in the

anterior/posterior and medial/lateral directions across the motor cortex until non-

responsive areas were reached.

The size of the caudal forelimb area was determined for the hemisphere

contralateral to the forelimb used for reaching (preferred hemisphere) in trained

animals and was calculated as the average of both hemispheres for untrained control

animals (one hemisphere was eliminated from a young adult animal due to repeated

changes in elicited movements during mapping, while one hemisphere in an aged

animal was unusable due to anesthesia difficulties during data collection). Data was

obtained from 9 aged trained, 7 young adult trained, 8 aged untrained control, and 6

young adult untrained control subjects. Baseline map data was obtained from an

additional group of 5 aged and 4 young adult untrained control (naïve) animals.
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Data analysis

Group comparisons for behavior were determined using repeated measures

ANOVA. Two-way comparisons were made using Student’s two-tailed unpaired t-

tests. Data are expressed as the mean ± standard error of the mean (SEM) with a

significance level of p < 0.05. For microarray studies, a Bayesian estimate of

differential gene expression was calculated with a significance level of p < 0.005

(Bayesian modified t-test) after linear model fitting. Pathway analysis and gene

ontology was performed using Ingenuity software (Ingenuity Systems, Redwood City,

CA).

RESULTS

Aged Rats Exhibit Impaired Performance on the Skilled Forelimb Reaching Task

Young adult and aged animals were trained on the skilled forelimb reach task

over a period of 13 days (Fig. 2.1A). While all animals improved on the task over time

(p < 0.0001, repeated measures ANOVA for time), age significantly impaired

performance (p < 0.0001, repeated measures ANOVA for age). Comparing the two

age groups on individual testing days indicated that while performance accuracy was

not significantly different on day 1 of training between young adult (25.7 ± 3.0%) and

aged animals (20.0 ± 2.7%; p = 0.17, Student’s t-test), aged animals exhibited

significantly poorer performance on all subsequent testing days (Fig. 2.1A). Final task

accuracy was 77.8 ± 2.2% in young adults and 52.6 ± 2.7% in aged animals (p <

0.0001, Student’s t-test). These results indicate that while both aged and young adult
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animals can learn the skilled forelimb reach task, aged animals performed consistently

worse than young adults. These impairments were present both early and late during

training.

Aged and Young Adult Animals do not Differ on Lower-Level Measures of Motor

Function

To determine whether aged animals exhibit significant baseline deficits in

motor abilities that would hinder performance on the skilled reaching task, a separate

group of aged and young adult animals were tested on two tasks of lower level

forelimb motor function. No significant differences in forelimb grip strength (p = 0.2,

Student’s t-test; Fig. 2.1B) or gross motor coordination (p = 0.9, Student’s t-test; Fig.

2.1B) were detected.

Aging Results in Significant Differences in Genome-Wide Patterns of Learning-

Related Gene Expression

Using a significance criterion of p <0.005, aged untrained subjects had

differential expression of 2088 probe sets when compared to young adult untrained

animals (i.e., excluding any effects of training per se). Many of these age-related

differences in gene expression have been reported previously (e.g. Blalock et al.,

2003; Rowe et al., 2007), and included families related to oxidation state, lipid

peroxidation and transcriptional activation. Training on the skilled forelimb reaching

task in young adult animals compared to young adult untrained subjects resulted in the
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differential expression of a far more restricted set of only 100 gene probes. Included in

the set of training-related probes in adult animals were genes related to neuronal

remodeling (growth hormone receptor, insulin receptor, syntaxin 1A, RAS-like family

10 member B, rabaptin_ RAB GTPase binding effector protein 2, semaphorin 3F) and

those related to cytoskeletal structure (e.g. beta 2b tubulin) (Table 2.1).  To identify

genes most likely to differ specifically as a function of training experience versus

those simply changing as a function of aging, we compared gene lists in young adult

trained animals to aged trained animals after subtracting genes that were different in

young adult untrained versus aged untrained animals. Continuing to use a significance

criterion of p <0.005, this analysis of perturbation in gene expression as a specific

function of training with aging yielded a total of 797 probe sets (Fig. 2.2A).

Differences in genome-wide patterns of expression in young adult trained compared to

aged trained animals included families related to cell function, morphology, and

synapse function (Table 2.2).  For example, young adult trained animals differentially

upregulated calcium signaling genes (CAM Kinase 2N1 and 2D), genes related to

neuronal remodeling (SLIT2, semaphorin 3F, unc-45 homolog B, RAS-like family 10

member B, neuronal regeneration related protein, dynein, annexin A1), growth factors

(neuregulin 1, pleiotrophin), and neurotransmitters related to neuromodulatory

systems (serotonin receptor 2A, dopamine receptor D3). Other gene families were

significantly downregulated in young adult compared to aged trained animals,

including a number of complement genes that, interestingly, are related to synapse

elimination during development (complement 1QG, 1QB, FH and FD; see Stevens et
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al., 2007). Other downregulated genes included those related to synapse stabilization

(semaphorin 3B), and axonal interactions with the local environment (e.g. integrin

B5). Network analysis of gene ontology (Ingenuity software) indicated a difference in

the ability of young adult trained versus aged trained animals to recruit networks of

gene signaling related to activation of the essential neuronal signaling pathways ERK,

MAP kinase, NF kappa B, Akt and PI3K signaling (Fig. 2.2B). Previously we have

reported a similar pattern of differential expression of Erk/MAP kinase in the context

of functional impairment in aged animals (Nagahara et al., 2009), supporting findings

of array analysis in the present study. Collectively, these data reveal substantial

alterations in recruitment of several gene families related to neural plasticity in the

motor cortices of aged trained animals compared to young adult trained animals

during early skill acquisition.

Aged Rats Exhibit Impaired Spine Plasticity

Perturbed recruitment of genes related to neural plasticity suggests that aged

neurons may exhibit deficiencies in structural plastic mechanisms associated with

learning. Accordingly, we examined the ability of aged neurons to undergo training-

dependent structural plasticity as previously described in adult animals (Greenough et

al., 1985; Withers and Greenough, 1989; Kleim et al., 1996; Kleim et al., 2002; Harms

et al., 2008) using a combination of retrograde labeling of C8-projecting layer V motor

cortex neurons and single cell filling with Lucifer Yellow. At baseline, prior to skilled

motor training, aged and young adult rats exhibited no difference in spine density of
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layer V motor cortex apical dendrites (p = 0.98, Student’s t-test; Fig. 2.3A). Young

adult animals engaging in skilled reach training exhibited a significant increase in the

density of apical dendritic spines on C8-projecting neurons compared to untrained

young adult controls (p = 0.02, Student’s t-test compared to adult untrained controls;

Fig. 2.3B). This structural plasticity was lacking in aged trained neurons (p = 0.85,

Student’s t-test compared to aged untrained control neurons; Fig. 2.3B).  Thus,

together with altered genetic mechanisms, current results indicate that aged animals

lack experience-dependent morphological plasticity in association with acquisition of

a skilled motor reaching task.

Aged Rats Exhibit Impaired Cortical Map Plasticity

Next, we examined whether perturbed genetic and structural mechanisms in

aged rats affected the training-related plasticity of cortical motor representations

classically observed in adult animals (Kleim et al., 1998; Kleim et al., 2002; Conner et

al., 2003; Molina-Luna et al., 2008).  At baseline, prior to training, the topographic

organization (Fig 2.4A) and total size (p = 0.2, Student’s t-test; Fig 2.4B) of cortical

motor maps did not differ between young adult and aged rats as assessed by

intracortical microstimulation. Threshold currents for evoking forelimb movements

also did not differ significantly between young and aged animals under baseline

conditions (p = 0.3, Student’s t-test; Fig. 2.4C). Upon training, however, deficiencies

in cortical motor map plasticity were clearly evident (Fig. 2.4D). That is, while young

adult trained rats exhibited a significant expansion in the caudal forelimb area relative
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to untrained young adult control animals (p = 0.03, Student’s t-test; Fig. 2.4E), aged

trained animals exhibited no increase in forelimb map size. Indeed, aged subjects

exhibited a paradoxical trend toward reduction in the caudal forelimb area as a

function of training compared to untrained control aged rats (p = 0.1, Student’s t-test;

Fig. 2.4E).

DISCUSSION

Findings of this study indicate that there are broad perturbations in plastic

mechanisms associated with acquisition of novel experience in the aged brain. These

perturbations exist at genetic, structural and electrophysiological levels, and may be

interrelated. For example, deficient activation of genetic mechanisms may lead to far-

ranging consequences for the aged neuron in terms of impaired activation of molecular

and cellular events that are required for sustaining plasticity in the context of learning

(e.g. Erk and MAP kinase activation, trophic signaling), along with impaired

inactivation of cortical mechanisms that normally serve to maintain cortical

organization but require suppression in the context of learning-dependent cortical

alterations (e.g. semaphorin and SLIT signaling). These deficiencies in turn could lead

to the arrest of spine elaboration in actively learning circuits, followed by a failure in

the cortical map plasticity that normally supports the full extent of learning in the

young animal.
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Aged animals must retain the ability to partially recruit learning-associated

mechanisms, since they exhibit improving behavioral performance on a skilled

reaching task over time (albeit at inferior levels of performance compared to young

animals) despite the failure to elaborate increases in spine density or reorganize

representations within motor cortex. The ability to improve behavioral performance in

the absence of any detectable plasticity within motor cortex may implicate the

activation of noncortical mechanisms of motor control (e.g. Ungerleider et al., 2002)

or the selection and adaptation of existing motor programs that activate muscle

synergies to yield successful reaches (Kargo and Nitz, 2003). Yet optimal – i.e.,

normal – performance appears to require the specific recruitment of the sorts of plastic

mechanisms within motor cortex that were specifically deficient in our aged subjects,

including molecular and structural adaptations in the context of novel experience.

The observed deficiencies in plastic properties of the aged cortex, in the

context of learning skills that are within the repertoire of young animals, has

implications for recovery from age-related disorders such as stroke. Cortical lesion

studies in rodents, non-human primates, and humans reveal that young individuals

utilize plastic mechanisms of the sort examined here to recover from injury (Castro-

Alamancos and Borrel, 1995; Nudo et al., 1996b; Rouiller et al., 1998; Friel et al.,

2000; Hallett, 2001; Green, 2003; Frost et al., 2003; Conner et al., 2005; Eisner-

Janowicz et al., 2008). The deficiency of plasticity on several levels in older animals

suggests that essential mechanisms required to recover from diseases that occur with
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increased frequency with aging, such as stroke, are impaired with aging. Accordingly,

novel therapies designed to enhance the plasticity of the nervous system may aid

treatment of age-related disorders.
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A.

B.

Figure 2.1: Aged Animals have Impaired Performance on the Skilled Forelimb
Reach Task. A. Aged animals are able to learn a skilled forelimb reaching task, but
exhibit significantly impaired performance relative to young adult animals (* p < 0.05,
** p < 0.001, *** p < 0.0001), B. Aged animals exhibit slight but non-significant
impairments in grip strength relative to young animals (p = 0.2). Nonetheless,
performance on a simple task of forelimb coordination does not differ between young
and aged animals (p = 0.9).
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A.

Figure 2.2: Significant Age-Related Differences in Gene Expression During
Motor Training. A. Analysis of 797 genes that are differentially regulated in young
adult trained animals compared to aged trained animals, after subtracting genes that
change simply as a function of aging without training (p < 0.005). Heatmap depicting
differentially expressed probes clustered based on gene ontology. Each column
represents an array from an adult trained animal compared to the average of aged
trained animals; findings across individual subjects are coherent. Red indicates genes
that are upregulated in adult trained animals compared to aged trained animals; green
indicates downregulated genes. Fold change is indicated by color intensity.  B.
Pathway analysis (using Ingenuity software) indicates that signaling through Erk, Map
kinase, phospho-inositol-3-kinase, NF kappa B and Akt are central hubs in interrelated
gene networks associated with significant differences in motor skill training
comparing young adult to aged animals. Upregulated probes are shown in red, while
downregulated probes are shown in green. Fold change is indicated by color intensity.
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B.

Figure 2.2 continued.
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Table 2.1: Selected examples of upregulated genes in adult trained compared to
adult untrained control animals.

Gene ID Gene Name Fold change P value
GHR growth hormone

receptor 0.39 3.18E-03
INSR insulin receptor 0.38 7.26E-05
TUBB2B tubulin_ beta 2b 0.35 1.09E-03
STX1A syntaxin 1A (brain) 0.33 4.10E-04
RASL10B RAS-like_ family

10_ member B
(predicted) 0.33 3.10E-04

RABEP2 rabaptin_ RAB
GTPase binding
effector protein 2 0.32 2.80E-03

SEMA3F sema domain_
immunoglobulin
domain (Ig)_ short
basic domain_
secreted_
(semaphorin) 3 F
(predicted) 0.24 4.66E-03
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Table 2.2: Selected examples of differentially regulated genes in adult trained
compared to aged trained animals.

Gene ID Gene Name Fold change P value
 SLIT2  slit homolog 2 (Drosophila) 0.61 3.78E-03
 RASL10B  RAS-like, family 10, member B 0.52 1.67E-06

NREP
neuronal regeneration related
protein 0.50 1.00E-03

 CAMK2N1
 calcium/calmodulin-dependent
protein kinase II inhibitor 1 0.50  4.64E-03

 PTN  pleiotrophin 0.42  2.48E-03
 NRG1  neuregulin 1 0.39  1.71E-03

 SEMA3F

 sema domain, immunoglobulin
domain (Ig), short basic domain,
secreted, (semaphorin) 3F 0.38  7.00E-05

 HTR2A
 5-hydroxytryptamine (serotonin)
receptor 2A 0.35  7.20E-04

 DNAH7
 dynein, axonemal, heavy chain
7 0.34  3.27E-03

 DRD3  dopamine receptor D3 0.34  1.60E-04
 ANXA1  annexin A1 0.31  3.25E-03

 CAMK2D
calcium/calmodulin-dependent
protein kinase II_ delta 0.28  6.20E-04

 UNC45B  unc-45 homolog B (C. elegans) 0.25  9.00E-04

 SEMA3B

sema domain_ immunoglobulin
domain (Ig)_ short basic
domain_ secreted_ (semaphorin)
3B (predicted) -0.37  6.10E-04

 CFD  complement factor D (adipsin) -0.46  3.01E-03
 ITGB5  integrin, beta 5 -0.48  2.30E-04
 CFH  complement factor H -0.51  1.06E-03

 C1QG
 complement component 1, q
subcomponent, G chain -0.72  5.70E-04

 C1QC
 complement component 1, q
subcomponent, C chain -0.74  1.50E-04
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A.

Figure 2.3: Aged Animals Exhibit Impaired Structural Plasticity after Skilled
Motor Training. A. There is no difference in baseline density of apical dendritic
spines of C8-projecting layer V pyramidal neurons in young adult and aged animals
prior to skilled motor training (p = 0.98). B. Young adult trained animals elaborate
significant increases in layer V pyramidal apical dendritic spines compared to
untrained young adults (p = 0.02). In contrast, aged animals fail to exhibit significant
structural plasticity of C8-projecting layer V pyramidal apical spines after motor
training (p = 0.9). Photomicrographs and apical spine reconstructions illustrate spine
density in each group.
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B.

Figure 2.3 continued.
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A. B.

  C.

Figure 2.4: Motor Map Plasticity Deficits in Aged Trained Animals. A.
Intracortical microstimulation (ICMS) reveals that aged animals show intact baseline
maps compared to young adults prior to undergoing motor training. R = rostral; L =
lateral. B. Quantification of total motor map area, showing no reduction of motor map
size as a function of aging (p = 0.2). C. Threshold current required to elicit forelimb
movements does not differ significantly between aged and young adult animals (p =
0.3). D. Representative ICMS-derived motor maps demonstrating the training-
dependent expansion of the caudal forelimb area (indicated in yellow) that occurs in
young adult rats. Training-mediated expansion of the caudal forelimb area was not
observed in aged animals. E. Quantification of caudal forelimb area plasticity across
all animals confirmed the visual observations. Adult trained animals exhibit significant
expansion of caudal forelimb representations following skilled forelimb reach training
compared to untrained young adult rats (p = 0.03); in contrast, aged subjects exhibit a
non-significant shrinkage in the forelimb motor map after training (p = 0.11). CFA =
caudal forelimb area; FRT = forelimb reach training; R = rostral; M = medial.
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D. E.

Figure 2.4 continued.

-15

-10

-5

0

5

10

15

20

25

C
F
A

 p
la

st
ic

it
y
 w

it
h

 F
R

T
 (

%
)

Adult Aged

*



100

REFERENCES

Adkins DL, Boychuk J, Remple MS, Kleim JA (2006) Motor training induces
experience-specific patterns of plasticity across motor cortex and spinal cord. J Appl
Physiol 101:1776-1782.

Bickford P, Heron C, Young DA, Gerhardt GA, De La Garza R (1992) Impaired
acquisition of novel locomotor tasks in aged and norepinephrine-depleted F344 rats.
Neurobiol Aging 13:475-481.

Bickford P (1993) Motor learning deficits in aged rats are correlated with loss of
cerebellar noradrenergic function. Brain Res 620:133-138.

Blalock EM, Chen KC, Sharrow K, Herman JP, Porter NM, Foster TC, Landfield PW
(2003) Gene microarrays in hippocampal aging: statistical profiling identifies novel
processes correlated with cognitive impairment. J Neurosci 23:3807-3819.

Bowenkamp KE, Ujhelyi L, Cline EJ, Bickford PC (2000) Effects of intra-striatal
GDNF on motor coordination and striatal electrophysiology in aged F344 rats.
Neurobiol Aging 21:117-124.

Castro-Alamancos MA, Borrel J (1995) Functional recovery of forelimb response
capacity after forelimb primary motor cortex damage in the rat is due to the
reorganization of adjacent areas of cortex. Neuroscience 68:793-805.

Churchill JD, Stanis JJ, Press C, Kushelev M, Greenough WT (2003) Is procedural
memory relatively spared from age effects? Neurobiol Aging 24:883-892.

Conner JM, Chiba AA, Tuszynski MH (2005) The basal forebrain cholinergic system
is essential for cortical plasticity and functional recovery following brain injury.
Neuron 46:173-179.

Conner JM, Culberson A, Packowski C, Chiba AA, Tuszynski MH (2003) Lesions of
the Basal forebrain cholinergic system impair task acquisition and abolish cortical
plasticity associated with motor skill learning. Neuron 38:819-829.

Daselaar SM, Rombouts SA, Veltman DJ, Raaijmakers JG, Jonker C (2003) Similar
network activated by young and old adults during the acquisition of a motor sequence.
Neurobiol Aging 24:1013-1019.

Durkin M, Prescott L, Furchtgott E, Cantor J, Powell DA (1995) Performance but not
acquisition of skill learning is severely impaired in the elderly. Arch Gerontol Geriatr
20:167-183.



101

Eisner-Janowicz I, Barbay S, Hoover E, Stowe AM, Frost SB, Plautz EJ, Nudo RJ
(2008) Early and late changes in the distal forelimb representation of the
supplementary motor area after injury to frontal motor areas in the squirrel monkey. J
Neurophysiol 100:1498-1512.

Emborg ME, Ma SY, Mufson EJ, Levey AI, Taylor MD, Brown WD, Holden JE,
Kordower JH (1998) Age-related declines in nigral neuronal function correlate with
motor impairments in rhesus monkeys. J Comp Neurol 401:253-265.

Friedemann MN, Gerhardt GA (1992) Regional effects of aging on dopaminergic
function in the Fischer-344 rat. Neurobiol Aging 13:325-332.

Friel KM, Heddings AA, Nudo RJ (2000) Effects of postlesion experience on
behavioral recovery and neurophysiologic reorganization after cortical injury in
primates. Neurorehabil Neural Repair 14:187-198.

Frost SB, Barbay S, Friel KM, Plautz EJ, Nudo RJ (2003) Reorganization of remote
cortical regions after ischemic brain injury: a potential substrate for stroke recovery. J
Neurophysiol 89:3205-3214.

Gage FH, Dunnett SB, Bjorklund A (1989) Age-related impairments in spatial
memory are independent of those in sensorimotor skills. Neurobiol Aging 10:347-352.

Green JB (2003) Brain reorganization after stroke. Top Stroke Rehabil 10:1-20.

Greenough WT, Larson JR, Withers GS (1985) Effects of unilateral and bilateral
training in a reaching task on dendritic branching of neurons in the rat motor-sensory
forelimb cortex. Behav Neural Biol 44:301-314.

Hallett M (2001) Plasticity of the human motor cortex and recovery from stroke. Brain
Res Brain Res Rev 36:169-174.

Harms KJ, Rioult-Pedotti MS, Carter DR, Dunaevsky A (2008) Transient spine
expansion and learning-induced plasticity in layer 1 primary motor cortex. J Neurosci
28:5686-5690.

Harrington DL, Haaland KY (1992) Skill learning in the elderly: diminished implicit
and explicit memory for a motor sequence. Psychol Aging 7:425-434.

Hebert MA, Gerhardt GA (1998) Normal and drug-induced locomotor behavior in
aging: comparison to evoked DA release and tissue content in fischer 344 rats. Brain
Res 797:42-54.



102

Hodgson RA, Ji Z, Standish S, Boyd-Hodgson TE, Henderson AK, Racine RJ (2005)
Training-induced and electrically induced potentiation in the neocortex. Neurobiol
Learn Mem 83:22-32.

Houx PJ, Jolles J (1993) Age-related decline of psychomotor speed: effects of age,
brain health, sex, and education. Percept Mot Skills 76:195-211.

Howard JH, Jr., Howard DV (1997) Age differences in implicit learning of higher
order dependencies in serial patterns. Psychol Aging 12:634-656.

Howard DV, Howard JH, Jr. (2001) When it does hurt to try: adult age differences in
the effects of instructions on implicit pattern learning. Psychon Bull Rev 8:798-805.

Howard DV, Howard JH, Jr., Japikse K, DiYanni C, Thompson A, Somberg R (2004)
Implicit sequence learning: effects of level of structure, adult age, and extended
practice. Psychol Aging 19:79-92.

Janicke B, Schulze G, Coper H (1983) Motor performance achievements in rats of
different ages. Exp Gerontol 18:393-407.

Joseph JA, Bartus RT, Clody D, Morgan D, Finch C, Beer B, Sesack S (1983)
Psychomotor performance in the senescent rodent: reduction of deficits via striatal
dopamine receptor up-regulation. Neurobiol Aging 4:313-319.

Kargo WJ, Nitz DA (2003) Early skill learning is expressed through selection and
tuning of cortically represented muscle synergies. J Neurosci 23:11255-11269.

Kauranen K, Vanharanta H (1996) Influences of aging, gender, and handedness on
motor performance of upper and lower extremities. Percept Mot Skills 82:515-525.

Kleim JA, Barbay S, Nudo RJ (1998) Functional reorganization of the rat motor cortex
following motor skill learning. J Neurophysiol 80:3321-3325.

Kleim JA, Lussnig E, Schwarz ER, Comery TA, Greenough WT (1996)
Synaptogenesis and Fos expression in the motor cortex of the adult rat after motor
skill learning. J Neurosci 16:4529-4535.

Kleim JA, Hogg TM, VandenBerg PM, Cooper NR, Bruneau R, Remple M (2004)
Cortical synaptogenesis and motor map reorganization occur during late, but not early,
phase of motor skill learning. J Neurosci 24:628-633.

Kleim JA, Barbay S, Cooper NR, Hogg TM, Reidel CN, Remple MS, Nudo RJ (2002)
Motor learning-dependent synaptogenesis is localized to functionally reorganized
motor cortex. Neurobiol Learn Mem 77:63-77.



103

Kleim JA, Bruneau R, Calder K, Pocock D, VandenBerg PM, MacDonald E, Monfils
MH, Sutherland RJ, Nader K (2003) Functional organization of adult motor cortex is
dependent upon continued protein synthesis. Neuron 40:167-176.

Lacreuse A, Woods CE, Herndon JG (2007) Effects of aging and hormonal status on
bimanual motor coordination in the rhesus monkey. Neurobiol Aging 28:186-193.

Luft AR, Buitrago MM, Ringer T, Dichgans J, Schulz JB (2004a) Motor skill learning
depends on protein synthesis in motor cortex after training. J Neurosci 24:6515-6520.

Luft AR, Buitrago MM, Kaelin-Lang A, Dichgans J, Schulz JB (2004b) Protein
synthesis inhibition blocks consolidation of an acrobatic motor skill. Learn Mem
11:379-382.

Marshall JF, Berrios N (1979) Movement disorders of aged rats: reversal by dopamine
receptor stimulation. Science 206:477-479.

Mattay VS, Fera F, Tessitore A, Hariri AR, Das S, Callicott JH, Weinberger DR
(2002) Neurophysiological correlates of age-related changes in human motor function.
Neurology 58:630-635.

Metz GA, Whishaw IQ (2002) Cortical and subcortical lesions impair skilled walking
in the ladder rung walking test: a new task to evaluate fore- and hindlimb stepping,
placing, and co-ordination. J Neurosci Methods 115:169-179.

Molina-Luna K, Hertler B, Buitrago MM, Luft AR (2008) Motor learning transiently
changes cortical somatotopy. Neuroimage 40:1748-1754.

Murphy MP, Rick JT, Milgram NW, Ivy GO (1995) A simple and rapid test of
sensorimotor function in the aged rat. Neurobiol Learn Mem 64:181-186.

Nagahara AH, Merrill DA, Coppola G, Tsukada S, Schroeder BE, Shaked GM, Wang
L, Blesch A, Kim A, Conner JM, Rockenstein E, Chao MV, Koo EH, Geschwind D,
Masliah E, Chiba AA, Tuszynski MH (2009) Neuroprotective effects of brain-derived
neurotrophic factor in rodent and primate models of Alzheimer's disease. Nat Med
15:331-337.

Nudo RJ, Milliken GW, Jenkins WM, Merzenich MM (1996a) Use-dependent
alterations of movement representations in primary motor cortex of adult squirrel
monkeys. J Neurosci 16:785-807.



104

Nudo RJ, Wise BM, SiFuentes F, Milliken GW (1996b) Neural substrates for the
effects of rehabilitative training on motor recovery after ischemic infarct. Science
272:1791-1794.

Perrot A, Bertsch J (2007) Role of age in relation between two kinds of abilities and
performance in acquisition of new motor skill. Percept Mot Skills 104:91-101.

Ramanathan D, Tuszynski MH, Conner JM (2009) The basal forebrain cholinergic
system is required specifically for behaviorally mediated cortical map plasticity. J
Neurosci 29:5992-6000.

Raz N, Williamson A, Gunning-Dixon F, Head D, Acker JD (2000) Neuroanatomical
and cognitive correlates of adult age differences in acquisition of a perceptual-motor
skill. Microsc Res Tech 51:85-93.

Rioult-Pedotti MS, Friedman D, Hess G, Donoghue JP (1998) Strengthening of
horizontal cortical connections following skill learning. Nat Neurosci 1:230-234.

Rioult-Pedotti MS, Friedman D, Donoghue JP (2000) Learning-induced LTP in
neocortex. Science 290:533-536.

Rioult-Pedotti MS, Donoghue JP, Dunaevsky A (2007) Plasticity of the synaptic
modification range. J Neurophysiol 98:3688-3695.

Rouiller EM, Yu XH, Moret V, Tempini A, Wiesendanger M, Liang F (1998)
Dexterity in adult monkeys following early lesion of the motor cortical hand area: the
role of cortex adjacent to the lesion. Eur J Neurosci 10:729-740.

Rowe WB, Blalock EM, Chen KC, Kadish I, Wang D, Barrett JE, Thibault O, Porter
NM, Rose GM, Landfield PW (2007) Hippocampal expression analyses reveal
selective association of immediate-early, neuroenergetic, and myelinogenic pathways
with cognitive impairment in aged rats. J Neurosci 27:3098-3110.

Shukitt-Hale B, Mouzakis G, Joseph JA (1998) Psychomotor and spatial memory
performance in aging male Fischer 344 rats. Exp Gerontol 33:615-624.

Smith CD, Umberger GH, Manning EL, Slevin JT, Wekstein DR, Schmitt FA,
Markesbery WR, Zhang Z, Gerhardt GA, Kryscio RJ, Gash DM (1999) Critical
decline in fine motor hand movements in human aging. Neurology 53:1458-1461.

Smith CD, Walton A, Loveland AD, Umberger GH, Kryscio RJ, Gash DM (2005)
Memories that last in old age: motor skill learning and memory preservation.
Neurobiol Aging 26:883-890.



105

Spangler EL, Waggie KS, Hengemihle J, Roberts D, Hess B, Ingram DK (1994)
Behavioral assessment of aging in male Fischer 344 and brown Norway rat strains and
their F1 hybrid. Neurobiol Aging 15:319-328.

Stevens B, Allen NJ, Vazquez LE, Howell GR, Christopherson KS, Nouri N, Micheva
KD, Mehalow AK, Huberman AD, Stafford B, Sher A, Litke AM, Lambris JD, Smith
SJ, John SW, Barres BA (2007) The classical complement cascade mediates CNS
synapse elimination. Cell 131:1164-1178.

Ungerleider LG, Doyon J, Karni A (2002) Imaging brain plasticity during motor skill
learning. Neurobiol Learn Mem 78:553-564.

Wallace JE, Krauter EE, Campbell BA (1980) Motor and reflexive behavior in the
aging rat. J Gerontol 35:364-370.

Walton A, Branham A, Gash DM, Grondin R (2006) Automated video analysis of
age-related motor deficits in monkeys using EthoVision. Neurobiol Aging 27:1477-
1483.

Wang LC, Conner JM, Nagahara A, Tuszynski, M (2006) Structural plasticity of
identified corticospinal neurons associated with skilled forelimb training in rats. In:
Society for Neuroscience.

Whishaw IQ, Pellis SM (1990) The structure of skilled forelimb reaching in the rat: a
proximally driven movement with a single distal rotatory component. Behav Brain
Res 41:49-59.

Wiegand RL, Ramella R (1983) The effect of practice and temporal location of
knowledge of results on the motor performance of older adults. J Gerontol 38:701-
706.

Withers GS, Greenough WT (1989) Reach training selectively alters dendritic
branching in subpopulations of layer II-III pyramids in rat motor-somatosensory
forelimb cortex. Neuropsychologia 27:61-69.

Yurek DM, Hipkens SB, Hebert MA, Gash DM, Gerhardt GA (1998) Age-related
decline in striatal dopamine release and motoric function in brown Norway/Fischer
344 hybrid rats. Brain Res 791:246-256.



106

CHAPTER 3

Aged Animals Exhibit Impaired Cortical Plasticity

Following Focal Cortical Injury

ABSTRACT

Increasing age negatively correlates with functional recovery following brain

injury, although neural mechanisms underlying deficient recovery remain unclear. We

tested the hypothesis that aging is associated with deficits in the plasticity of cortical

motor representations after injury. Young adult (3 month) and aged (21 month) rats

were trained on a skilled forelimb reaching task and then received focal lesions within

primary motor cortex, resulting in a significant loss in skilled motor function. Daily

rehabilitation training resulted in partial recovery in young subjects but significantly

inferior recovery in aged animals. Moreover, aged animals completely lacked

rehabilitation-mediated motor map plasticity, a cholinergic-dependent form of cortical

plasticity that is required for functional recovery. Accordingly, aged animals also

exhibited reductions in basal forebrain cholinergic cell number and size. Taken

together, these results reveal pronounced age-related deficits in experience-dependent

cortical plastic mechanisms that are required for functional recovery following brain

injury, a process that may be attributable in part to age-related cholinergic

degeneration.
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INTRODUCTION

Advanced age is a major risk factor for cortical injury resulting from stroke,

traumatic brain injury, and other disorders (Tegos et al., 2000; Jager et al., 2000;

Barnett, 2002). Functional recovery following cortical injury is impaired in both aged

rodents (Hamm et al., 1992; Kharmalov et al., 2000; Badan et al., 2003a; Badan et al.,

2004; Brown et al., 2003; Zhang et al., 2005; Popa-Wagner et al., 2007a; Popa-

Wagner et al., 2007b; DiNapoli et al., 2008) and humans (Pentland et al., 1986;

Luerssen et al., 1988; Hukkelhoven et al., 2003; Nakayama et al., 1994; Susman et al.,

2002; AHA, 2009), although mechanisms underlying age-related impairments in brain

adaptation to injury are poorly understood. Generally, aged rats subjected to cortical

injury exhibit early and/or enhanced expression levels of genes and proteins associated

with cortical damage such as those implicated in oxidative protein and DNA damage

(Li et al., 2005; Buga et al., 2008), inflammation (Buga et al., 2008), inhibition of

growth such as MAG and ephrin A5 (Li and Carmichael 2006), and cell cycle arrest

and apoptosis (Buga et al., 2008). Aged animals also have reduced expression of genes

and proteins associated with neuroprotection (Li et al., 2005; Buga et al., 2008) such

as HSP70, and reduced angiogenesis as measured by vascular density and endothelial

cell proliferation (Zhang et al., 2005). Further, injured aged animals exhibit reduced

and/or delayed expression of genes and proteins thought to be important for neuronal

growth and regeneration (Popa-Wagner et al., 1999; Badan et al., 2003b; Li et al.,

2006; Buga et al., 2008). Collectively, these factors may be associated with impaired
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recovery of aged animals, although the actual cellular mechanisms generating cortical

plasticity in response to injury are poorly understood.

Previous work has shown that recruitment of cortical plasticity is an essential

correlate of recovery from focal brain injury in young adult animals. Specifically, in

models of injury to the motor cortex that simulate functional deficits caused by stroke

or traumatic brain injury, cortical motor map reorganization invariably accompanies

functional recovery in young adults (Castro-Alamancos and Borrel, 1995; Nudo et al.,

1996a; Rouiller et al., 1998; Friel et al., 2000; Frost et al., 2003; Conner et al., 2005;

Eisner-Janowicz et al., 2008). To date, potential reductions in cortical plasticity in

aged animals have not been examined. Thus, we tested the hypothesis that aging is

associated with deficits in adaptive cortical plastic mechanisms that support

reorganization and functional recovery after injury.

Young adult and aged rats were trained to perform a skilled forelimb reaching

task, subjected to focal lesions within the forelimb area in motor cortex, and

subsequently examined for rehabilitation-driven cortical map reorganization and

functional recovery. We now report fundamental deficits in both cortical and

subcortical adaptive mechanisms to brain injury as a function of advanced age.
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METHODS

Experimental overview

Young adult and aged animals were trained on a skilled forelimb reach task

and then received bilateral lesions of the caudal forelimb area of the primary motor

cortex. Following a two-week recovery period (Conner et al., 2005), the extent of

behavioral deficit was determined, and subjects from each age group were assigned to

receive either rehabilitation training or serve as non-rehabilitated controls.

Rehabilitation lasted for six weeks, after which intracortical microstimulation was

used to obtain motor maps in all groups. Following mapping, animals were perfused,

and subcortical cholinergic systems that project to the cortex were examined

anatomically.

Animal Subjects

A total of 16 young adult (3 months at start) and 20 aged (21 months at start)

male F344 rats were initially subjects in this study. All animals were obtained from the

National Institute on Aging breeding colony. Procedures for animal care adhered

strictly to institutional guidelines for experimental animal health, safety and comfort.

All animals were food deprived to approximately 85% of free-feeding body weight

during periods requiring behavioral training. Both weight and overall health were

monitored daily. Seven aged rats were eliminated from analysis due to sickness or

death.
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Behavioral training

Skilled forelimb reaching

All animals were trained on a skilled forelimb reach task as described

previously (Whishaw and Pellis, 1990; Conner et al., 2003). In brief, after a week-long

handling period, rats were trained to reach through a slot in the wall of a clear

Plexiglass chamber to retrieve a single 45 mg sucrose pellet (TestDiet, Richmond, IN)

from a shallow well. Rats underwent 2 days of shaping prior to acquisition training.

During the shaping period, rats learned to orient to the front of the chamber and were

encouraged to grasp the reward pellets by coating pellets with a small amount of

peanut butter.  For acquisition training, rats underwent 35 trials on the first day, 40

trials on the second day, 50 trials on the third day and 60 trials on all subsequent

testing days. Reward pellets were located 1.5 cm away from the chamber on the first

day of acquisition testing, 1.8 cm away on the second day, and 2.0 cm away for the

rest of training. The maximum time limit for all training sessions was 10 minutes.

Acquisition data is presented from 16 young adult and 13 aged animals. Rehabilitation

training consisted of 50 reach trials per day for a period of 6 weeks. All animals

undergoing rehabilitation completed the full 6-week rehabilitation period (30 days),

with the exception of one aged animal that completed 28 days of rehabilitation; the

performance of this subject had reached a plateau over the last 8 days of testing (p =

0.4, Student’s t-test comparing mean of last 3 days of testing to mean of preceding 5

days), and the motor map derived from this animal was comparable to those from



111

other aged rehabilitated animals. Thus, data from this subject was included in the final

analysis.

Deficit assessment

The impact of focal cortical injury on skilled reaching performance was

evaluated over a period of 3 days (50 reaches per day) 2 weeks following lesion

placement. Functional impairment was expressed as the percent behavioral deficit

resulting from the lesion relative to each animal’s pre-lesion performance, and,

consistent with previous reports (Conner et al., 2005), was calculated using the

following equation:

% Deficit =

(pre-lesion performance – post-lesion performance / pre-lesion performance) x 100

Pre-lesion performance was computed as the animal’s average performance over the

final three training days prior to lesion placement, and post-lesion performance was

computed as the average performance over the first 3 days of training after injury

(“deficit assessment” period). Aged and young adult rats were then assigned to either a

rehabilitation or non-rehabilitation group on the basis of equivalent levels of initial

acquisition of the skilled reaching task, and functional impairment following the

lesion. Eight young adult and six aged animals underwent rehabilitation, while eight

young adult and seven aged rats served as non-rehabilitated controls.
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Cortical lesions

Focal electrolytic lesions of the caudal forelimb area were performed as

previously described (Conner et al., 2005). Animals were anesthetized using either

isoflurane (to facilitate survival in aged animals) or a cocktail containing ketamine (50

mg/kg), xylazine (2.6 mg/kg), and acepromazine (0.5 mg/kg). A 100µm Teflon-coated

stainless steel wire was lowered to a depth of 1.7 mm below the cortical surface at the

following locations: (site 1: A/P 0 mm, M/L ± 3.5 mm; site 2: A/P 1.5 mm, M/L ± 3.5

mm from Bregma). A 1.5 mA DC current (Grass Model DCLM5A) was passed for

20s at a depth of 1.7 mm; the wire was then raised to a depth of 1 mm below the

cortical surface and current was passed for an additional 20s.

Electrophysiology

Cortical maps were generated using intracortical microstimulation (Nudo et al.,

1996b; Conner et al., 2003). Briefly, rats were anesthetized with an injection of

ketamine (70 mg/kg i.p.) and Xylazine (5 mg/kg i.p.). Supplementary doses of a

ketamine/xylazine cocktail were given as needed to maintain animals in an areflexic

state. Craniotomies were then performed bilaterally over the motor cortex, the dura

was reflected and the brain was kept moist with sterile saline. Pulled glass pipettes

filled with 3M NaCl and containing a chlorided wire were lowered 1.7 mm below the

cortical surface to stimulate within layer V. Stimulation consisted of a 30ms train of

200µs duration, monophasic cathodal pulses delivered at 333 Hz from a constant
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current stimulator (AMPI-Isoflex). Stimulation was controlled by a programmable

pulse stimulator (AMPI-Master-8) and resulted in two pulse trains delivered 1.2 s

apart. Animals were consistently placed in a prone position, and movements evoked

by minimal stimulation were visually recorded. If no movement could be evoked with

currents ≤ 200µA, the site was labeled “non-responsive.” Motor maps were derived by

moving the stimulating electrode in 0.5 mm increments in the anterior/posterior and

medial/lateral directions across the motor cortex until non-responsive areas were

reached. Maps were obtained from 8 young adult non-rehabilitated animals, 7 aged

non-rehabilitated animals, 8 young adult rehabilitated animals, and 6 aged

rehabilitated animals. All mapping was performed by an experimenter blind to group

identity.

Lesion quantification

Quantification of lesion volume was performed on a series of Nissl-stained

sections cut on a sliding microtrome set at 40µm thickness and spaced 480µm apart,

using StereoInvestigator software (MicroBrightField Bioscience, Williston, VT). The

area of the lesion in each section was determined by outlining necrotic tissue

bilaterally throughout the entire extent of the injury at 4X magnification. Total area

measurements from each section containing lesioned tissue were then added together

and multiplied by section thickness, as well as the distance between each section, in

order to arrive at an estimate of lesion volume. One young adult animal was excluded

from histological analysis due to non-lesion related cortical degeneration following
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intracortical microstimulation surgery, with a final number of 15 young adult and 13

aged animals analyzed. All quantification was performed by an experimenter blind to

group identity.

Cholinergic system quantification

Because cholinergic input is an essential mechanism underlying recovery-

related map reorganization in young adults (Conner et al., 2005), we examined Ch4

cholinergic neuronal number and size in all groups of animals. Neurons were

specifically identified by p75 immunolabeling within the nucleus basalis region (Kiss

et al., 1988; Koh and Loy, 1989; Woolf et al., 1989; Yan and Johnson, 1989; Pioro

and Cuello, 1990; Pioro et al., 1990); these neurons provide the vast majority of

cholinergic innervation to the cortex (Mesulam et al., 1983). At the rostral border,

quantification began with the closing of the anterior commissure (~1.30 mm caudal to

Bregma, (Paxinos and Watson, 1986)) and continued throughout the caudal extent of

the nucleus as determined by rarefaction of p75-labeled neurons (~3.14 caudal to

Bregma) in a series of 1:12 sections cut on a microtome set at 40µm intervals. Every

cholinergic neuron in the Ch4 region per section was counted, and final values were

multiplied by twelve to obtain numerical estimates of cell number in the nucleus.

Stereological sampling methods were not used because the intent of this study was to

examine differences in cell number between groups, rather than to identify total

numbers of neurons per animal. Further, the sparse density and widely distributed

topography of cells in some sections leads to wide variability in estimates of the
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volume of the structure between individual subjects within the same group of animals,

including young controls; this extensive variability in volume estimate could lead to

unreliable estimates of cell number. A mean of 5.3± 0.2 sections were quantified per

animal in the young adult non-rehabilitated group, 5.1 ± 0.1 sections in the young

adult rehabilitated group, 4.8 ± 0.2 sections in the aged non-rehabilitated group, and

5.2 ± 0.1 sections in the aged rehabiltated group; the number of sections quantified per

group did not differ significantly (p = 0.2, ANOVA). Cholinergic cell size was

determined under a 40X oil objective using the Nucleator function of

StereoInvestigator, sampling a minimum of 35 neurons per group randomly selected

by the stereology program. Quantification was performed on 8 young adult non-

rehabilitated animals, 7 aged non-rehabilitated animals, 7 young adult rehabilitated

animals, and 6 aged rehabilitated animals (one young adult rehabilitated animal was

excluded from analysis due to non-lesion related cortical degeneration following

intracortical microstimulation surgery). All quantification was performed by an

experimenter blind to group identity.

Data analysis

Behavioral data were examined using repeated measures ANOVA (StatView).

Multiple group comparisons were made using ANOVA; two-way comparisons were

made using Student’s unpaired two-tailed t-tests. Results are reported as the mean ±

standard error of the mean (SEM), using a significance criterion of p < 0.05.
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RESULTS

Aged Animals Exhibit Impaired Skilled Reaching Performance

Aged animals exhibited significantly worse performance on the skilled

reaching task compared to young adults upon completion of two weeks of training,

attaining 63.7 ± 2.7% reaching accuracy compared to 77.3 ± 2.3% in young adults (p =

0.0006, Student’s t-test; Fig. 3.1). Analysis over each of days 8-14 yielded significant

performance deficits comparing young adult and aged animals (p < 0.05; Student’s t-

test; Fig. 3.1). Despite worse overall final levels of performance, aged animals

nonetheless significantly improved performance over time (i.e., were able to learn the

task); p < 0.0001, repeated measures ANOVA over time.

Aged Animals Exhibit Impaired Functional Recovery Following Focal Cortical Injury

Focal lesions of distal forelimb motor cortex resulted in significant loss of

function on the skilled forelimb reach task in both young adult and aged animals

relative to their own pre-lesion levels of performance. Both young adult and aged

animals exhibited an approximately 80% reduction in reaching accuracy after

lesioning (p = 0.2, Student’s t-test comparing amount of deficit in young adult and

aged animals; Fig. 3.2A). Lesion volumes were equivalent in young adult and aged

animals (p = 0.6, Student’s t-test; Fig. 3.2B,C). Thus, focal cortical injury initially

reduced the performance of young adult and aged animals to a similar extent.
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We next examined the ability of aged animals to exhibit behavioral recovery

during rehabilitative training. Half of lesioned young adult and aged rats were

subjected to post-lesion rehabilitation on the skilled reaching task. At the completion

of the 6-week period of rehabilitative training, aged animals exhibited significantly

reduced levels of performance compared to young adults, reaching a final accuracy

level at week 6 of 30.3 ± 3.8% compared to 42.9 ± 3.4% in young adult animals (p =

0.03, Student’s t-test; Fig. 3.3A). While both groups of animals exhibited functional

improvement in performance over time with rehabilitation training (p < 0.0001,

repeated measures ANOVA for time), significant age-related differences were

observed in recovery across the entire rehabilitation period (p = 0.048, overall

repeated measures ANOVA for age), and performance improved at a slower rate in

aged animals (p = 0.027, repeated measures ANOVA for age x time). Further, the

difference in absolute performance of unlesioned aged animals relative to young adults

was 16.8% prior to cortical lesion placement; after lesions and completion of

rehabilitative training, the performance difference between aged and young adult

animals nearly doubled to 29.4% (Fig. 3.3B). Thus, aged subjects exhibit an impaired

ability to recover from injury, and we next tested the hypothesis that this impaired

recovery was associated with impaired cortical plasticity with aging.

Cortical Plasticity Following Injury and Rehabilitation Training

Prior studies have indicated that rehabilitative training following focal lesions

of the caudal forelimb area is specifically associated with expansion of the rostral
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forelimb area in young adult rats (Conner et al., 2005). To assess the effects of age and

rehabilitation on adaptive cortical plasticity, changes in the size of the rostral forelimb

area were compared between non-rehabilitated and rehabilitated lesioned aged and

young adult animals (Fig. 3.4). Analysis was performed by comparing the size of the

rostral forelimb area in the preferred hemisphere (contralateral to the paw used for

reaching) in rehabilitated animals to the size of the rostral forelimb area averaged over

both hemispheres in non-rehabilitated animals. Six weeks of rehabilitation training

resulted in significant expansion of the rostral forelimb area in young adult lesioned

animals (p < 0.05, Student’s t-test; Fig. 3.4), consistent with previous reports (Conner

et al., 2005). In contrast, rehabilitation training in aged animals failed to induce any

detectable plasticity of rostral forelimb area motor maps following lesions of the

caudal forelimb area (p = 0.99, Student’s t-test; Fig. 3.4). These results indicate that

aging is associated with a complete absence of cortical reorganization following focal

brain injury and rehabilitation. Data from an additional group of 6 unlesioned young

adults and 8 unlesioned aged animals demonstrates that lesioning alone does not

significantly change the size of the rostral forelimb area in either age group (young

adult: p = 0.1, aged: p = 0.7, Student’s t-tests comparing unlesioned controls to non-

rehabilitated animals in each age group; Fig. 3.4B).

Age-Related Alterations in Cholinergic Function

Previous studies indicate that the cholinergic system is essential for generating

plasticity of the rostral forelimb representation following lesions of the caudal
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forelimb area in young adult rats (Conner et al., 2005), and further that the cholinergic

system declines with aging (Fischer et al., 1989; Fischer et al, 1992; Smith and Booze,

1995; Smith et al., 1999). Therefore, cholinergic decline is a candidate mechanism

contributing to the absence of cortical map plasticity and behavioral impairment

following rehabilitation in aged, lesioned rats. Indeed, we find a significant decline in

the overall number (p < 0.01, Student’s t-test; Fig. 3.5A) and size (p < 0.001,

Student’s t-test; Fig. 3.5B) of basal forebrain cholinergic neurons in aged non-

rehabilitated compared to young adult non-rehabilitated animals. Rehabilitation

training did not significantly change the number or size of p75-labeled neurons in

either age group.

DISCUSSION

We now demonstrate that rehabilitation-induced cortical plasticity following

focal cortical injury is extensively disrupted in aging. Plasticity deficits are

accompanied by impaired behavioral recovery and reductions in functional markers of

the basal forebrain cholinergic system. These findings support the hypothesis that aged

rats exhibit impaired functional recovery in association with a reduced capacity to

reorganize cortical motor representations following injury and rehabilitation training,

and suggest that age-related reductions in the cholinergic system may contribute to

impaired plasticity.
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Up to the present, deficits in cortical plasticity have not been examined in the

aged brain, although such plasticity is postulated to be essential for behavioral

recovery in young adults in several injury paradigms (Castro-Alamancos and Borrel,

1995; Nudo et al., 1996a; Rouiller et al., 1998; Friel et al., 2000; Frost et al., 2003;

Conner et al., 2005; Eisner-Janowicz et al., 2008). In agreement with prior reports, we

find that functional recovery in lesioned young adult animals is associated with

significant cortical reorganization. In contrast, a complete absence of cortical map

plasticity accompanied impairments in functional recovery following injury in aged

animals. These results are consistent with prior findings indicating that cortical injury

is associated with greater functional loss in aged subjects (Pentland et al., 1986;

Luerssen et al., 1988; Hamm et al., 1992; Nakayama et al., 1994; Kharlamov et al.,

2000; Susman et al., 2002; Badan et al., 2003a; Brown et al., 2003; Hukkelhoven et

al., 2003; Badan et al., 2004; Zhang et al., 2005; Popa-Wagner et al., 2007b; DiNapoli

et al., 2008; AHA, 2009). Our findings indicate that impaired cortical map

reorganization may be an important mechanism contributing to deficient functional

recovery with aging.

Impairments in cortical plasticity and functional recovery following injury may

be partly influenced by age-related deficits in cholinergic function. Previous work has

demonstrated the importance of the cholinergic system for optimal behavior in skilled

motor learning (Conner et al., 2003; Ramanathan et al., 2009) as well as cortical

plasticity in a variety of paradigms (Juliano et al., 1991; Bakin and Weinberger, 1996;
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Baskerville et al., 1997; Kilgard and Merzenich, 1998; Sachdev et al., 1998; Conner et

al., 2003; Gu, 2003; Conner et al., 2005; Ramanathan et al., 2009). Importantly, total

elimination of cholinergic inputs to the cortex in young adult animals abolished

cortical map plasticity and significantly impaired functional recovery following focal

cortical injury (Conner et al., 2005). Our results demonstrating a reduction in the

number and size of p75-labeled neurons agree with prior studies documenting age-

related cholinergic dysfunction (Meyer et al., 1984; Mesulam et al., 1987; Fischer et

al., 1989; Geula and Mesulam, 1989; Takei et al., 1989; Sherman and Friedman, 1990;

Williams and Rylett, 1990; Fischer et al., 1992; Rylett et al., 1993; Yufu et al., 1994;

Smith and Booze, 1995; Giovannini et al., 1998; Smith et al., 1999; Conner et al.,

2001; Casu et al., 2002) and with studies indicating that the cholinergic system

becomes more susceptible to injury in old age (Stephens et al., 1988; Nyberg and

Waller, 1989; Cooper and Sofroniew, 1996). Future studies will examine whether

targeted augmentation of cholinergic function, through the use of techniques such as

cholinesterase inhibitors or cholinomimetics, will improve mechanisms of

rehabilitation-induced cortical plasticity and enhance functional recovery following

focal cortical injury.

While even minimal dysfunction of cholinergic mechanisms could account for

the complete lack of cortical map plasticity seen in the present study, other

mechanisms may also play a role. It is possible that age-related impairments in

synaptic mechanisms supporting long-term potentiation (LTP) could contribute to
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deficits in map reorganization.  Prior studies have suggested that plasticity of

representational maps occurs though synaptic strengthening of layer II/III horizontal

connections (Jacobs and Donoghue, 1991; Hess and Donoghue, 1994; Donoghue,

1995; Huntley, 1997) via LTP-like mechanisms (Rioult-Pedotti et al., 1998; Rioult-

Pedotti et al., 2000; Hodgson et al., 2005), and plasticity at these synapses is

influenced by cholinergic mechanisms (Hess and Donoghue, 1999). Age-related

impairments in the induction and maintenance of LTP are often observed (e.g.

Rosenzweig and Barnes, 2003; Burke and Barnes, 2006), including evidence for a

higher LTP induction threshold along with a lower threshold for induction of long-

term depression (Moore et al., 1993; Norris et al., 1996, Barnes et al., 2000). Thus,

aged animals may require greater synaptic drive (activity) to initiate mechanisms for

lasting plasticity along horizontal connections. Additionally, previous work has found

that injury-induced changes in gene expression can be delayed in the aged rat cortex

compared to adults (Badan et al., 2003b; Li and Carmichael, 2006). It is therefore

possible that aged animals are slower at initiating the molecular mechanisms needed to

achieve cortical reorganization, and that map plasticity occurs at a later endpoint than

employed in our paradigm. However, the latter possibility is unlikely, given the long

time from initial injury to mapping that we employed (8 weeks). Finally, aged animals

might adopt different behavioral or neurobiological strategies to achieve functional

recovery after focal brain injury. Significant differences have been reported in patterns

of brain activation in young adult and elderly humans during motor behaviors (Sailer

et al., 2000; Calautti et al., 2001; Hutchinson et al., 2002; Mattay et al., 2002; Ward
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and Frackowiak, 2003; Heuninckx et al., 2005; Wu and Hallett, 2005), suggesting that

aging may alter the neuronal circuits recruited during a particular motor task.

Although behavioral recovery was diminished in aged animals, it was not

totally abolished despite the complete absence of map reorganization. This finding

agrees with prior results in which cortical reorganization was wholly eliminated with a

cholinergic lesion but partial recovery still occurred (Conner et al., 2005). One

explanation for this apparent disconnect between behavior and plasticity is that map

reorganization within the motor cortex is not required for all stages of motor learning

or recovery. Previous work has demonstrated that cortical maps reorganize after most

behavioral improvements have occurred in both skill acquisition (Kleim et al., 2004)

and lesion recovery (Eisner-Janowicz et al., 2008) paradigms. Therefore, map

plasticity is primarily associated with what has been termed late-stage motor learning

(Karni et al., 1998), during which final refinements in motor circuitry occur at cortical

levels to support fine motor skill and optimize behavior. In the present study, aged rats

were selectively impaired during the late phases of both acquisition and recovery

behavior, while performance during early stages of training was similar to that of

young adults. These findings suggest that aging may be associated with the specific

deterioration of plasticity mechanisms that support late-phase recovery.

In conclusion, results of this study demonstrate a complete loss of map

plasticity after focal cortical injury and rehabilitation training in aged rats. This
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reduced capacity for cortical reorganization corresponds with decreases in the basal

forebrain cholinergic system and may contribute to age-related behavioral

impairments following brain injury. These findings suggest that strategies designed to

augment the plasticity mechanisms mediating cortical reorganization may be effective

at enhancing functional outcome following cortical damage in the elderly.
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Figure 3.1: Impaired skilled motor performance in aged animals. Aged animals
exhibit significantly impaired performance compared to young adults on the skilled
reaching task over testing days 8-14 (* p < 0.05; ** p < 0.005).
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A. B.

C.

Figure 3.2: Focal cortical lesions result in comparable functional deficits and
equivalent cortical damage in aged and young adult animals. A. Focal cortical
lesions imparted comparable functional deficits in young adult and aged rats.
Functional impairment, expressed as the percent behavioral deficit imposed by the
lesion relative to each animal’s pre-lesion performance, was not significantly different
between age groups (p = 0.2). B. Nissl-stained sections from a representative young
adult and aged animal demonstrating comparable lesion volumes. C. Quantification of
lesion volumes across all animals confirmed that focal cortical injury resulted in
similar lesions in aged and young adult animals (p = 0.6). The lesion volume
represents the total volume of missing or damaged tissue from both hemispheres.
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A.

B.

Figure 3.3: Aged animals have impaired functional recovery following focal
cortical injury. A. Aged animals exhibit impaired behavioral performance following
extended rehabilitation compared to young adults; these differences are significant
during weeks 4-6 (* p < 0.05). B. Although aged animals performed worse than young
adults on the skilled forelimb reach task prior to cortical lesions, their performance
relative to young animals deteriorates nearly two-fold following injury and
rehabilitation (* p < 0.05 comparing aged to young both Pre-Lesion and Post-Rehab).
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A.

B.

Figure 3.4: Aged animals have impaired plasticity of the rostral forelimb area
following rehabilitation. A. Representative intracortical microstimulation-derived
motor maps demonstrating rehabilitation-mediated cortical expansion of the rostral
forelimb area (indicated in yellow) in young adult rats following a focal cortical lesion
(indicated in black) of the caudal forelimb area. Rehabilitation-mediated expansion of
the rostral forelimb area was not observed in aged animals. R = rostral; M = medial.
B. Quantification of rostral forelimb area plasticity. Rehabilitation training in young
adult rats resulted in significant expansion of the rostral forelimb area (* p < 0.05). In
contrast, no plasticity was observed in aged rehabilitated animals (p = 0.99). The
average size of the rostral forelimb area in unlesioned control adult and aged animals
is shown for comparison.
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A.

B.

Figure 3.5: Aged animals exhibit a decline in the number and size of p75-
expressing neurons within the cholinergic basal forebrain. A. Reduced number (*p
< 0.01) and B. size (**p < 0.001) of cholinergic neurons within the Ch4 component of
the basal forebrain system in non-rehabilitated aged compared to non-rehabilitated
young adult rats, potentially contributing to impaired cortical plasticity with aging.
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CHAPTER 4

General Discussion

Advanced age is characterized by functional and neurobiological impairment.

However, less is known regarding whether aged animals can exhibit behavioral and

cortical plasticity in the context of new learning. This work breaks substantial ground

by revealing that aged animals lack cortical plasticity in the context of novel motor

skill acquisition and behavioral recovery from injury. Specifically, results indicate

that:

1. Aged animals are impaired at performing the skilled forelimb reach task.

Impaired motor behavior is accompanied by a lack of cortical map reorganization and

significantly perturbed patterns of gene expression during early learning compared to

young adults. Aged animals also exhibit impaired training-dependent spine density

plasticity.

2. Aged animals have impaired behavioral recovery and rehabilitation-related

cortical map plasticity following focal cortical injury. Cholinergic system dysfunction

may contribute to the observed behavioral and plasticity deficits.

The following discussion will summarize the current work, suggest potential

mechanisms for age-related impairments in cortical plasticity and behavior, and

propose ideas for future research.
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Cortical plasticity in adult animals

The work conducted in this thesis supports existing literature documenting

motor cortex plasticity in adult animals following both novel skill acquisition and

recovery from injury. Specifically, in agreement with previous studies (Kleim et al.,

1998a; Kleim et al., 2002; Conner et al., 2003; Kleim et al., 2004; Molina-Luna et al.,

2008), training on a skilled reaching task, in which forelimb movements are refined

over time, resulted in plasticity of cortical forelimb motor maps. Similarly,

rehabilitation resulted in plasticity of the rostral forelimb area in adult animals,

agreeing with the results of Conner et al. (Conner et al., 2005), and paralleling

findings of cortical reorganization after injury in several other lesion paradigms

(Castro-Alamancos et al., 1995; Nudo and Milliken, 1996; Nudo et al., 1996; Rouiller

et al., 1998; Friel et al., 2000; Frost et al., 2003; Eisner-Janowicz et al., 2008).

Furthermore, skill acquisition resulted in spine density plasticity on neurons

specifically involved in controlling distal forelimb movements, replicating recent work

(Wang et al., 2006a) and agreeing with prior studies that investigated learning-related

morphological plasticity with random sampling techniques (Greenough et al., 1985;

Withers and Greenough, 1989; Kleim et al., 1996; Kleim et al., 2002; Harms et al.,

2008). Together, these results confirm that significant experience-dependent plasticity

is associated with both novel motor skill acquisition and rehabilitation from injury in

young adult animals, and provide further support for the hypothesis that plastic

changes may serve as a substrate for behavioral improvement.
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Impaired cortical plasticity in aged animals

In contrast to the results observed in young adults, this thesis provides

evidence for a significant impairment in mechanisms of experience-dependent

plasticity with advanced age. Specifically, aged animals lack cortical map plasticity in

the context of skilled motor learning and rehabilitation-induced recovery from injury.

Current results also suggest that aged animals have impaired spine density plasticity

following skilled motor learning.

The present work is the first to examine cortical plasticity following

acquisition of a skilled motor task in the aged rat cortex. Furthermore, it is the first to

suggest that impairments in cortical plasticity may be related to functional motor

deficits. Interestingly, the current findings of age-related impairments in motor cortex

plasticity generally agree with the few previous reports investigating learning-induced

alterations in other brain regions. For example, spatial memory impairments were

associated with deficits in hippocampal place field expansion plasticity in aged rats

(Shen et al., 1997; Tanila et al., 1997), and deficits in reversal learning were linked to

less adaptive neurons in orbitofrontal cortex in aged impaired animals compared to

adults or aged unimpaired counterparts (Schoenbaum et al., 2006). Therefore, not only

do the current results add to the existing literature by extending findings in the aged

animal to include the motor cortex, they also suggest that a common mechanism
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underlying age-related functional impairment may be the inability of the aged brain to

undergo learning-dependent plasticity.

This work in this thesis is also the first to examine recovery-related plasticity

in the aged rat cortex at the level of representational maps. Again, the observed lack of

map plasticity corresponds well with previous studies that have observed altered

molecular mechanisms following injury in aged animals (Popa-Wagner et al., 1999;

Badan et al., 2003a; Badan et al., 2003b; Li et al., 2005; Li and Carmichael, 2006;

Buga et al., 2008). Additionally, the absence of map plasticity and the corresponding

impairments in functional behavior serve to further support the hypothesis that cortical

map reorganization is required for optimal recovery following cortical injury.

However, the current results conflict with studies demonstrating the capability

of the aged brain to respond to various treatments. For instance, the complete absence

of representational map plasticity following skill learning or recovery from injury

might not be predicted based on studies that found experience-dependent modification

of representational maps in aged animals. Specifically, lifetime rearing in an enriched

or impoverished environment altered forelimb somatosensory maps in aged rats (Coq

and Xerri, 2001), while environmental enrichment later in life reportedly reversed age-

related receptive field enlargement in hindlimb sensory maps (Churs et al., 1996) and

restored age-related shrinkage of the hindlimb motor map area (Reinke and Dinse,

1999). Furthermore, morphological parameters have also been altered in aged animals
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using a variety of methods including enriched environment exposure (Cummins et al.,

1973; Saito et al., 1994; Kolb et al., 2003), dietary restriction (Moroi-Fetters et al.,

1989), and treatment with growth factors (Mervis et al., 1991; Chen et al., 1995).

Additional studies would be required to further identify the basis for the

marked lack in experience-dependent plasticity observed in association with skilled

motor learning and rehabilitation in the current work relative to the modifications

observed in the aforementioned cases. One possibility is that treatments such as

prolonged enriched environment exposure are a much stronger stimulus than either

skill training or rehabilitation as conducted in the present work, and that extending

training time would result in measurable plasticity. It is also possible that

methodological differences as well as location and level of analysis can account for

the discrepant results. For example, Coq and Xerri (Coq and Xerri, 2001) investigated

forelimb somatosensory cortex plasticity at a “submodal” level, meaning that they

determined the size and location of cutaneous vs non-cutaneous receptive fields. This

type of submodal analysis was not conducted in the present work. As another example,

previous studies investigating morphological plasticity in the aged cortex employed

random sampling techniques. Although preliminary, the lack of plasticity observed in

aged trained compared to aged control neurons in this work may therefore result from

the employment of cell population-specific techniques that allow for more accurate

detection of experience-dependent effects.
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Potential mechanisms underlying age-related motor cortex plasticity

impairments

As detailed in Chapter 1, the extensive array of age-related cortical alterations

makes it unlikely that any single mechanism is responsible for the impairments in

plasticity observed in this work. As addressing each possibility is beyond the scope of

this thesis, the following section discusses likely candidate mechanisms. These

mechanisms were chosen based on the processes thought to underlie motor cortex

plasticity in adult animals, and include possibilities suggested by the current work.

Electrophysiology

Aged animals are known to have deficits in both the induction and

maintenance of long-term potentiation (LTP) under certain experimental conditions

(e.g. Rosenzweig and Barnes, 2003; Burke and Barnes, 2006). Prior studies have

suggested that both map (Jacobs and Donoghue, 1991; Hess and Donoghue, 1994;

Donoghue, 1995; Huntley, 1997; Rioult-Pedotti et al., 1998; Rioult-Pedotti et al.,

2000; Hodgson et al., 2005) and morphological (e.g. Segal, 2005; De Roo et al., 2008;

Lynch et al., 2008) plasticity arise through LTP-like mechanisms. Therefore, age-

related declines in LTP may lead to impairments in morphological and map plasticity.

Although all known work examining aged LTP has been conducted within the

hippocampal formation, altered properties of cortical neurons in aged rats (Wong et

al., 2000; Mendelson and Ricketts, 2001; Mendelson and Wells, 2002; Turner et al.,

2005; Wang et al., 2006b; Wong et al., 2006) as well as in aged nonhuman primates
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(Schmolesky et al., 2000; Luebke et al., 2004; Wang et al., 2005) suggests that aging-

associated electrophysiological alterations are not limited to the hippocampus.

Furthermore, recent studies have found either direct evidence for decreases in

functional inhibition in aged animals (Schmolesky et al., 2000; Leventhal et al., 2003;

Turner et al., 2005; Hua et al., 2006; Wang et al., 2006b; Schmidt et al., 2008), or

inferred impairments in functional inhibition through measures including signal to

noise (Schmolesky et al., 2000; Turner et al., 2005; Hua et al., 2006; Wang et al.,

2006b), and temporal processing speed (Mendelson and Ricketts, 2001; Mendelson

and Wells, 2002; Dinse, 2006). Since the modification of inhibitory circuits can

directly result in motor map alterations (e.g. Jacobs and Donoghue, 1991; Huntley,

1997), impaired intracortical inhibition may therefore be another mechanism

underlying aged deficits in plasticity.

Timing of plasticity

As previously discussed, plasticity following skill acquisition is thought to

occur along a progressive timeline, with changes in synaptic potentiation and gene

expression preceding changes in morphology and representational maps (e.g. Monfils

et al., 2005; Adkins et al., 2006). Here, the timing of plasticity in aged animals might

be different from that in adults, preventing detection in the current work. For example,

previous work has found evidence for differential temporal regulation of gene and

protein expression changes in the aged rat cortex following chemically-induced
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seizures (Wagner et al., 2000) and cortical injury (Badan et al., 2003a; Badan et al.,

2003b; Li et al., 2005; Li and Carmichael, 2006; Popa-Wagner et al., 2006; Popa-

Wagner et al., 2007; DiNapoli et al., 2008). In both situations, some factors

hypothesized to be important for successful plasticity were temporally delayed with

age (Wagner et al., 2000; Badan et al., 2003a; Li and Carmichael, 2006). Therefore, it

is possible that in the present work, aged animals were slower to achieve cortical

reorganization due to the observed impairments in plasticity mechanisms, behavior or

a combination of the two. Alternatively, the differential timing of plasticity may not

just be delayed, but instead unregulated to such a degree that mechanisms typically

initiated during learning and recovery in young adults cannot be initiated in aged

animals. The current work provides some evidence for this latter hypothesis, as adult

and aged animals had vastly differential gene expression profiles during early

learning.

Differential gene expression

As discussed in Chapter 2, differential gene expression during early learning

may contribute to plasticity deficits during motor skill acquisition. Many of the genes

shown to be differentially regulated with age and training are known to be involved in

processes regulating cell function, survival, signaling and growth. Furthermore, a

central network of probes contained genes known to regulate pathways involved in

learning-dependent plasticity (MAPK, ERK; e.g. Grewel et al., 1999; Samuels et al.,

2009) and cell survival (Akt, PI3K; e.g. Brunet et al., 2001; Franke et al., 2003).
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Deficits in neurotransmitter systems

In the case of recovery from injury (Chapter 3), impairments in cortical

reorganization could be associated with the observed age-related decline in the

cholinergic system. Previous work has demonstrated the importance of the cholinergic

system for optimal behavior (Conner et al., 2003; Conner et al., 2005; Ramanathan et

al., 2009) as well as cortical plasticity (Juliano et al., 1991; Bakin and Weinberger,

1996; Baskerville et al., 1997; Kilgard and Merzenich, 1998; Sachdev et al., 1998;

Conner et al., 2003; Gu, 2003; Conner et al., 2005; Ramanathan et al., 2009) in a

variety of paradigms. Importantly, total elimination of cholinergic input to the cortex

resulted in impaired behavioral recovery along with a complete lack of rostral

forelimb area plasticity in adult animals (Conner et al., 2005). The association between

impaired map plasticity, behavior, and cholinergic function in the aged rat provides

further support for the hypothesis that the cholinergic system is necessary for optimal

plasticity and behavior following rehabilitation from injury in normal adults.

Aged impairments in motor performance and recovery

The results of this work indicate that aged animals have impaired performance

during motor skill acquisition and recovery from focal cortical injury in comparison to

adults. This replicates previous findings in both motor performance (Marshall and

Berrios, 1979; Wallace et al., 1980; Janicke et al., 1983; Joseph et al., 1983; Gage et

al., 1989; Friedemann and Gerhardt, 1992; Spangler et al., 1994; Murphy et al., 1995;
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Shukitt-Hale et al., 1998; Yurek et al., 1998; Bowenkamp et al., 2000; Metz and

Whishaw, 2002) and injury recovery paradigms (Hamm et al., 1992; Kharlamov et al.,

2000; Badan et al., 2003b; Brown et al., 2003; Badan et al., 2004; Zhang et al., 2005;

Popa-Wagner et al., 2007; DiNapoli et al., 2008), suggesting that aging results in

motor behavioral deficits. Importantly, this thesis extends existing knowledge by

employing a skilled motor learning paradigm instead of the gross sensory and motor

tests typical to the literature. Not only does this work demonstrate that aged animals

have impaired performance on a motor task not previously investigated, it shows that

they are capable of improving performance on a skilled task even if the rate of

improvement and absolute performance levels are significantly lower than in adults.

However, the results of this work cannot conclude that aged animals were

impaired at learning the skilled forelimb reach task. Although aged rats had a

significantly impaired rate of acquisition in both studies as determined by repeated

measures ANOVA, the trend towards significant performance deficits during early

training (see Chapter 2, Figure 2.1A, Chapter 3, Figure 3.1) means that any

comparison of learning rate between the two age groups should be made with caution.

Future work might benefit from adopting the strategy of Churchill et al. in which

accuracy was recorded on a trial-by-trial basis in order to determine within-session as

well as between-session improvement (Churchill et al., 2003).  Obtaining information

about within-session behavioral improvement during early skill acquisition would

more thoroughly address the question of whether aged animals begin training at a



148

disadvantage. For example, if aged animals had the same degree of within-session

improvement on the first day of training as young adults, the subsequent between-

session improvement could be interpreted with fewer caveats.

Relationship between behavior and plasticity

In the present work, impairments in both aged skill acquisition and recovery

behavior were associated with age-related impairments in plasticity. It is therefore

possible that either deficits in motor cortex plasticity contributed to impaired

behavioral performance, or deficits in behavior contributed to impaired plasticity.

Although the precise contribution of cortical plasticity to motor learning remains

unclear, map plasticity is thought to serve as a relevant substrate of improved

behavioral function, as blocking cortical map reorganization significantly impaired

behavior in both a skill acquisition and a lesion recovery paradigm (Conner et al.,

2003; Conner et al., 2005; Ramanathan et al., 2009). Furthermore, while a direct

relationship between structural changes and learning has not been established

experimentally, many studies suggest that newly generated spines may be the site of

long term storage of new memories (e.g. Segal, 2005; De Roo et al., 2008; Lynch et

al., 2008). Additionally, Wang et al. (Wang et al., 2006a) found training-induced

alterations only in neurons specifically involved in the acquisition of the skilled

reaching task.
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However, despite a complete lack of plasticity, aged animals were able to

significantly improve their performance on the skilled reaching task over time in the

context of normal skill acquisition as well as during rehabilitation from injury. There

are several possibilities that might explain this dissociation between plasticity and

behavior:

1. Motor cortex plasticity following learning and recovery in adult animals is

simply an epiphenomenon, and is not necessary for or related to behavior. This

explanation seems unlikely based on the existing literature.

2. Motor cortex plasticity is differentially manifested in aged animals. Some

evidence for this explanation was obtained in the current work with observations

of altered gene expression between aged and young adult animals during early

learning (Chapter 2). However, differential plasticity might also occur at another

level of analysis not measured here. For example, aged animals could have altered

electrophysiological plasticity along layer II/III horizontal connections, a

possibility that could be investigated with experiments designed to replicate the

work of Rioult-Pedotti and colleagues (Rioult-Pedotti et al., 1998; Rioult-Pedotti

et al., 2000).

3. Plasticity in different brain regions supports the behavioral improvement in

aged rats. Besides the motor cortex, the most likely candidate regions for plasticity

are the striatum and the cerebellum, as these regions are known to be involved in

motor learning (e.g. Kleim et al., 1998b; Mahon et al., 2004; Graybiel, 2005; Luft

et al., 2005). Future experiments could therefore investigate any age-related
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differences in morphological and electrophysiological plasticity in these regions.

Recent human studies in which differential brain activation has been observed in

adult and elderly subjects during motor performance (Sailer et al., 2000; Calautti et

al., 2001; Hutchinson et al., 2002; Mattay et al., 2002; Ward and Frackowiak,

2003; Heuninckx et al., 2005; Wu and Hallett, 2005; Heuninckx et al., 2008)

provide support for the hypothesis that aged individuals have altered

neurobiological processing. One current theory, known as the scaffolding theory of

aging and cognition, suggests that older individuals recruit different brain regions

during task performance in order to compensate for age-related deficits (Park and

Reuter-Lorenz, 2009).

4. Behavioral strategies used by aged animals to achieve skilled reaching are

different from those employed by adults. Aged animals might adopt strategies

during learning and rehabilitation that are less reliant on the motor cortex than

those employed by adults. Alternate strategies could arise through behavioral

modification or as a result of processing deficiencies in the motor cortex. Future

experiments could employ video recording and movement analysis as often done

by Whishaw and colleagues (e.g. Whishaw and Pellis, 1990) to determine whether

differences in behavior between adult and aged animals contribute to the lack of

motor cortex plasticity.

5. Motor cortex plasticity following skill acquisition and rehabilitation is only

necessary for optimal behavioral performance. The non-linear relationship

between plasticity and behavior observed in the current work agrees with prior
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studies in which cortical reorganization was wholly eliminated with a cholinergic

lesion but learning or recovery still occurred (Conner et al., 2003; Conner et al.,

2005; Ramanathan et al., 2009). As mentioned in Chapter 1, studies have found

that alterations in the motor cortex do not happen until later stages of skill

acquisition and recovery. Therefore, the suboptimal behavioral performance in

aged animals may by subserved by so-called “early learning” structures such as the

cerebellum (Karni et al., 1998; Ungerleider et al., 2002).

 Future directions

As mentioned throughout this discussion, the mechanisms underlying the

relationship between aged plasticity and behavior are poorly understood, and need to

be explored in greater detail. Ideally, this would include conducting experiments that

systematically investigate plasticity in the aged brain following motor skill acquisition

and lesion recovery on many levels of analysis throughout the entire period of

behavioral improvement. This degree of detail may be necessary in order to determine

whether aged animals truly lack the capability to undergo experience-dependent

plasticity, or if plasticity is instead altered in comparison to adults.

While keeping this in mind, the ultimate goal of much of aging research is to

design treatments that will ameliorate functional deficits. Recent work in humans has

provided support for the feasibility of this goal, as computer-based programs designed

to target age-related deficits in cognitive processing and memory have met with
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success (e.g. Mahncke et al., 2006a; Mahncke et al., 2006b). The work conducted in

this thesis suggests that boosting the plasticity mechanisms known to be involved in

adult motor skill acquisition and lesion recovery in aged animals may improve aged

behavior. This hypothesis could be tested in several ways based on the current

findings. For example, the results of Chapter 2 revealed that aged and adult animals

have differential gene expression during early learning. Therefore, one approach could

involve targeting genes shown to be downregulated in aged and upregulated in adult

animals during early learning. Boosting gene expression in a case-by-case or

combinatorial approach through the use of techniques such as viral vectors could

provide information about mechanism and potentially lead to improved behavior. As

another example, the work in Chapter 3 revealed that recovery-related plasticity

impairments in aged animals were accompanied by reductions in the number and size

of cholinergic cells in the Ch4 cell population. As the cholinergic system is known to

be necessary for recovery-related map reorganization in adults, plasticity deficits in

aged animals might be aided by targeted elevation of the cholinergic system through

the employment of viral vectors containing molecules known to augment the

cholinergic system such as nerve growth factor, or indirect methods such as the use of

acetylcholinesterase inhibitors.

However, it is also possible that treatments designed to return aged individuals

to a “young” state are pursuing a flawed path. As outlined in this work, so many

neurobiological substrates are altered with age that this goal may be unreasonable,
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especially when considering clinical application for aged individuals; the costs of the

various alterations needed to recapture a youthful brain might outweigh the benefits.

Instead of regarding aged plasticity as impaired, it might therefore be more appropriate

to think of aged processing as altered. Once these altered mechanisms are understood,

the potential to effectively treat aged individuals may be better realized than through

the employment of strategies known to function well in younger subjects.

Conclusions

The work in this thesis supports the hypothesis that aged animals have

impaired mechanisms of experience-dependent plasticity during motor skill

acquisition as well as following recovery from focal cortical injury. Affected

mechanisms included cortical map reorganization, spine density plasticity, and

alterations in gene expression. Future work should focus on unraveling the

relationship between impairments in aged plasticity and behavior. Understanding this

relationship will enable the development of effective treatments and enhance the

quality of life of aged individuals.
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