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QUESTION: WRITE A CONCISE REVIEW ON THE DEVELOPMENTAL GENETICS OF THE CEREBELLUM AND HIGHLIGHT THE GENETIC BASES OF KNOWN CEREBELLAR DISORDERS.

STRUCTURE OF THE CEREBELLUM

                     The cerebellum of mammals and birds can be divided into a reproducible series of anteroposterior folds called lobules. Lobule architecture is distinct between anatomical divisions that separate the mediolateral axis of the cerebellum into three broad regions. The most medial region is called the vermis, which is surrounded on either side by the paravermis. Even more laterally are the hemispheres, which in mice are each roughly the same size as the vermis. The paraflocculi and flocculi are lateral extensions of the hemispheres that extend outward and curl toward the underside of the cerebellum. None of these anatomical divisions are present when the cerebellum first forms. The transformation of the initially smooth embryonic cerebellum into complex lobules and mediolateral regions occurs through a series of dramatic cellular movements that are largely complete by postnatal day. Each mediolateral region of the cerebellum generally contains all of the major cell types where they are organized around a repeated anatomical plan. This plan consists of a three-layered cortex that surrounds an inner core of white matter and the cerebellar nuclei. The innermost layer is called the granular layer, which is dominated by the small granule cells (the most numerous type of neuron in the brain), but also includes mossy fiber terminals, Golgi cells, Lugaro cells, and unipolar brush cells (UBCs). The outermost layer is the molecular layer, which contains granule cell axons (parallel fibers), climbing fiber terminals, Purkinje cell dendrites, stellate cells, and basket cells. Between these two layers is a monolayer of Purkinje cell somata that make up the Purkinje cell layer. Sandwiched between the Purkinje cells are specialized glial cells called Bergmann glia, and in lower numbers candelabrum cells. In addition to climbing and mossy fibers, a third class of afferents that have ‘beaded’ protrusions and are presumed to be neuromodulatory, terminate in all three layers of the cerebellum and within the cerebellar nuclei. The basic circuitry of the cerebellum was essentially worked out over a century ago by Cajal. The central cell type of the cerebellar circuit is the Purkinje cell. These cells are monoinnervated by climbing fibers, which are the excitatory axonal projections of cells that reside in the inferior olivary complex of the brainstem. In addition, through granule cells, Purkinje cells indirectly receive excitatory input from mossy fibers. Mossy fibers originate from over two-dozen brainstem and spinal cord nuclei and terminate within large synaptic Glomeruli directly onto the dendrites of granule cells. Granule cells project ascending axons that bifurcate in the molecular layer into parallel fibers, each of which extends transversely for several millimeters. Along their trajectory each excitatory parallel fiber can terminate on the dendrites of about 300 Purkinje cells. These excitatory drives onto Purkinje cells are thought to be modulated by inhibition from the stellate and basket cells. By integrating excitatory and inhibitory signals, Purkinje cells can appropriately respond to incoming sensory information by controlling the output of cerebellar and vestibular nuclei neurons, which ultimately communicate cerebellar computations to the rest of the brain and spinal cord. Despite its relatively simple cytoarchitecture, a more complicated cerebellar organization is revealed by both the expression of molecular markers and axon termination patterns. In the adult, the antigen zebrinII, which recognizes aldolase C (ALDOC), is one of several markers that reveals a

 striking array of parasagittal stripes in mammalian and avian Purkinje cells. Stripes do not run uninterrupted from anterior lobules to posterior lobules. Instead, there are four domains that each have a unique pattern of stripes; anterior = lobulesI–V; central = lobules VI–VII; posterior = lobule VIII–IX; nodular = lobules IX–X23. For example, the stripes of ALDOC in lobule V are distinct from those in lobule VIII, and the two patterns are interrupted by a unique uniform domain in lobule VI. These divisions are reflected not only by gene expression patterns but also in the phenotypes of naturally occurring mutant mice, which display differential defects in the structure of the cerebellum along the anteroposterior axis. In addition, each transverse domain contains a unique combination of functionally distinct afferent fibers. For instance, the spinocerebellar tract, which carries proprioceptive and cutaneous information from the lower limbs and trunk, projects to lobules I–V and VIII/IX,21,24,25 while the vestibulocerebellar tract, which carries information about balance projects mainly to lobules IX and X.26

DEVELOPMENT AND ORGANIZATION OF CEREBELLAR STRIPED GENE EXPRESSION

             The molecular heterogeneity of Purkinje cells is obvious from mice. However, because the expression of Purkinje cell markers is temporally dynamic and because their patterns can be different at each stage, they can be divided into early markers that demarcate embryonic clusters, late markers that define adult stripes, and markers that are constitutively expressed and bridge between the clusters and stripes. The temporal segregation of Purkinje cell stripe markers highlights an interesting phase during the second and third weeks of life. Most well-known molecular markers either stop being expressed in stripes or begin being expressed in stripes during this period. This temporal gap in stripe patterns raised the question of whether cellular and or molecular information link early and late cerebellar patterning. Several studies have now demonstrated a lineage relationship between clusters and stripes. The general message echoed by these studies is that gene expression patterns in Purkinje cell clusters are repatterned into adult stripes and individual embryonic clusters seem to contribute to multiple adult stripes. However, how the cluster to stripe transformation takes place is poorly understood and the molecular signals that mediate it are not known (although relin signaling and patterned developmental cell death of Purkinje cells may be involved). One pressing issue in the field has been to identify the genetic programs that instruct the formation of Purkinje cell stripes. At least two families of transcription factors have been implicated: the atypical helixloop-helix transcription factor early B-cell factor 2 and the homeodomain transcription factors. A landmark study by Croci et al demonstrated that Ebf2 controls the fate of ALDOC positive versus ALDOC negative Purkinje cells. In the adult mouse cerebellum, Ebf2 expression is restricted to ALDOC negative Purkinje cells. Removal of Ebf2 results in a subset of ALDOC negative Purkinje cells expressing ALDOC positive markers in addition to the normal ALDOC negative ones. These results suggest that EBF2 is a repressor of the ALDOC positive Purkinje cell phenotype. This are expressed in stripes to postnatal stages of cerebellar development. It is now well established that En1 and En2 also play critical roles in patterning striped gene expression. Interestingly, while En1 is dominant in patterning stripes in lobules I–V and VIII/IX, En2 is dominant in generating the stripe patterns in lobules VI/VII and IX/X. Although the role of ALDOC in stripes has not been determined, the temporal relationship between stripe patterning and synaptogenesis suggests that late onset stripes may be tightly linked to circuit function. We speculate that blocking ALDOC stripe formation could contribute to the motor defects observed in mice with zonal alteration.

Highlight the genetic bases of known cerebellar disorders.

· Huntington disease
Huntington disease is a progressive brain disorder that causes uncontrolled movements, emotional problems, and loss of thinking ability (cognition). Adult-onset Huntington disease, the most common form of this disorder, usually appears in a person's thirties or forties. Early signs and symptoms can include irritability, depression, small involuntary movements, poor coordination, and trouble learning new information or making decisions. Many people with Huntington disease develop involuntary jerking or twitching movements known as chorea. As the disease progresses, these movements become more pronounced. Affected individuals may have trouble walking, speaking, and swallowing.

People with this disorder also experience changes in personality and a decline in thinking and reasoning abilities. Individuals with the adult-onset form of Huntington disease usually live about 15 to 20 years after signs and symptoms begin.

A less common form of Huntington disease known as the juvenile form begins in childhood or adolescence. It also involves movement problems and mental and emotional changes. Additional signs of the juvenile form include slow movements, clumsiness, frequent falling, rigidity, slurred speech, and drooling. School performance declines as thinking and reasoning abilities become impaired. Seizures occur in 30 percent to 50 percent of children with this condition. Juvenile Huntington disease tends to progress more quickly than the adult onset form; affected individuals usually live 10 to 15 years after signs and symptoms appear.
CAUSES

Mutations in the HTT gene cause Huntington disease. The HTT gene provides instructions for making a protein called huntingtin.

Although the function of this protein is unknown, it appears to play an important role in nerve cells (neurons) in the brain.

The HTT mutation that causes Huntington disease involves a DNA segment known as a CAG trinucleotide repeat . This segment is made up of a series of three DNA building blocks (cytosine, adenine, and guanine) that appear multiple times in a row. Normally, the CAG segment is repeated 10 to 35 times within the gene. In people with Huntington disease, the CAG segment is repeated 36 to more than 120 times. People with 36 to 39 CAG repeats may or may not develop the signs and symptoms of Huntington disease, while people with 40 or more repeats almost always develop the disorder.

An increase in the size of the CAG segment leads to the production of an abnormally long version of the huntingtin protein. The elongated protein is cut into smaller, toxic fragments that bind together and accumulate in neurons, disrupting the normal functions of these cells. The dysfunction and eventual death of neurons in certain areas of the brain underline the signs and symptoms of Huntington disease.

INHERITANCE PATTERN

This condition is inherited in an autosomal dominant pattern, which means one copy of the altered gene in each cell is sufficient to cause the disorder. An affected person usually inherits the altered gene from one affected parent. In rare cases, an individual with Huntington disease does not have a parent with the disorder. As the altered HTT gene is passed from one generation to the next, the size of the CAG trinucleotide repeat often increases in size. A larger number of repeats is usually associated with an earlier onset of signs and symptoms. This phenomenon is called anticipation. People with the adult-onset form of Huntington disease typically have 40 to 50 CAG repeats in the HTT gene, while people with the juvenile form of the disorder tend to have more than 60 CAG repeats. Individuals who have 27 to 35 CAG repeats in the HTT gene do not develop Huntington disease, but they are at risk of having children who will develop the disorder. As the gene is passed from parent to child, the size of the CAG trinucleotide repeat may lengthen into the range associated with Huntington disease. 
Ataxia-telangiectasia

 Description

Ataxia-telangiectasia is a rare inherited disorder that affects the nervous system, immune system, and other body systems.

This disorder is characterized by progressive difficulty with coordinating movements (ataxia) beginning in early childhood, usually before age 5. Affected children typically develop difficulty walking, problems with balance and hand coordination, involuntary jerking movements (chorea), muscle twitches (myoclonus), and disturbances in nerve function (neuropathy). The movement problems typically cause people to require wheelchair assistance by adolescence.

People with this disorder also have slurred speech and trouble moving their eyes to look side-to-side (oculomotor apraxia). Small clusters of enlarged blood vessels called telangiectases, which occur in the eyes and on the surface of the skin, are also characteristic of this condition.

Affected individuals tend to have high amounts of a protein called alpha-fetoprotein (AFP) in their blood. The level of this protein is normally increased in the bloodstream of pregnant women, but it is unknown why individuals with ataxia-telangiectasia have elevated AFP or what effects it has in these individuals.

People with ataxia-telangiectasia often have a weakened immune system, and many develop chronic lung infections. They also have an increased risk of developing cancer, particularly cancer of blood-forming cells (leukemia ) and cancer of immune system cells (lymphoma ). Affected individuals are very sensitive to the effects of radiation exposure, including medical x-rays. The life expectancy of people with ataxia-telangiectasia varies greatly, but affected individuals typically live into early adulthood.

CAUSES
Mutations in the ATM gene cause ataxia-telangiectasia. The ATM gene provides instructions for making a protein that helps control cell division and is involved in DNA repair. This protein plays an important role in the normal development and activity of several body systems, including the nervous system and immune system. The ATM protein assists cells in recognizing damaged or broken DNA strands and coordinates DNA repair by activating enzymes that the broken strands. Efficient repair of damaged DNA strands helps maintain the stability of the cell's genetic information.

Mutations in the ATM gene reduce or eliminate the function of the ATM protein.

Without this protein, cells become unstable and die. Cells in the part of the brain involved in coordinating movements (the cerebellum ) are particularly affected by loss of the ATM protein. The loss of these brain cells causes some of the movement problems characteristic of ataxia-telangiectasia. Mutations in the ATM gene also prevent cells from responding correctly to DNA damage, which allows breaks in DNA strands to accumulate and can lead to the formation of cancerous tumors

INHERITANCE PATTERN

Ataxia-telangiectasia is inherited in an autosomal recessive pattern, which means both copies of the ATM gene in each cell have mutations. Most often, the parents of an individual with an autosomal recessive condition each carry one copy of the mutated gene, but do not show signs and symptoms of the condition.

About 1 percent of the United States population carries one mutated copy and one normal copy of the ATM gene in each cell. These individuals are called carriers.

Although ATM mutation carriers do not have ataxia-telangiectasia, they are more likely than people without an ATM mutation to develop cancer; female carriers are particularly at risk for developing breast cancer. Carriers of a mutation in the ATM gene also may have an increased risk of heart disease

· JOUBERT SYNDROME

Joubert syndrome is a disorder that affects many parts of the body. The signs and symptoms of this condition vary among affected individuals, even among members of the same family.

The hallmark feature of Joubert syndrome is a combination of brain abnormalities that together are known as the molar tooth sign, which can be seen on brain imaging studies such as magnetic resonance imaging (MRI). This sign results from the abnormal development of structures near the back of the brain, including the cerebellar vermis and the brainstem. The molar tooth sign got its name because the characteristic brain abnormalities resemble the cross-section of a molar tooth when seen on an MRI.

Most infants with Joubert syndrome have low muscle tone (hypotonia) in infancy, which contributes to diBculty coordinating movements (ataxia) in early childhood. Other characteristic features of the condition include episodes of unusually fast (hyperpnea) or slow (apnea) breathing in infancy, and abnormal eye movements (ocular motor apraxia). Most affected individuals have delayed development and intellectual disability, which can range from mild to severe. Distinctive facial features can also occur in Joubert syndrome; these include a broad forehead , arched eyebrows , droopy eyelids (ptosis ), widely spaced eyes (hypertelorism ), low-set ears, and a triangle-shaped mouth.

Joubert syndrome can include a broad range of additional signs and symptoms. The condition is sometimes associated with other eye abnormalities (such as retinal dystrophy, which can cause vision loss, and coloboma, which is a gap or split in a structure of the eye), kidney disease (including polycystic kidney disease and nephronophthisis), liver disease, skeletal abnormalities (such as the presence of extra Gngers and toes), or hormone (endocrine)problems. A combination of the characteristic features of Joubert syndrome and one or more of these additional signs and symptoms once characterized several separate disorders. Together, those disorders were referred to as Joubert syndrome and related disorders (JSRD). Now, however, any instances that involve the molar tooth sign, including those with these additional signs and symptoms, are usually considered Joubert syndrome.

CAUSES

Joubert syndrome can be caused by mutations in more than 30 genes. The proteins produced from these genes are known or suspected to play roles in cell structures called primary cilia. Primary cilia are microscopic, Gnger-like projections that stick out from the surface of cells and are involved in sensing the physical environment and in chemical signaling. Primary cilia are important for the structure and function of many types of cells, including brain cells (neurons) and certain cells in the kidneys and liver.

INHERITANCE PATTERN

Joubert syndrome typically has an autosomal recessive pattern of inheritance, which means both copies of a gene in each cell have mutations. The parents of an individual with an autosomal recessive condition each carry one copy of the mutated gene, but they usually do not show signs and symptoms of the condition.

Rare cases of Joubert syndrome are inherited in an X-linked recessive pattern. In these cases, the causative gene is located on the X chromosome, which is one of the two sex chromosomes. In males (who have only one X chromosome), one altered copy of the gene in each cell is sufficient to cause the condition. In females (who have two X chromosomes), a mutation would have to occur in both copies of the gene to cause the disorder. Because it is unlikely that females will have two altered copies of this gene, males are affected by X-linked recessive disorders much more frequently than females. A characteristic of X-linked inheritance is that fathers cannot pass X-linked traits to their sons.
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