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COMPOSITIONS AND METHODS FOR WILLIAMS SYNDROME (WS) THERAPY

CROSS-REFERENCE TO RELATED APPLICATION

The present application is related to and claims priority under 35 U.S.C. § 119(e) to U.S.

provisional patent application No. 62/610,063, entitled “Compositions and Methods for Williams

Syndrome (WS) Therapy,” filed December 22, 2017. The entire content of the aforementioned

patent application is incorporated herein by this reference.

FIELD OF THE INVENTION

The invention relates generally to methods and compositions for the treatment of Williams

Syndrome (WS).

BACKGROUND OF THE INVENTION

To date, limited treatment options have been available for Williams Syndrome (WS). A need

exists for improved compositions and methods for treating WS.

BRIEF SUMMARY OF THE INVENTION

The current disclosure relates, at least in part, to the discovery that Gtfii, a gene deleted in

WS, is critical for myelination mediated by neuron-oligodendrocyte interaction, and that the

phenotypic defects discovered in G 2z-deleted mice (specifically, mice harboring a localized

homozygous deletion of Gt/2i in forebrain excitatory neurons) were remarkably and robustly

treatable via administration of a potassium channel blocker drug, 4-Aminopyridine (4-AP), to Gt/2i-

deleted mice, or via administration of clemastine (an antihistamine and anticholinergic), to Gtf2i-

deleted mice. Treatment of G 2z-hemizygous subjects (e.g., mice or humans) via administration of

a potassium channel blocker, e.g., 4-AP, via administration of clemastine, or via administration of

other compounds as described herein and/or as known in the art, is therefore also contemplated. The

instant disclosure has therefore identified improved compositions and methods for treating WS, and

optionally for treating other diseases or disorders characterized by neurodevelopmental myelination

abnormalities, e.g., neurodevelopmental myelination deficits (as contrasted with demyelination-

associated diseases, in which myelin degrades/has degraded).



In one aspect the instant disclosure provides a method of treating or preventing one or more

neurological symptoms of a neurodevelopmental myelination abnormality disease or disorder in a

subject by administering a potassium channel blocker or other agent capable of improving

conductance through an aberrantly myelinated axon and/or provoking myelination of an aberrantly

myelinated neuron to the subject in an amount sufficient to treat or prevent the one or more

neurological symptoms of the neurodevelopmental myelination abnormality disease or disorder in

the subject.

In another aspect, the instant disclosure provides a method for treating or preventing one or

more neurological symptoms of a neurodevelopmental myelination abnormality disease or disorder

in a subject, the method involving administering a potassium channel blocker or other drug for

treatment of a neurodevelopmental myelination abnormality disease or disorder, or a

pharmaceutically acceptable salt thereof to the subject in need of such therapy in an amount

sufficient to treat or prevent the one or more neurological symptoms of the neurodevelopmental

myelination abnormality disease or disorder in the subject.

In one embodiment, the potassium channel blocker is 4-Aminopyridine (4-AP), a derivative

thereof, or a combination thereof; 3,4 diaminopyridine (3,4-DAP), a derivative thereof, or a

combination thereof; tetraethylammonium (TEA); bretylium; other quaternary ammonium ion

agent; and/or an agent of FIG. 32. Optionally, the potassium channel blocker is a presynaptic

potassium channel blocker.

In one embodiment, the other drug for treatment of a neurodevelopmental myelination

abnormality disease or disorder is opicinumab and/or clemastine.

In another embodiment, the potassium channel blocker or other drug for treatment of a

neurodevelopmental myelination abnormality disease or disorder is a calcium channel agonist,

optionally the calcium channel agonist is 4-AP, Bay K8644; (S)-(-)-Bay K8644; FPL 64176; GV-

58; ML-SA1; MSP-3; Ambroxol; Amiodarone; and/or AC-265347, optionally the calcium channel

agonist is a voltage-activated calcium channel (VACC) stimulatory agent.

In certain embodiments, the neurodevelopmental myelination abnormality disease or

disorder is Williams Syndrome (WS), Rett Syndrome, an autism spectrum disorder and/or other

neurodevelopmental disorder; optionally, the autism spectrum disorder is an autism-associated

CHD8 mutation disorder or fragile X syndrome.



In some embodiments, the one or more neurological symptoms of the neurodevelopmental

myelination abnormality disease or disorder include abnormal fine motor skills, optionally

including tremors or limb weakness, and abnormal social skills.

In one embodiment, the potassium channel blocker or other drug for treatment of a

neurodevelopmental myelination abnormality disease or disorder is administered orally, optionally

as an approximately 1-30 mg tablet, optionally as an approximately 10 mg tablet, optionally

administered daily.

In another embodiment, the subject exhibits a normalization of fine motor skills and/or a

normalization of social preference or behavior, as compared to an appropriate control subject, after

administering the potassium channel blocker or other drug for treatment of a neurodevelopmental

myelination abnormality disease or disorder, or pharmaceutically acceptable salt thereof.

Another aspect of the instant disclosure provides a pharmaceutical composition for

treatment of one or more neurological symptoms of a neurodevelopmental myelination abnormality

disease or disorder in a subject that includes a potassium channel blocker or other drug for treatment

of a neurodevelopmental myelination abnormality disease or disorder, or a pharmaceutically

acceptable salt thereof, and a pharmaceutically acceptable carrier.

In one embodiment, the pharmaceutical composition is effective at normalizing fine motor

skills and/or a normalizing social preference or behavior in a subject to whom the pharmaceutical

composition is administered.

Another aspect of the instant disclosure provides a method for treating or preventing one or

more neurological symptoms of Williams Syndrome (WS) in a subject, the method involving

administering an effective amount of a pharmaceutical composition including a potassium channel

blocker, opicinumab and/or clemastine, or a pharmaceutically acceptable salt thereof to the subject

in need of such therapy, thereby treating or preventing the one or more neurological symptoms of

WS in the subject.

In certain embodiments, the potassium channel blocker is a selective potassium channel

blocker, optionally the selective potassium channel blocker is 4-Aminopyridine (4-AP), a derivative

thereof, or a combination thereof; 3,4 diaminopyridine (3,4-DAP), a derivative thereof, or a

combination thereof; tetraethylammonium (TEA); bretylium; other quaternary ammonium ion

agent; and/or an agent of FIG. 32, optionally wherein the potassium channel blocker is 4-AP.



In one embodiment, the one or more neurological symptoms of W S include abnormal fine

motor skills, optionally including tremors or limb weakness, and/or abnormal social skills.

Another aspect of the instant disclosure provides a method for treating or preventing one or

more neurological symptoms of Williams Syndrome (WS) in a subject, the method involving

obtaining a neuronal stem cell from the subject; repairing the Gtf2i gene in the neuronal stem cell

of the subject; and administering an effective amount of the repaired neuronal stem cell to the

subject in need of such therapy, thereby treating or preventing the one or more neurological

symptoms of W S in the subject.

In certain embodiments, the step of repairing involves use of CRISPR/Cas 9 to repair one

or more genomic copies of the Gtf2i gene in the subject.

Definitions

Unless specifically stated or obvious from context, as used herein, the term “about” is

understood as within a range of normal tolerance in the art, for example within 2 standard deviations

of the mean. “About” can be understood as within 10%, 9%, 8%, 7%, 6%, 5%, 4%, 3%, 2%, 1%,

0.5%, 0.1%, 0.05%, or 0.01% of the stated value.

In certain embodiments, the term "approximately" or "about" refers to a range of values that

fall within 25%, 20%, 19%, 18%, 17%, 16%, 15%, 14%, 13%, 12%, 1 1%, 10%, 9%, 8%, 7%, 6%,

5%, 4%, 3%, 2%, 1%, or less in either direction (greater than or less than) of the stated reference

value unless otherwise stated or otherwise evident from the context (except where such number

would exceed 100% of a possible value).

Unless otherwise clear from context, all numerical values provided herein are modified by

the term “about.”

The term “administration” refers to introducing a substance into a subject. In general, any

route of administration may be utilized including, for example, parenteral (e.g., intravenous), oral,

topical, subcutaneous, peritoneal, intraarterial, inhalation, vaginal, rectal, nasal, introduction into the

cerebrospinal fluid, or instillation into body compartments. In some embodiments, administration is

oral. Additionally or alternatively, in some embodiments, administration is parenteral. In some

embodiments, administration is intravenous.



By “agent” is meant any small compound (e.g., small molecule), antibody, nucleic acid

molecule, or polypeptide, or fragments thereof.

By “control” or “reference” is meant a standard of comparison. In one aspect, as used herein,

“changed as compared to a control” sample or subject is understood as having a level that is

statistically different than a sample from a normal, untreated, or control sample. Control samples

include, for example, cells in culture, one or more laboratory test animals, or one or more human

subjects. Methods to select and test control samples are within the ability of those in the art.

Determination of statistical significance is within the ability of those skilled in the art, e.g., the

number of standard deviations from the mean that constitute a positive result.

As used herein, the term "stem cell" generally includes pluripotent or multipotent stem cells.

"Stem cells" includes, e.g., embryonic stem cells (ES); mesenchymal stem cells (MSC); induced-

pluripotent stem cells (iPS); and committed progenitor cells (hematopoietic stem cells (HSC); bone

marrow derived cells, neural progenitor cells, etc.).

The terms “isolated,” “purified, ” or “biologically pure” refer to material that is free to

varying degrees from components which normally accompany it as found in its native state.

“Isolate” denotes a degree of separation from original source or surroundings. “Purify” denotes a

degree of separation that is higher than isolation.

By “marker” is meant any protein or polynucleotide having an alteration in expression level

or activity that is associated with a disease or disorder.

As used herein, the term “neurodevelopmental myelination abnormality disease or disorder”

refers to a disease or disorder characterized by abnormal myelination of neurons to an extent that

produces an observable phenotype in a subject having such “neurodevelopmental myelination

abnormality disease or disorder.” In certain embodiments, a “neurodevelopmental myelination

abnormality disease or disorder” is a disease or disorder for which no association between aberrant

myelination and phenotype has been previously identified. Examples of a “neurodevelopmental

myelination abnormality disease or disorder” include Williams Syndrome, Rett Syndrome, and

autism (including autism-associated CHD8 mutation disorder and Fragile X syndrome) - where

certain forms of autism spectrum disorder (ASD) likely exhibit developmental hypomyelination or

hypermyelination, yet treatment of other diseases or disorders characterized by neurodevelopmental

myelination abnormalities are also contemplated. Such neurodevelopmental myelination



abnormality diseases or disorders are distinguishable from demyelination diseases or disorders, in

which myelin degrades/has degraded, which include, e.g., multiple sclerosis (MS), spinal cord

injury (SCI), Alzheimer's disease (AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis

(ALS), CNS demyelinating autoimmune diseases, adrenoleukodystrophy, Alexander disease, Balo

concentric sclerosis, CAMFAK syndrome, Canavan disease, central pontine myelinolysis,

experimental autoimmune encephalomyelitis, hereditary CNS demyelinating disease, Krabbe

disease, leukoencephalopathy with vanishing white matter, Marchiafava-Bignami disease,

megalencephalic leukoencephalopathy with subcortical cysts, metachromatic leukodystrophy,

neuromyelitis optica, Pelizaeus-Merzbacher disease and diffuse myelinoclastic sclerosis, among

others. In certain aspects of the instant disclosure, a “neurodevelopmental myelination abnormality

disease or disorder” is one for which developmentally aberrant neuronal myelination (e.g.,

hypomyelination or hypermyelination) occurs within brain neurons, optionally within a specific

class of neurons in the brain of a subject, e.g., excitatory neurons and/or oligodendrocytes,

optionally at the exclusion of other classes of neurons. In certain embodiments, the developmentally

aberrant myelination reflects a reduction and/or absence of myelination of oligodendrocytes

attributable to a reduction and/or absence of myelination mediated by neuron-oligodendrocyte

interaction. Optionally, in certain respective embodiments, a “neurodevelopmental myelination

abnormality disease or disorder” of the instant disclosure can be referred to, e.g., as a

“neurodevelopmental oligodendrocyte myelination abnormality disease or disorder” or as a

“neurodevelopmental myelination abnormality disease or disorder induced by absence of neuron-

oligodendrocyte-mediated myelination.” In certain embodiments, a “neurodevelopmental

myelination abnormality disease or disorder” is a congenital disease or disorder. In some aspects, a

“neurodevelopmental myelination abnormality disease or disorder” is characterized as

distinguished from an environmentally imparted myelination defect, thus, the neurodevelopmental

myelination abnormality disease or disorder reflects an etiological developmental origin.

As used herein, the term "subject" includes humans and mammals (e.g., mice, rats, pigs,

cats, dogs, and horses). In many embodiments, subjects are mammals, particularly primates,

especially humans. In some embodiments, subjects are livestock such as cattle, sheep, goats, cows,

swine, and the like; poultry such as chickens, ducks, geese, turkeys, and the like; and domesticated

animals particularly pets such as dogs and cats. In some embodiments (e.g., particularly in research



contexts) subject mammals will be, for example, rodents (e.g., mice, rats, hamsters), rabbits,

primates, or swine such as inbred pigs and the like.

As used herein, the terms "treatment," "treating," "treat" and the like, refer to obtaining a

desired pharmacologic and/or physiologic effect. The effect can be prophylactic in terms of

completely or partially preventing a disease or symptom thereof and/or can be therapeutic in terms

of a partial or complete cure for a disease and/or adverse effect attributable to the disease.

"Treatment," as used herein, covers any treatment of a disease or condition in a mammal,

particularly in a human, and includes: (a) preventing the disease from occurring in a subject which

can be predisposed to the disease but has not yet been diagnosed as having it; (b) inhibiting the

disease, i.e., arresting its development; and (c) relieving the disease, i.e., causing regression of the

disease.

Unless specifically stated or obvious from context, as used herein, the term "or" is

understood to be inclusive. Unless specifically stated or obvious from context, as used herein, the

terms "a", "an", and "the" are understood to be singular or plural.

The phrase “pharmaceutically acceptable carrier” is art recognized and includes a

pharmaceutically acceptable material, composition or vehicle, suitable for administering

compounds of the present disclosure to mammals. The carriers include liquid or solid filler, diluent,

excipient, solvent or encapsulating material, involved in carrying or transporting the subject agent

from one organ, or portion of the body, to another organ, or portion of the body. Each carrier must

be “acceptable” in the sense of being compatible with the other ingredients of the formulation and

not injurious to the patient. Some examples of materials which can serve as pharmaceutically

acceptable carriers include: sugars, such as lactose, glucose and sucrose; starches, such as com

starch and potato starch; cellulose, and its derivatives, such as sodium carboxymethyl cellulose,

ethyl cellulose and cellulose acetate; powdered tragacanth; malt; gelatin; talc; excipients, such as

cocoa butter and suppository waxes; oils, such as peanut oil, cottonseed oil, safflower oil, sesame

oil, olive oil, com oil and soybean oil; glycols, such as propylene glycol; polyols, such as glycerin,

sorbitol, mannitol and polyethylene glycol; esters, such as ethyl oleate and ethyl laurate; agar;

buffering agents, such as magnesium hydroxide and aluminum hydroxide; alginic acid; pyrogen-

free water; isotonic saline; Ringer’s solution; ethyl alcohol; phosphate buffer solutions; and other

non-toxic compatible substances employed in pharmaceutical formulations.



Ranges can be expressed herein as from “about” one particular value, and/or to “about”

another particular value. When such a range is expressed, another aspect includes from the one

particular value and/or to the other particular value. Similarly, when values are expressed as

approximations, by use of the antecedent “about,” it is understood that the particular value forms

another aspect. It is further understood that the endpoints of each of the ranges are significant both

in relation to the other endpoint, and independently of the other endpoint. It is also understood that

there are a number of values disclosed herein, and that each value is also herein disclosed as “about”

that particular value in addition to the value itself. It is also understood that throughout the

application, data are provided in a number of different formats and that this data represent endpoints

and starting points and ranges for any combination of the data points. For example, if a particular

data point “10” and a particular data point “15” are disclosed, it is understood that greater than,

greater than or equal to, less than, less than or equal to, and equal to 10 and 15 are considered

disclosed as well as between 10 and 15. It is also understood that each unit between two particular

units are also disclosed. For example, if 10 and 15 are disclosed, then 11, 12, 13, and 14 are also

disclosed.

Ranges provided herein are understood to be shorthand for all of the values within the range.

For example, a range of 1 to 50 is understood to include any number, combination of numbers, or

sub-range from the group consisting 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20,

21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46,

47, 48, 49, or 50 as well as all intervening decimal values between the aforementioned integers such

as, for example, 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, and 1.9. With respect to sub-ranges, “nested sub-

ranges” that extend from either end point of the range are specifically contemplated. For example, a

nested sub-range of an exemplary range of 1 to 50 may comprise 1 to 10, 1 to 20, 1 to 30, and 1 to

40 in one direction, or 50 to 40, 50 to 30, 50 to 20, and 50 to 10 in the other direction.

The term “pharmaceutically acceptable salts, esters, amides, and prodrugs” as used herein

refers to those carboxylate salts, amino acid addition salts, esters, amides, and prodrugs of the

compounds of the present disclosure which are, within the scope of sound medical judgment,

suitable for use in contact with the tissues of patients without undue toxicity, irritation, allergic

response, and the like, commensurate with a reasonable benefit/risk ratio, and effective for their

intended use, as well as the zwitterionic forms, where possible, of the compounds of the disclosure.



The term “prodrug” refers to compounds that are rapidly transformed in vivo to yield the

parent compounds of the agents of the instant disclosure, for example, by hydrolysis in blood. A

thorough discussion is provided in T. Higuchi and V. Stella, “Pro-drugs as Novel Delivery

Systems,” Vol. 14 of the A.C.S. Symposium Series, and in Bioreversible Carriers in Drug Design,

ed. Edward B . Roche, American Pharmaceutical Association and Pergamon Press, 1987, both of

which are incorporated herein by reference.

The term “salts” refers to the relatively non-toxic, inorganic and organic acid addition salts

of compounds of the present disclosure. These salts can be prepared in situ during the final isolation

and purification of the compounds or by separately reacting the purified compound in its free base

form with a suitable organic or inorganic acid and isolating the salt thus formed. Representative

salts include the hydrobromide, hydrochloride, sulfate, bisulfate, nitrate, acetate, oxalate, valerate,

oleate, palmitate, stearate, laurate, borate, benzoate, lactate, phosphate, tosylate, citrate, maleate,

fumarate, succinate, tartrate, naphthylate mesylate, glucoheptonate, lactobionate and

laurylsulphonate salts, and the like. These may include cations based on the alkali and alkaline earth

metals, such as sodium, lithium, potassium, calcium, magnesium, and the like, as well as non-toxic

ammonium, tetramethylammonium, tetramethylammonium, methlyamine, dimethlyamine,

trimethlyamine, triethlyamine, ethylamine, and the like. (See, for example, S . M . Barge et a ,

“Pharmaceutical Salts,” J . Pharm. Sci., 1977, 66:1-19 which is incorporated herein by reference.).

“Slow or sustained release formulation” refers to a formulation designed to release a

therapeutically effective amount of drug or other active agent such as a polypeptide or a synthetic

compound over an extended period of time, with the result being a reduction in the number of

treatments necessary to achieve the desired therapeutic effect. In the matter of the present

disclosure, a slow release formulation would decrease the number of treatments necessary to

achieve the desired effect in terms of reduction in spasticity, normalization of social behavior and/or

an improvement in motor or sensory function in patients in need of such therapy, for example, in

subjects having Williams Syndrome, autism spectrum disorder, or other neurodevelopmental

myelination abnormality disease or disorder. The slow or sustained release formulations of the

present disclosure achieve a desired pharmacokinetic profile in a subject.

“Sublingual delivery” refers to the system delivery of drugs or other agents through the

mucosal membranes lining the floor of the mouth.



A “therapeutically effective amount” of an agent described herein is an amount sufficient to

provide a therapeutic benefit in the treatment of a condition or to delay or minimize one or more

symptoms associated with the condition. A therapeutically effective amount of an agent means an

amount of therapeutic agent, alone or in combination with other therapies, which provides a

therapeutic benefit in the treatment of the condition. The term “therapeutically effective amount”

can encompass an amount that improves overall therapy, reduces or avoids symptoms, signs, or

causes of the condition, and/or enhances the therapeutic efficacy of another therapeutic agent.

The transitional term “comprising,” which is synonymous with “including,” “containing,”

or “characterized by,” is inclusive or open-ended and does not exclude additional, unrecited

elements or method steps. By contrast, the transitional phrase “consisting of’ excludes any element,

step, or ingredient not specified in the claim. The transitional phrase “consisting essentially of’

limits the scope of a claim to the specified materials or steps “and those that do not materially affect

the basic and novel characteristic(s)” of the claimed invention.

Other features and advantages of the disclosure will be apparent from the following

description of the preferred embodiments thereof, and from the claims. Unless otherwise defined,

all technical and scientific terms used herein have the same meaning as commonly understood by

one of ordinary skill in the art to which this disclosure belongs. Although methods and materials

similar or equivalent to those described herein can be used in the practice or testing of the present

disclosure, suitable methods and materials are described below. All published foreign patents and

patent applications cited herein are incorporated herein by reference. All other published references,

documents, manuscripts and scientific literature cited herein are incorporated herein by reference.

In the case of conflict, the present specification, including definitions, will control. In addition, the

materials, methods, and examples are illustrative only and not intended to be limiting.

BRIEF DESCRIPTION OF THE DRAWINGS

The following detailed description, given by way of example, but not intended to limit the

disclosure solely to the specific embodiments described, may best be understood in conjunction with

the accompanying drawings, in which:

FIG. 1A to FIG. 1L present a series of graphs and images, depicting neuroanatomical and

behavioral deficits observed in Gtf2i cKO mice. FIG. 1A shows a western-blot of TFII-I and tubulin



expression in whole cortex samples from month-old control and Gtf2i cKO mice. FIG. 1B is a

histogram of TFII-I in the whole cortex, showing significantly reduced expression of TFII-I in whole

cortex of 1 month-old cKO compared to controls, as measured by Western-blot. FIG. 1C is a line

plot of body weight, depicting that cKO mice exhibited similar body weight compared to controls.

FIG. 1D and FIG. 1E are histograms that show one month-old cKO mice exhibited significantly

reduced brain weight (FIG. 1D) and cortical thickness (FIG. 1E), as compared to controls. FIG. 1F

and FIG. 1G are histograms of dyadic interaction time and dyadic social events, respectively, and

show increased levels of social behavior in cKO mice, as compared to controls, as demonstrated by

significantly longer duration (FIG. 1F) and higher frequency of close social interaction events (FIG.

1G) during the dyadic social interaction test. FIG. 1H is a histogram of social preference duration

and shows that, in the three-chamber social interaction test, cKO mice exhibited significantly higher

social preference, as compared to controls, with cKO mice observed to interact significantly longer

with a stranger mouse, as compared to controls. FIG. II is a histogram of tube test wins and shows

decreased levels of social dominance in cKO mice, demonstrated by significantly lower percentage

of wins in the tube test, as compared to controls. FIG. 1J to FIG.1L show, respectively, a line plot

of open field total distance, a line plot of open field time in margins, and a histogram of zero maze

time in open arms, which demonstrated that cKO mice showed significantly increased levels of

anxiety-like behaviors, as compared to controls, as demonstrated by significantly shorter total

exploration distance in the open field test (FIG. 1J), significantly longer duration in the margins of

the open arena (FIG. 1K), and significantly less time in the open arms of an elevated zero maze

(FIG. 1L), as compared to controls. *p<0.05, **p<0.0l, ***p<0.005, ****p<0.00l, N.S. = Not

significant, two-tailed t-test (FIG. 1A, FIG. 1B, FIG. 1D, FIG. II, FIG. 1L, two-way repeated

measures ANOVA with Bonferonni post-hoc test (FIG. 1C, FIG. 1J and FIG. 1K). Data are mean ±

s.e.m. (FIG. 1A to FIG. 1E: n=8 Control, η=10 cKO; E-G: n=8 Control pairs, n=8 cKO pairs; FIG.

II to FIG. 1L: η=10 Control, η=10 cKO).

FIG. 2A to FIG. 2H show a series of charts, heatmaps, graphs, and images, which depict

myelination-related transcriptomic and cellular alterations observed in Gtf2i cKO mice. FIG. 2A is

a gene expression heatmap table including all the genes that showed significantly decreased mRNA

level in the cortex of cKO mice compared to controls. Myelination-related genes are labeled by a

“#” symbol. FIG. 2B is a histogram of biological pathways significantly affected in the cortex of 1



month-old cKO mice, showing significantly downregulated cellular pathways in cKO mice cortex,

as compared to controls. Myelination-related pathways are labeled by a “#” symbol. FIG. 2C is a

histogram of myelination-related genes assessed by qPCR, showing reduced mRNA level of myelin-

related genes in the cortex of cKO mice as validated by quantitative PCR. FIG. 2D is a histogram of

oligodendrocyte markers in development, which showed no significant difference in the number of

oligodendrocytes precursor cells (OPC) in embryonic day 15.5 cKO embryos, as compared to

controls. In the cortex and CC midline of 1 month-old cKO mice, the number of myelinating

oligodendrocytes (mOLs) was significantly reduced, while OPC number was not altered. FIG. 2E

depicts a series of representative images of myelinating oligodendrocytes in the cortex and CC

midline. Representative images with immunofluorescence labeling demonstrated a reduced number

of mOLs in the cortex and CC midline of 1 month-old cKO mice, as compared to controls. FIG. 2F

shows a histogram of oligodendrocyte nuclear heterochromatin percentages, which demonstrated

significantly reduced oligodendrocyte nuclear heterochromatin percentage in the CC midline of 1

month-old cKO mice, as compared to controls. FIG. 2G presents a line graph of H3ac intensity in

myelinating oligodendrocytes in the cortex, which showed H3ac intensity in mOLs in the cortex of

cKO mice was significantly lower than in controls. FIG. 2H shows a line graph of H3K9me3

intensity in myelinating oligodendrocytes in the cortex, which demonstrated that H3K9me3 intensity

in mOLs in cKO mice cortex was significantly higher than in controls. *p<0.05, **p<0.0l,

***p<0.005, N.S. = Not significant, two-tailed t-test (C-D, F, Kolmogorov- Smirnov test (G-H). Data

are mean±s.e.m. (A-B: n=3 Control, n=3 cKO; C : n=l l Control, n=l l cKO; D : n=7 Control, n=7

cKO, for both E15.5 and 1 month-old mice; F : n=30 nuclei from Control mice, n=37 nuclei from

cKO mice; G : n=90 nuclei from Control mice, n=90 nuclei from cKO mice; H : n=l04 nuclei from

Control mice, n=93 nuclei from cKO mice).

FIG. 3A to FIG. 3Q show a series of graphs and images, which demonstrated that Gt i cKO

mice exhibited impaired myelin ultrastructure, neuronal conductivity and motor skills that were

rescued following acute administration of 4-AP. FIG. 3A shows representative images of myelin

ultrastructural abnormalities in the CC midline of cKO mice, as compared to controls (Scale bar:

Left = 1,500 nm; Middle = 300 nm; Right = 100 nm). FIG. 3B is a histogram of the percentage of

myelinated axons and shows that a significantly lower percentage of myelinated axons in the CC

midline of cKO mice were observed, as compared to controls. FIG. 3C is a graph of g-ratio that



demonstrated that significantly reduced myelin thickness was observed in the CC midline of cKO

mice, as measured by increased g ratio in cKO mice, as compared to controls. FIG. 3D is a trace of

neural activity (lOms vs. 3V) observed for control and cKO mice. FIG. 3E and FIG. 3F are

histograms showing observed peak latency and observed peak amplitude of the CC midline,

respectively. Neuronal conductivity deficits were observed in the CC of cKO mice, as demonstrated

by significantly longer response latency (FIG. 3D shows representative traces of evoked field

potentials associated with the FIG. 3E histogram) and lower peak amplitude of evoked field potential

(FIG. 3F) in cKO mice, as compared to controls. FIG. 3G and FIG. 3H are histograms of irregular

ladder walking observed without and with hit, error miss, and error slip data, respectively. Fine

motor deficits were observed in cKO mice as compared to controls, as demonstrated by significantly

higher error rates in cKO mice for both forelimb and hindlimb in the horizontal irregular ladder

walking test. FIG. 31 is a histogram of paw grip strength. Reduced paw grip strength was observed

for both forelimb and hindlimb in cKO mice, as compared to controls. FIG. 3J is a line plot of single

food pellet retrieval data. No significant difference between cKO mice and controls in the single

pellet food retrieval task was observed during the learning phase. FIG. 3K is a trace of neuronal

activity (15 ms vs. 0.05 mV) comparing baseline to 4-AP-treated mice. FIG. 3L is a box plot of peak

latency data observed for 4-AP-treated mice, as compared to baseline for cKO and control mice in

the CST. Neuronal conductivity deficits in the cortico-spinal tract (CST) of cKO mice were

demonstrated by significantly longer response latency. Following 4-AP acute administration, latency

deficits were significantly decreased and normalized to control levels. FIG. 3M is a box plot of peak

amplitude data for 4-AP treatment, as compared to baseline, in cKO and Control mice in the CST.

Peak amplitude in the CST of cKO was not significantly different as compared to controls, and was

increased following 4-AP acute administration. (As noted above, FIG. 3K presents representative

traces of evoked field potentials, relevant to such box plots.) FIG. 3N is a box plot of peak latency

data in the CC midline. Neuronal conductivity deficits in the corpus callosum (CC) of cKO mice

were demonstrated by significantly longer response latency. Following 4-AP acute administration,

latency deficits were significantly decreased and normalized to control levels. FIG. 30 is a box plot

of peak amplitude data in the CC midline. Peak amplitude in the CC of cKO was significantly lower

in cKO as compared to controls, and was increased following 4-AP acute administration and

normalized to control levels. FIG. 3P is a histogram of irregular ladder walking data. The fine motor



deficits in cKO were rescued following 4-AP acute administration in both forelimb and hindlimb.

FIG. 3Q is a histogram of social preference index. Social preference index, as measured in the three

chambers social interaction test, was decreased and normalized to control levels in cKO following

4-AP acute administration. *p<0.05, **p<0.0l, ***p<0.005, ****p<0.000l. N.S =Not significant,

two-tailed t-test (FIG. 3B to FIG. 3Q), two-way repeated measures ANOVA with Bonferonni post-

hoc test (FIG. 3J). Data are mean ± s.e.m. (FIG. 3B and FIG. 3C: n=3 control, n=3 cKO; FIG. 3D to

FIG. 3F: n=7 Control, n=7 cKO; FIG. 3G to FIG. 31: n=7 Control, n=9 cKO; FIG. 3J: n=4 Control,

n=9 cKO; FIG. 3L to FIG. 30: n=6 Control, n=6 cKO; FIG. 3P: n=8 Control, n=8 cKO; FIG. 3Q:

n=l2 Control, n=9 cKO). .

FIG. 4A to FIG. 4C show that Gtf2i cKO mice impaired myelin-related properties were

rescued following chronic administration of clemastine. FIG. 4A shows that following 2 weeks of

clemastine administration, the number of myelinating oligodendrocytes (mOLs) in the cortex and

CC midline of cKO mice was significantly increased and normalized to control levels. FIG. 4B

shows that significantly increased myelin thickness was observed in the CC midline of cKO mice

following 2 weeks of clemastine administration, as measured by significantly decreased g ratio

compared to cKO mice administered with vehicle only. FIG. 4C shows that social preference index,

as measured in the three chambers social interaction test, was decreased and normalized to control

levels in cKO following 2 weeks of clemastine administration. *p<0.05, **ρ<0.01, ***p<0.005,

two-tailed t-test (FIG. 4A and FIG. 4C), one-way ANOVA with Dunnetf s post-hoc test (FIG. 4B).

Data are mean ± s.e.m. FIG. 4A: η=10 Control, n=7 cKO-Vehicle, n=7 cKO-Clemastine; FIG. 4B:

n=3 Control, n=3 cKO-Vehicle, n=4 cKO-Clemastine; FIG. 4C: n=l6 Control, η=10 cKO-Vehicle,

n=l l cKO-Clemastine.

FIG. 5A to FIG. 5L present a series of images, graphs, and heat maps of myelination-related

transcriptomic alterations in the frontal cortex of WS subjects. FIG. 5A is a diagram of a frontal

cortical region (BA9) of human brain (top panel) and an illustration of the WS chromosomal region

(bottom panel). FIG. 5A also provides a visual reference for the location of frontal cortex human

tissue samples. FIG. 5B is a gene expression heatmap table showing all the myelination-related

genes that exhibited significantly decreased mRNA level in the cortex of WS human subjects, as

compared to typically-developed controls. In bold are genes that also exhibited significantly

decreased mRNA level in Gtf2i cKO mice, as compared to controls. FIG. 4C is a graph of



significantly downregulated biological/cellular pathways in the cortex of WS human subjects, as

compared to typically-developed controls, including myelination-related pathways (labeled by a “#”

symbol). FIG. 5D is a histogram of oligodendrocyte precursor cell counts in the human cortex. No

significant difference was observed in the number of oligodendrocyte precursor cells (OPC) in the

cortex of WS subjects, as compared to controls. FIG. 5E shows representative images of

fluorescence in Situ hybridization labeling demonstrating similar number of OPCs in the cortex of

WS subjects compared to controls. FIG. 5F is a histogram of myelinating oligodendrocyte counts in

the human cortex. The number of myelinating oligodendrocytes (mOLs) was reduced in the cortex

of WS subjects, as compared to controls. FIG. 5G shows images of myelinating oligodendrocytes in

the human cortex. Representative images of immunofluorescence labeling demonstrated a reduced

number of mOLs in the cortex of WS subjects, as compared to controls. FIG. 5H is a histogram of

MBP intensity in the human cortex, showing reduced intensity of myelin basic protein (MBP) in the

cortex of WS subjects, as compared to controls. FIG. 51 shows images of MBP in the human cortex.

Representative images of immunofluorescent labeling demonstrated a reduced intensity of MBP in

the cortex of WS subjects, as compared to controls. FIG. 5J and FIG. 5K are a plot of g ratio and an

image of myelin thickness, which show that significantly reduced myelin thickness was observed in

the frontal cortex of WS subjects, as measured by increased g ratio in WS subjects, as compared to

controls. FIG. 5L is a histogram that shows a trend of lower percentage of myelinated axons in the

frontal cortex of WS subjects compared to controls. *p<0.05, **p<0.0l, ****p<0.000l, two-tailed

t-test (FIG. 5D, FIG. 5F, FIG. 5H, FIG. 5L). Data are mean ± s.e.m. (FIG. 5D, FIG. 5F, FIG. 5H:

n=3 Control subjects, n=3 Williams syndrome subjects. FIG. 5DJ, FIG. 5L: n=4 Control subjects,

n=3 Williams syndrome subjects).

FIG. 6 shows an image of Cre recombinase activity in the Nex-Cre line. A Nex-Cre mouse

was crossed to a Rosa-tdT reporter mouse line. Labeled brain regions are those in which Cre-

recombinase is active, and brain regions receiving axon projections from Cre-expressing neurons.

FIG. 7 shows Cre recombinase activity in the cortex of the Nex-Cre line. In the upper row,

TFII-I expression in the cortex highly colocalized with the neuronal marker NeuN in the control

mice. In the lower row, cKO cortex showed dramatically reduced TFII-I expression. The remaining

expression colocalized with the NeuN marker (right panel) in cKO mice was presumably from non-

excitatory neurons.



FIG. 8 shows Cre recombinase activity properties in the Nex-Cre line. The top row shows

that the cortex of 1 month-old cKO mice displayed no expression of TFII-I in excitatory neurons

(arrows, CamKIIa-positive cells). The middle row shows that TFII-I levels were intact and high in

inhibitory neurons in cKO mice (arrows, GAD67-positive cells). The bottom row shows that Cre

recombinase activity was detected by crossing Nex-Cre with the reporter line Rosa-tdT. No

colocalization was detected between tdT and the astrocyte-marker SlOOb, which demonstrated the

lack of Cre recombinase activity in astrocytes the in Nex-Cre line.

FIG. 9A and FIG. 9B show neuroanatomical properties of control and cKO mice. FIG. 9A is

a histogram displaying cortical thickness, which shows that the cortex of cKO mice was significantly

thinner than that of control mice, with the most drastic differences observed in anterior regions of

the cortex. FIG. 9B is a line graph depicting the percentage of reduced cortical thickness along the

anterior-posterior axis of cKO mice, as compared to control littermates. *p<0.05, **p 0 0 1, two-

tailed /-test (FIG. 9A), two-way repeated measures ANOVA with Bonferonni post-hoc test (FIG.

9A). Data are mean ± s.e.m. (FIG. 9A-FIG. 9B: « =8 Control, «=10 cKO).

FIG. 10A and FIG. 10B are histograms of duration of social events and frequency of social

interaction, respectively, which show that cKO mice demonstrated increased levels of social

behavior in the dyadic social interaction test. In FIG. 10A and FIG. 10B, 23 day-old cKO mice

showed hypersociability, as compared to controls, as was demonstrated by significantly longer

duration (FIG. 10A) and higher frequency (FIG. 10B) in social interaction within the dyadic social

interaction test. *p<0.05, **p 0 0 1 , two-tailed /-test, two-way repeated measures ANOVA with

Bonferonni post-hoc test. Data are mean ± s.e.m. («=8 Control, « =8 cKO).

FIG. 11A to FIG. 11C are line plots of open field movement time, open field center distance,

and open field center time, respectively, which revealed that cKO mice showed increased levels of

anxiety-like behavior. In FIG. 11A, 1 month-old cKO mice showed increased levels of anxiety-like

behavior in the open field exploration test as demonstrated by significantly shorter movement

duration as compared to controls. Additionally, cKO mice explored for a significantly shorter

distance (FIG. 11B) and for shorter duration in the center of the arena (FIG. 11C). *p<0.05,

**p 0 0 1, ***/ 0 005, two-way repeated measures ANOVA with Bonferonni post-hoc test (FIG.

11A to FIG. 11C). Data are mean ± s.e.m. (FIG. 11A to FIG. 11C: «=10 Control, «=10 cKO).



FIG. 12A to FIG. 12C show a series of graphs depicting hot plate test, startle response, and

pre-pulse inhibition test, respectively, which demonstrated that cKO mice showed normal behavior

in the hot plate, startle response and pre-pulse inhibition tests. No significant differences were found

between 1 month-old cKO and control mice in pain sensitivity as assessed by the hot plate test (FIG.

12A), acoustic startle response (FIG. 12B) or in the pre-pulse inhibition test (FIG. 12C). Two-tailed

/-test (FIG. 12A, FIG. 12C), two-way repeated measures ANOVA with Bonferonni post-hoc test

(FIG. 12B). Data are mean ± s.e.m. (FIG. 12A to FIG. 12C: «=10 Control, «=10 cKO mice).

FIG. 13A to FIG. 13D depict a series of heat maps and charts of genes that exhibited

significantly decreased expression in 1 day-old cKO cortex, downregulated pathways in 1 day-old

cKO cortex, genes with significantly increased expression in 1 day-old cKO cortex, and upregulated

pathways in 1 day-old cortex, respectively. RNAseq results are shown, observed from whole cortex

of 1 day-old mice, which revealed moderate changes in the transcriptome of cKO mice.

Transcriptional changes were measured using RNAseq performed upon whole cortex of 1 day-old

cKO mice and controls. FIG. 13A shows a gene expression heatmap table including genes that were

significantly decreased in their expression in cKO mice compared to controls. FIG. 13B shows

biological pathways that were significantly downregulated in cKO mice compared to controls.

Presented are -Log 10(/i-value) and fold enrichment in cKO compared to controls. FIG. 13C shows

a gene expression heat map table including genes that were significantly increased in their

expression in cKO mice compared to controls. FIG. 13D shows biological pathways that were

significantly upregulated in cKO mice compared to controls. Presented are -Log 10(/;-value) and

fold enrichment in cKO compared to controls. FIG. 13A to FIG. 13D: «=3 Control, «=3 cKO.

FIG. 14A and FIG. 14B present heat maps and graphs, which show genes observed to exhibit

significantly increased expression in the whole cortex of 1 month-old mice. Transcriptional changes

were measured using RNAseq performed upon whole cortex of 1 month-old cKO mice and controls.

FIG. 14A shows a gene expression heat map table including genes for which expression was

observed to be significantly higher in the cortex of cKO mice as compared to controls. FIG. 14B

shows biological pathways that were significantly upregulated in 1 month-old cKO mouse cortex

samples as compared to controls. Presented are -LoglO(p-value) and fold enrichment in cKO

compared to controls. Labeled with “#” is a pathway related to myelin. FIG. 14A and FIG. 14B: n=3

Control, n=3 cKO.



FIG. 15A and FIG. 15B show gene-set enrichment analyses for mouse and human samples,

respectively, which displayed significant enrichment for genes expressed in myelinating

oligodendrocytes. FIG. 15A shows a gene set enrichment analysis of significantly downregulated

genes in the cortex of 1 month-old cKO mice as compared to controls and displays the highest

normalized enrichment score (NES) in myelinating oligodendrocytes. FIG. 15B shows a gene set

enrichment analysis of significantly downregulated genes in the frontal cortex of WS subjects as

compared to controls and displays the highest NES in myelinating oligodendrocytes.

FIG. 16 shows images that demonstrated that no Cre recombinase activity was observed in

myelinating oligodendrocytes during postnatal development of the Nex-Cre line, in which a Nex-

Cre mouse was crossed to a Rosa-tdT reporter mouse line. Red-labeled cells are those in which Cre-

recombinase was active, as well as brain regions receiving axon projections from Cre-expressing

neurons. Green-labeled cells are myelinating oligodendrocytes (CC1 -positive cells). No Cre

recombinase activity was observed in myelinating oligodendrocytes at P l (left column), P7 (second

column from left), P14 (second column from right), or P30 (right column).

FIG. 17 shows images that demonstrated that TFII-I was expressed in myelinating

oligodendrocytes in the cortex of cKO mice. TFII-I (in red) was expressed normally in myelinating

oligodendrocytes (in green) in the cortex of 1 month-old cKO mice. Upper row lOx magnification,

lower row 20x magnification.

FIG. 18 shows images that demonstrated that TFII-I levels in oligodendrocytes were normal

in the cortex of cKO mice. TFII-I expression levels in oligodendrocytes (Sox 10-positive cells) were

similar in the cortex of 1 month-old controls and cKO mice.

FIG. 19 shows that nuclear chromatin condensation was reduced in the CC of cKO mice.

Electron micrograph images of the CC were obtained for 1 month-old mice, and revealed

oligodendrocytes with less condensed nuclear chromatin in the cKO mice as compared to controls.

FIG. 20 shows immunofluorescence images of myelinating oligodendrocytes and nuclear

markers. Confocal images were taken of 1 month-old cKO mice, which demonstrated that

myelinating oligodendrocytes (CC1 -positive cells, in red) co-labeled with antibodies for a repressive

methylation mark (H3K9me3, upper row, in green) or acetylated histone marks (H3ac, lower row,

in green).



FIG. 2 1 shows that the total number of axons in the CC was similar in cKO and control mice.

The histogram specifically shows that no significant difference was observed in the total number of

axons in the CC of one-month-old cKO and control mice. A two-tailed t-test was performed, and

data shown are mean ± s.e.m. (n=3 control; n=3 cKO; N.S. indicates not significant).

FIG. 22A to FIG. 22C present a series of histograms depicting qPCR for myelination-related

genes, oligodendrocyte precursor cell number, and mylinating oligodendrocyte number for mice at

2 weeks of age, which demonstrated that moderate myelination-related deficits were observed in

two-weeks-old cKO mice. FIG. 22A shows myelination-related gene expression results (assessed

via qPCR) that revealed that reduced expression of myelin-related genes was observed in the cortex

of two-weeks-old cKO mice, as compared to controls (n=l2 control; n=7 cKO). FIG. 22B shows

oligodendrocytes precursor cells (OPC) number results observed in the cortex of two-weeks-old

cKO mice, which demonstrated that no significant difference in the number of OPC was observed

in the cortex of two-weeks-old cKO mice compared to controls (n=9 control; n=6 cKO). FIG. 22C

shows that the number of myelinating oligodendrocytes (mOLs) was reduced as compared to

controls, but not significantly (n=9 control; n=6 cKO). *p<0.05, N.S. = not significant. Two-tailed

t-test in all panels. Data shown are mean ± s.e.m.

FIG. 23A to FIG. 23G present a series of graphs and images showing pPCR results for

myelination-related genes, oligodendrocyte precursor cell numbers, myelinating oligodendrocyte

numbers, observed g ratio, observed g ratio with axon diameter (g ratio scatter plot), percentage of

axons myelinated and myelin ultrastructure in CC, respectively, which demonstrated that significant

myelination-related deficits were observed in 6 month-old cKO mice. FIG. 23A shows reduced

expression of myelin-related genes in the cortex of 6 month-old cKO mice, as compared to controls.

FIG. 23B shows that no significant difference was observed in the number of oligodendrocyte

precursor cells (OPC) in the cortex of 6 month-old cKO mice, as compared to controls. FIG. 23C

shows that in the cortex of 6 month-old cKO mice, the number of myelinating oligodendrocytes

(mOLs) was significantly reduced as compared to controls. FIG. 23D and FIG. 23E show that

significantly reduced myelin thickness was observed in the CC midline of 6 month-old cKO mice,

as measured by increased g ratio in cKO mice compared to controls. FIG. 23F shows that a

significantly lower percentage of myelinated axons were observed in the CC midline of 6 month-

old cKO mice compared to controls. FIG. 23G shows representative images of myelin ultrastructural



abnormalities in the CC midline of 6 month-old cKO mice compared to controls. *p<0.05, **p<0.0l,

***p<0.005. Two-tailed t-test (FIG. 23A to FIG. 23D, FIG. 23F). Data are mean ± s.e.m. (FIG. 23A

to FIG. 23C: n=l4 Control, n=l4 cKO, FIG. 23D to FIG. 23E23F: n=3 Control, n=3 cKO).

FIG. 24 shows lucifer yellow labeling (filling) of neurons recorded for electrophysiological

properties. Confocal images of 1 month-old cKO mice show Gtf2i-KO neurons in the cortex that

were recorded for electrophysiological properties and then filled up with Lucifer yellow. Lower row

displays enlarged images of the square inset in the upper row.

FIG. 25A to FIG. 251 present a series of graphs of Cm, Ra, Rm, resting potential, rheobase,

A half-width, A peak, 500pA ISI, and FI curve, respectively, which collectively demonstrate that

no significant differences in passive and active membrane properties were observed for Gtf2i-KO

neurons obtained from cKO mice, as compared to controls. FIG. 25A demonstrates that there were

no significant differences in resting membrane properties between control and Gtf2i-KO cells

obtained from 1 month-old cKO mice as measured by membrane capacitance. FIG. 25B

demonstrates that no differences in access resistance were observed. FIG. 25C demonstrates that no

differences in membrane resistance were observed. FIG. 25D shows that resting potential was also

unaltered. Likewise, FIG. 25E to FIG. 251 show that there were no significant differences observed

in intrinsic action potential properties between control and Gtf2i-KO cells from 1 month-old cKO

mice as measured by rheobase (FIG. 25E), action potential half-width (FIG. 25F), action potential

peak (FIG. 25G), instantaneous interspike interval after 500 pA current injection (FIG. 23H), or FI

curve (FIG. 251). Data are mean ± s.e.m. (FIG. 25A to FIG. 251: Each point is a single neuron. n=4

Control mice, n= 4 cKO mice, 3-5 neurons per mouse).

FIG. 26A and FIG. 26B present images and graphs of corticospinal axons in the spinal cord

and fluorescence intensity, respectively, which demonstrate that corticospinal axon projection

pattern in the spinal cord was unperturbed in cKO mice, as compared to control mice. FIG. 26A

shows representative immunofluorescence images, and FIG. 26B shows quantification of

immunofluorescence intensities of the ipsilateral side of the corticospinal axons in the cervical and

lumbar spinal cord. Two-tailed t-test (FIG. 26B). Data are mean ± s.e.m. (FIG. 26B: n=3 Control,

n=3 cKO). N.S., not significant.

FIG. 27A to FIG. 27C show a series of histograms that assessed social preference-duration

values in the three-chamber social preference test across baseline, 4-AP treatment and clemastine



treatments, respectively. FIG. 27A shows baseline results in the three-chamber social preference

test. FIG. 27B shows results in the three-chamber social preference test following 4-AP acute

administration. FIG. 27B shows results in the three-chamber social preference test following the

clemastine study. * indicates p < 0.05. N.S. = not significant. A two-tailed /-test was performed in

all panels. Data are mean ± s.e.m. (FIG. 27A and FIG. 27B: n=l2 Control, n=9 cKO, FIG. 27C:

n=l6 Control, η=10 cKO - Vehicle, n=l 1 cKO - Clemastine)

FIG. 28A to FIG. 28G present a series of graphs showing protein levels, margins distance,

social preference, preference index, qPCR for myelination-related genes, g ratio, and g ratio with

axon diameter (g ratio scatter plot), respectively, which demonstrate that Gtf2i-haploinsufficiency

resulted in behavioral and myelination abnormalities. FIG. 28A shows significantly reduced

expression of TFII-I was observed in whole cortex of 1 month-old Gtf2i-Het mice compared to

controls, as measured by western blot. FIG. 28BFIG. 28B shows that Gtf2i-Het mice exhibited

significantly increased levels of anxiety-like behaviors compared to controls, as demonstrated by

significantly longer distance traveled in the margins of the open arena. FIG. 28C and FIG. 28D show

that in the three-chamber social interaction test, Gtf2i-Het mice exhibited significantly higher social

preference compared to controls, interacting significantly longer with a stranger mouse compared to

controls. FIG. 28E shows that reduced expression of myelin-related genes was observed in the cortex

of 1 month-old Gtf2i-Het mice compared to controls. FIG. 28F and FIG. 28G show significantly

reduced myelin thickness was observed in the CC midline of 1 month-old Gtf2i-Het mice compared

to controls, as measured by increased g ratio in Gtf2i-Het mice compared to controls. *p<0.05,

**p<0.0l, ****p<0.00l. N.S.=Not significant. Two-tailed t-test was used evaluate FIG. 28AtoFIG.

28F. Data are mean ± s.e.m. (FIG. 28A: n=7 WT, n=7 Gtf2i-Het, FIG. 28B to FIG. 28D: n=l3 WT,

n=l2 Gtf2i-Het, FIG. 28E: n=l2 WT, n=9 Gtf2i-Het, FIG. 28F and FIG. 28G: n=3 WT, n=3 Gtf2i-

Het).

FIG. 29A to FIG. 291 present a series of graphs of Cm, Ra, Rm, resting potential, rheobase,

A half-width, AP peak, 500pA ISI, and FI Curve, which collectively demonstrate that no significant

differences were observed in passive and active membrane properties of Gtf2i-Het neurons from

Gtf2i-Het mice compared to controls. FIG. 29A to FIG. 29D specifically show that there were no

significant differences in resting membrane properties between control and Gtf2i-Het cells from 1

month-old Gtf2i-Het mice, as measured by membrane capacitance (FIG. 29A), access resistance



(FIG. 29B), membrane resistance (FIG. 29C), or resting potential (FIG. 29D). Likewise, FIG. 29E

to FIG. 291 show that there were no significant differences in intrinsic action potential properties

observed between control and Gtf2i-Het cells from 1 month-old Gtf2i-Het mice as measured by

rheobase (FIG. 29E), action potential half-width (FIG. 29F), action potential peak (FIG. 29G),

instantaneous interspike interval after 500 pA current injection (FIG. 29H), or FI curve (FIG. 291).

Data are mean ± s.e.m. (FIG. 29A to FIG. 291: Each point is a single neuron. n= 3 Control mice, n=

3 Gtf2i-Het mice, 3-4 neurons per mouse).

FIG. 30 shows an image of electron microscopy sampling. Three different locations along

the mediolateral axis of the corpus callosum, here circled in yellow, were imaged and quantified.

FIG. 3 1 shows a chart of human subjects’ information, specifically presenting information

on the human subjects from whom the cortical tissue was acquired for the RNAseq and the

myelination property assays. PMI = Postmortem interval, PM = Postmortem, W S = Williams

syndrome.

FIG. 32 shows a table of blocking agents for various Kvl-Kvl2 voltage-gated K+ channels,

reproduced from Judge and Bevar (Pharmacology & Therapeutics 111 : 224-259), where organic

compounds are presented in the left column, venom-derived peptide toxins are presented in the

middle column and charged elements are presented in the right column.

FIG. 33 shows a table of significantly affected human genes in W S subjects, based upon

human frontal cortex bulk RNAseq results, following pathways analysis of raw data.

DETAILED DESCRIPTION OF THE INVENTION

The present disclosure is directed, at least in part, to the discovery that localized Gtf2i-deleted

mice exhibited myelination deficits (i.e., a developmental hypomyelination) of oligodendrocytes

(including myelination deficits potentially attributable to a reduced number of oligodendrocytes and

associated oligodendrocyte function deficits) that produced phenotypic effects in mice that

paralleled phenotypes observed in human subjects having Williams Syndrome (WS) (human W S

being a disease in which heterozygous genetic deletions that encompass Gtf2i have been described

as causing such phenotypes). The instant disclosure has thereby specifically identified that Gtf2i,

deleted in WS, is critical for myelination mediated by neuron-oligodendrocyte interaction.

Moreover, the phenotypic defects discovered in Gtf2i-deleted mice were remarkably and robustly



treatable via administration of a potassium channel blocker drug, 4-Aminopyridine (4-AP), to Gtf2i-

deleted mice, or via administration of clemastine to Gtf2i-deleted mice. Treatment of Gtf2i-

hemizygous mice (and/or other mammalian subjects, including humans) via administration of a

potassium channel blocker drug (e.g., 4-AP), via administration of clemastine, or via administration

of other compounds as described herein and/or as known in the art, was therefore also implicated.

Further details of the instant disclosure are described below.

To dissect the neural function of Gtf2i and its relevance to WS, Gtf2i was selectively deleted

in forebrain excitatory neurons and WS-relevant abnormalities were identified, including

neuroanatomical defects, fine motor deficits, increased sociability and anxiety. Unexpectedly, 70%

of the genes that exhibited significantly decreased mRNA level in mutant mouse cortex were

involved in myelination. Furthermore, reduced mature oligodendrocyte cell numbers, reduced

myelin thickness and impaired axonal conductivity were all observed in such mice. Strikingly,

normalization of impaired myelination properties or axonal conductivity was identified to rescue

behavioral deficits. Transcriptome analysis of human frontal cortex from WS patients similarly

revealed significantly lower mRNA level of myelination-related genes, along with reduced myelin

thickness and decreased mature oligodendrocyte cell numbers. Thus, the initial disclosure has

provided molecular and cellular evidence for myelination deficits occurring in WS linked to the

deletion of Gtf2i in neurons. Together, these data have provided enhanced understanding of the

neurobiological etiology of W S and have identified therapeutic targets for WS-associated social and

cognitive abnormalities.

Williams Syndrome

Williams syndrome (WS) is a multisystemic neurodevelopmental disorder caused by a

heterozygous microdeletion of about 26 genes from chromosomal region 7ql 1.23, characterized by

hypersociability and unique neurocognitive abnormalities and personality profiles (1, 2). Of the

deleted genes, general transcription factor Il-i (Gtf2i) has been linked to hypersociability in WS,

though the molecular and cellular mechanisms affected by Gtf2i deletion have previously been

poorly understood.

The unique cognitive and personality profiles of WS include intellectual disability, distinct

overfriendliness, increased empathy, and elevated anxiety derived from fear and specific phobias



(2). WS is caused by haploinsufficiency of about 26 genes from the W S chromosome region

(WSCR) at 7ql 1.23. While -95% of W S subjects have a hemizygous deletion of the entire WSCR,

the other -5% of subjects have atypical microdeletions that may only affect a few genes of the

WSCR (3-6) and thus are helpful in defining genetic links to certain symptoms (7). In particular,

atypical microdeletions that overlap with GTF2I and GTF2IRDJ which are members of the general

transcription factor 21 gene family, affect the cognitive phenotype in WS subjects (3, 4, 6, 8, 9). Rare

cases of individuals with microdeletions that affect either gene, but not both, has strongly indicated

that GTF2IRD1 disruption is associated with W S craniofacial dysmorphism and cognitive deficits,

whereas GTF2I deletion may contribute to WS social behaviors and mental impairment (4, 5, 10,

11).

GTF2I encodes the TFII-I protein, a highly conserved and ubiquitously expressed

multifunctional transcription factor (TF) that regulates gene expression through interactions with

tissue-specific TFs and complexes related to chromatin-remodeling (12). Previous work upon mouse

models for WS (13) studied the role of G//2/-deletion by using either heterozygous mice with the

majority of the WSCR (14) deleted, partial WSCR deletions (15), or single-gene deletion models

(16-18). These studies showed correlations between G7/2/-hapl oinsufti ci eny and certain WS-

relevant behavioral phenotypes, including hypersociability and social dishabituation. However,

homozygous Gtf2i knockout (KO) mice were previously described as embryonically lethal, mainly

due to failed neural tube closure (17-19). Thus, prior to the instant disclosure, the neuronal function

of the Gtf2i gene and its role in the molecular and cellular mechanisms underlying WS behavioral

and neurodevelopmental phenotypes have not been identified.

Other Non-Canonical Developmentally Aberrant Myelination-Associated Diseases

Additional neurodevelopmental myelination abnormality diseases or disorders for which

treatment with potassium channel blockers and other agents of the instant disclosure are now

contemplated include autism spectrum disorder, such as autism-associated CHD8 mutation disorder

and fragile X syndrome, Rett Syndrome, and other neurodevelopmental disorders.

Autism Spectrum Disorder

Autism spectrum disorder (ASD) is a pervasive developmental disorder that causes severe

and pervasive impairment in thinking, feeling, language, and the ability to relate to others. The onset



is generally before the age of 3 years, and is usually first diagnosed in early childhood. The disorder

can range from a severe form, called autistic disorder, through pervasive development disorder not

otherwise specified (PDD-NOS), to a much milder form, Asperger syndrome. They also include two

rare disorders, Rett syndrome and childhood disintegrative disorder. The disorder has a prevalence

of 0.6% in the population, affecting many more boys than girls.

Currently there is no single best treatment package for all children with ASD nor is there a

simple diagnosis method for the disorder. One point that expert professionals agree on is that early

intervention is important; another is that most individuals with ASD respond well to highly

structured, specialized programs. As soon as a child's disability has been identified, it is

recommended that instructions should begin. Effective programs will teach early communication

and social interaction skills. In children younger than 3 years, appropriate interventions usually take

place in the home or a child care center. These early interventions target specific deficits in learning,

language, imitation, attention, motivation, compliance, and initiative of interaction. Included are

behavioral methods, communication, occupational and physical therapy along with social play

interventions.

Although early intervention has been shown to have a dramatic impact on reducing

symptoms and increasing a child's ability to grow and learn new skills, it is estimated that only 50

percent of children are diagnosed before kindergarten. Currently there is no method of early

diagnosis and/or predictive method for autism. Parents are usually the first to notice unusual

behaviors in their child. In some cases, the baby seemed “different” from birth, unresponsive to

people or focusing intently on one item for long periods of time. The first signs of an autism spectrum

disorder can also appear in children who had been developing normally. When an affectionate,

babbling toddler suddenly becomes silent, withdrawn, self-abusive, or indifferent to social overtures,

something is wrong.

Twin and family studies have estimated the heritability of autism as being up to 90%, making

it one of the most heritable complex disorders. Rare genetic syndromes and known chromosomal

anomalies explain roughly 10% of cases of autism, including Fragile X, tuberous sclerosis, Smith-

Lemli-Opitz syndrome, and maternally-inherited duplications of the Prader-Willi/Angelman

syndrome region ( 15ql 1-13). However, despite high heritability, genetic studies to date have not

provided substantial insight into the 90% of autism with idiopathic etiology.



Autism-associated CHD8 Mutation

The gene CHD8 encodes the protein chromodomain helicase DNA binding protein 8

(Nishiyama et al. Nature Cell Biology. 11 : 172-82), which is a chromatin regulator enzyme that is

essential during fetal development (Ronan et al. Nature Reviews Genetics. 14: 347-59). CHD8 is an

ATP dependent enzyme (Thompson et al. Molecular and Cellular Biology. 28: 3894-904).

The protein contains a Sn 2 helicase domain that is responsible for the hydrolysis of ATP to

ADP (Thompson et al.). CHD8 encodes for a DNA helicase that function as a transcription repressor

by remodeling chromatin structure by altering the position of nucleosomes (Ronan et al.). CHD8

negatively regulates Wnt signaling (Nishiyama et al. Molecular and Cellular Biology. 32: 501-12).

Wnt signaling is important in the vertebrate early development and morphogenesis. It is believed

that CHD8 also recruits the linker histone H l and causes the repression of β-catenin and p53 target

genes (Nishiyama et al. Nature Cell Biology. 11: 172-82). The importance of CHD8 can be observed

in studies where CHD8-knockout mice died after 5.5 embryonic days because of widespread p53

induced apoptosis (Nishiyama et al. Nature Cell Biology. 11 : 172-82).

Mutations in the CHD8 gene have been linked to a subset of autism (Bernier et al. Cell. 158:

263-76) cases.

Mutations in CHD8 could lead to upregulation of β-catenin-regulated genes, in some part of

the brain this upregulation can cause brain overgrowth also known as macrocephaly, which occurs

in 15-35% of autistic children (Ronan et al.).

Some studies have determined the role of CHD8 in autism spectrum disorder (ASD) (Ronan et al.).

CDH8 expression significantly increases during human mid-fetal development (Nishiyama et al.

Nature Cell Biology. 11 : 172-82). The chromatin remodeling activity and its interaction with

transcriptional regulators have shown to play an important role in ASD aetiology (Sugathan et al.

Proceedings of the National Academy of Sciences of the United States of America. 111 : E4468-77).

The developing mammalian brain has a conserved CHD8 target regions that are associated with

ASD risk genes (Ronan et al.). The knockdown of CHD8 in human neural stem cells results in

dysregulation of ASD risk genes that are targeted by CHD8 (Cotney et al. Nature Communications.

6 : 6404).

Fragile X Syndrome



The fragile X syndrome is a common form of inherited neurological disorders characterized

by mental retardation and developmental disability. This condition afflicts approximately 1 in 1250

males and 1 in 2000 females. As the name implies, fragile X is an X chromosome-linked condition.

The fragile X phenotype is characterized by a visible constriction near the end of the X chromosome,

at locus q27.3, and there is a tendency for the tip of the X-chromosome to break off under certain

conditions in tissue culture. These tissue culture procedures form the basis of the assay most

commonly used for fragile X at present.

The pattern of inheritance of this condition is atypical of that associated with X-linked

conditions. Typically, there is a 50% probability that the son of a woman who carries an X-linked

genetic defect will be afflicted by the defect. Additionally, all males who carry the abnormal gene

are afflicted by the X-linked condition in the typical pattern. Furthermore, since females have two

X chromosomes, they normally do not suffer the effects of a single damaged X chromosome.

In fragile X, however, some carrier males are phenotypically normal. Moreover, about one

third of the females who inherit the fragile X chromosome are afflicted. The incidence of carrier

males in different generations of a family varies. Daughters of carrier males are generally non

expressing carriers, but may have afflicted sons. Furthermore, afflicted daughters occur more

frequently among the offspring of carrier mothers than among the offspring of carrier fathers. See

Brown, The Fragile X : Progress toward Solving the Puzzle, Am. J . Human Genet. 47 175-80, 1990.

This and all other references, patents and patent applications are incorporated herein by reference

for all purposes.

Researchers have identified the genomic region associated with this condition. (Oberle, et

a , “Instability of a 550-Base Pair DNA Segment and Abnormal Methylation in Fragile X

Syndrome”, Science 252 1097-1 102, 1991; Kremer, et a , “Mapping of DNA Instability at the

Fragile X to a Trinucleotide Repeat Sequence p(CCG)n”, Science 252 171 1-14, 1991; and Bell, et

ak, “Physical Mapping across the Fragile X Hypermethylation and Clinical Expression of the Fragile

X Syndrome”, Cell 64 861-66, 1991). Additionally, researchers have sequenced a partial cDNA

clone derived from this region, called FMR-l. (Verkerk, et ak, “Identification of a Gene (FMR-l)

Containing a CGG Repeat Coincident with a Breakpoint Cluster Region Exhibiting Length Variation

in Fragile X Syndrome”, Cell 65 905-14, 1991). These studies provide an explanation for the atypical

pattern of inheritance of fragile X . The mutation that ultimately results in the fragile X phenotype



occurs in stages. In the early stages, the gene is not fully defective, rather there is a “pre-mutation”

of the gene. Carriers of the premutation have a normal phenotype. A further mutation occurs in

carrier females that produce the phenotype in their offspring.

The coding sequence for FMR-l contains a variable number of CGG repeats. Individuals

who are not carriers have approximately 30 CGG repeats in their FMR-l. Carriers, however, have

between 50 and 200 CGG repeats. This amplification of the FMR-l CGG sequence is the pre

mutation. Afflicted individuals have even more CGG repeats. As many as several thousand CGG

repeats have been observed in afflicted individuals. (Oberle, et al., 1991, supra).

However, most affected individuals do not express the FMR-l mRNA (Pieretti, et al.,

Absence of Expression of the FMR-l Gene in Fragile X Syndrome, Cell 66 1-201991). A CpG

island, located upstream of the CGG repeat region, is methylated when the number of CGG repeats

is above a threshold of about 200 copies (Oberle, et al., 1991; Kremer, et al., 1991, Bell, et al., 1991,

supra). This methylation inactivates the gene.

It has been recognized that fragile X syndrome is caused by loss of expression of FMRP, a

protein proposed to act as a regulator of mRNA translation which promotes synaptic maturation and

function. FMRP has been found to associate with the RNP complex that mediates post-

transcriptional silencing by RNA. See review by Carthew RW. “RNA interference: the fragile X

syndrome connection” Curr. Biol. 2002 December 23;l2(24):R852-4.

Current trends in treating the disorder include medications for symptom-based treatments

that aim to minimize the secondary characteristics associated with the disorder. If an individual is

diagnosed with FXS, genetic counseling for testing family members at risk for carrying the full

mutation or premutation is a critical first-step. Due to a higher prevalence of FXS in boys, the most

commonly used medications are stimulants that target hyperactivity, impulsivity, and attentional

problems (Garber et al. European Journal of Human Genetics. 16: 666-72). For co-morbid disorders

with FXS, antidepressants such as selective serotonin reuptake inhibitors (SSRIs) are utilized to treat

the underlying anxiety, obsessive-compulsive behaviors, and mood disorders. Following

antidepressants, antipsychotics such as Risperdal and Seroquel are used to treat high rates of self-

injurious, aggressive and aberrant behaviors in this population (Bailey Jr et al., 2012).

Anticonvulsants are another set of pharmacological treatments used to control seizures as well as

mood swings in 13%-18% of individuals suffering from FXS. Drugs targeting the mGluR5



(metabotropic glutamate receptors) that are linked with synaptic plasticity are especially beneficial

for targeted symptoms of FXS (Garber et al. European Journal of Human Genetics. 16: 666-72).

Lithium is also currently being used in clinical trials with humans, showing significant

improvements in behavioral functioning, adaptive behavior, and verbal memory. Alongside

pharmacological treatments, environmental influences such as home environment and parental

abilities as well as behavioral interventions such as speech therapy, sensory integration, etc. all factor

in together to promote adaptive functioning for individuals with FXS (Hagerman et al. Pediatrics.

123: 378-90).

Current pharmacological treatment centers on managing problem behaviors and psychiatric

symptoms associated with FXS. However, as there has been very little research done in this specific

population, the evidence to support the use of these medications in individuals with FXS is poor

(Rueda et al. BMC Neurol. 9 : 53).

Rett Syndrome

Rett Syndrome is a genetic brain disorder which typically becomes apparent after six months

of age in females ("Rett syndrome". Genetics Home Reference. December 2013). Symptoms include

problems with language, coordination, and repetitive movements (“Rett syndrome”. Genetics Home

Reference. December 2013). Often there is slower growth, problems walking, and a smaller head

size (“Rett syndrome”. Genetics Home Reference. December 2013; "Rett Syndrome Fact Sheet".

National Institute of Neurological Disorders and Stroke. Archived from the original on 14 October

2017). Complications can include seizures, scoliosis, and sleeping problems (“Rett syndrome”.

Genetics Home Reference. December 2013). Those affected, however, may be affected to different

degrees ("Rett Syndrome Fact Sheet". National Institute of Neurological Disorders and Stroke.

Archived from the original on 14 October 2017).

Rett syndrome occurs due to a genetic mutation of the MECP2 gene (“Rett syndrome”.

Genetics Home Reference. December 2013). This gene occurs on the X chromosome ("Rett

Syndrome Fact Sheet". National Institute of Neurological Disorders and Stroke. Archived from the

original on 14 October 2017). Typically it develops as a new mutation, with less than one percent of

cases being inherited from a person's parents (“Rett syndrome”. Genetics Home Reference.

December 2013; "Rett Syndrome Fact Sheet". National Institute of Neurological Disorders and

Stroke. Archived from the original on 14 October 2017). Boys who have a similar mutation typically



die shortly afterbirth ("Rett Syndrome Fact Sheet". National Institute of Neurological Disorders and

Stroke. Archived from the original on 14 October 2017). Diagnosis is based on symptoms and can

be confirmed with genetic testing ("Rett Syndrome Fact Sheet". National Institute of Neurological

Disorders and Stroke. Archived from the original on 14 October 2017).

There is no cure for Rett syndrome ("Rett Syndrome Fact Sheet". National Institute of

Neurological Disorders and Stroke. Archived from the original on 14 October 2017). Treatment is

directed at improving symptoms ("Rett Syndrome Fact Sheet". National Institute of Neurological

Disorders and Stroke. Archived from the original on 14 October 2017). Anticonvulsants may be

used to help with seizures ("Rett Syndrome Fact Sheet". National Institute of Neurological Disorders

and Stroke. Archived from the original on 14 October 2017). Special education, physiotherapy, and

braces may also be useful ("Rett Syndrome Fact Sheet". National Institute of Neurological Disorders

and Stroke. Archived from the original on 14 October 2017). Many people with the condition live

into middle age ("Rett Syndrome Fact Sheet". National Institute of Neurological Disorders and

Stroke. Archived from the original on 14 October 2017).

It affects about 1 in 8,500 females (“Rett syndrome”. Genetics Home Reference. December

2013). Andreas Rett, a pediatrician in Vienna, first described the condition in 1966 ("Rett Syndrome

Fact Sheet". National Institute of Neurological Disorders and Stroke. Archived from the original on

14 October 2017; Rett A (September 1966). "[On a unusual brain atrophy syndrome in

hyperammonemia in childhood]". Wien Med Wochenschr (in German). 116 (37): 723-6). As his

writings were in German they did not become widely known (Percy, Alan (2013-2015). "The

American History of Rett Syndrome". Pediatric neurology. 50 (1)). Bengt Hagberg, a Swedish

pediatrician, published an English article in 1983 and named the condition after Rett (Percy, Alan

(2013-2015). "The American History ofRett Syndrome". Pediatric neurology. 50 (1)). In 1999 Huda

Zoghbi discovered the mutation that causes the condition (Percy, Alan (2013-2015). "The American

History of Rett Syndrome". Pediatric neurology. 50 (1); Amir, Ruthie; Van den Veyver, Ignatia;

Wan, Mimi; Tran, Charles; Francke, Uta; Zoghbi, Huda (1999). "Rett syndrome is caused by

mutations in X-linked MECP2, encoding methyl -CpG-binding protein 2". Nature Genetics. 23 (2):

185-8).

In addition to the classical form of Rett syndrome (classified as Stages I to IV), several

“atypical forms” have been described over the years (Jeffrey 1. Neul, JL; Kaufmann, Walter E.;



Glaze, Daniel G.; Christodoulou, John; Clarke, Angus J.; Bahi-Buisson, Nadia; Leonard, Helen;

Bailey, Mark E . S.; Schanen, N . Carolyn; Zappella, Michele; Renieri, Alessandra; Huppke, Peter;

Percy, Alan K.; Rettsearch, Consortium (2010). "Rett syndrome: Revised diagnostic criteria and

nomenclature". Annals of Neurology. 68 (6): 944-50), the main groups are:

Congenital variant (Rolando variant): in this severe subtype of Rett syndrome, the

development of the patients and their head circumference are abnormal from birth (Ariani,

Francesca; Hayek, Giuseppe; Rondinella, Dalila; Artuso, Rosangela; Mencarelli, Maria Antonietta;

Spanhol-Rosseto, Ariele; Pollazzon, Marzia; Buoni, Sabrina; Spiga, Ottavia; Ricciardi, Sara;

Meloni, Faria; Longo, Ilaria; Mari, Francesca; Broccoli, Vania; Zappella, Michele; Renieri,

Alessandra (2008). "FOXG1 is Responsible for the Congenital Variant of Rett Syndrome". The

American Journal of Human Genetics. 83 (1): 89-93). The typical gaze of Rett syndrome patients is

usually absent;

Zappella variant of Rett Syndrome or preserved speech variant: in this subtype of Rett

syndrome the patients acquire some manual skills and language is partially recovered around the age

of 5 years (that is after the regression phase). Height, weight and head circumference are often in

the normal range, and a good gross motor function can be observed (Zappella, Michele (1992). Brain

and Development. 14 (2): 98-101; Skjeldal et al. Neuropediatrics. 26 (2): 87; Sorensen, E; Viken,

B . Tidsskrift for den Norske laegeforening. 115 (5): 588-90; Zappella, M . European child &

adolescent psychiatry. 6 Suppl 1 : 23-5; Renieri et al. Brain and Development. 3 1 (3): 208-16; Buoni

et al. Clinical Neurophysiology. 121 (5): 652-7). The Zappella variant is a milder form of Rett

syndrome;

Hanefeld variant or early epilepsy variant. In this form of Rett syndrome, the patients suffer

from epilepsy before 5 months of age (Huppke et al. Brain and Development. 25 (5): 346-51).

The definition itself of the Rett syndrome has been refined over the years: as the atypical

forms subsist near to the classical form (Hagberg & Gillberg, 1993), the "Rett Complex" terminology

has been introduced (Gillberg, C . European child & adolescent psychiatry. 6 Suppl 1:21-2; Zappella

et al. Journal of Autism and Developmental Disorders. 28 (6): 519-26).

Genetically, Rett syndrome (RTT) is caused by mutations in the gene MECP2 located on the

X chromosome (which is involved in transcriptional silencing and epigenetic regulation of

methylated DNA), and can arise sporadically or from germline mutations. In less than 10% of RTT



cases, mutations in the genes CDKL5 or FOXG1 have also been found to resemble it. Rett syndrome

is initially diagnosed by clinical observation, but the diagnosis is definitive when there is a genetic

defect in the MECP2 gene. In some very rare cases, no known mutated gene can be found; possibly

due to changes in MECP2 that are not identified by presently used techniques or mutations in other

genes that may result in clinical similarities.

It has been argued that Rett syndrome is in fact a neurodevelopmental condition as opposed

to a neurodegenerative condition. One piece of evidence for this is that mice with induced Rett

Syndrome show no neuronal death, and some studies have suggested that their phenotypes can be

partially rescued by adding functional MECP2 gene back when they are adults. This information has

also helped lead to further studies aiming to treat the disorder (Guy et al. Science. 315 (5815): 1143—

7)·

In at least 95% of Rett syndrome cases, the cause is a de novo mutation in the child. That is,

it is not inherited from either parent. Parents are generally genotypically normal, without a MECP2

mutation.

In cases of the sporadic form of RTT, the mutated MECP2 is thought to derive almost

exclusively from a de novo mutation on the male copy of the X chromosome (Trappe et al. The

American Journal of Human Genetics. 68 (5): 1093-101). It is not yet known what causes the sperm

to mutate, and such mutations are rare.

It can also be inherited from phenotypically normal mothers who have a germline mutation

in the gene encoding methyl-CpG-binding protein-2, MeCP2 (Zoghbi et al. Nature Genetics. 23 (2):

185-8). In these cases, inheritance follows an X-linked dominant pattern and is seen almost

exclusively in females, as most males die in utero or shortly after birth ("Rett syndrome". Genetics

Home Reference. Archived from the original on 2016-07-27). MECP2 is found near the end of the

long arm of the X chromosome at Xq28. An atypical form of RTT, characterized by infantile spasms

or early onset epilepsy, can also be caused by a mutation to the gene encoding cyclin-dependent

kinase-like 5 (CDKL5). Rett syndrome affects one in every 12,500 female live births by age 12

years.

Current treatments for Rett syndrome include:

management of gastrointestinal (reflux, constipation) and nutritional (poor weight

gain) issues



surveillance of scoliosis

surveillance of long QT syndrome by annual EKG

increasing the patient's communication skills, especially with augmentative

communication strategies

parental counseling

modifying social medications

sleep aids

selective serotonin reuptake inhibitors (SSRIs)

anti-psychotics (for self-harming behaviors)

beta-blockers for long QT syndrome

occupational therapy, speech therapy and physical therapy

Because of the increased risk of sudden cardiac death, when long QT syndrome is found on

an annual screening EKG it is treated with an anti-arrhythmic such as a beta-blocker. There is some

evidence that phenytoin may be more effective than a beta-blocker (McCauley et al. Science

Translational Medicine. 3 ( 113): H3ral25).

Additional Neurodevelopmental and/or Other Disorders

Additional neurodevelopmental and/or other disorders now contemplated for treatment with

the potassium channel blockers and/or other agents of the instant disclosure include, for example,

Aarskog syndrome, aphasia, Bell's Palsy, Creutzfeldt-Jakob disease, cerebrovascular disease,

charcot-Marie-Tooth Disease, Cornelia de Lange syndrome, dementia, dentatorubral-pallidoluysian

atrophy, encephalitis, epilepsy and other severe seizure disorders, essential tremor, fibromylagia,

headache, hypomelanosis of Ito, Joubert syndrome, Kennedy's disease, Machado-Joseph's diseases,

migraines, Moebius syndrome, myotonic dystrophy, neuromuscular disorders (e.g., Guillain-Barre

and muscular dystrophy), neuro-oncology disorders (e.g., neurofibromatosis), pain, pediatric

neurology (e.g., autism and dyslexia), prion disease, neuro-otology disorders (e.g., Meniere's

disease), Phenylketonuria, Pick's disease, progressive supranuclear palsy, Rubinstein-Taybi

syndrome, sleep disorders, spinocerebellar ataxia I (SCA1), Smith-Lemli-Opitz syndrome, Sotos

syndrome, spinal bulbar atrophy, type 1 dominant cerebellar ataxia, Tourette syndrome and tuberous

sclerosis complex.



4-AP (4-aminopyridine)

4-aminopyridine has the following structure:

USAN: dalfampridine; CAS registry number: 504-24-5; Molecular Formula: C5I¾N2.

In the laboratory, 4-AP is a useful pharmacological tool in studying various potassium

conductances in physiology and biophysics. It is a relatively selective blocker of members of Kvl

(Shaker, KCNA) family of voltage-activated K+ channels. At concentration of 1 mM it selectively

and reversibly inhibits Shaker channels without significant effect on other sodium, calcium, and

potassium conductances.

4-Aminopyridine is a potent convulsant and is used to generate seizures in animal models

for the evaluation of antiseizure agents (Yamaguchi and Rogawski. Epilepsy Res. 11: 9-16).

Fampridine has been used clinically in Lambert-Eaton myasthenic syndrome and multiple

sclerosis. It acts by blocking potassium channels, prolonging action potentials and thereby increasing

neurotransmitter release at the neuromuscular junction (Judge and Bever. "Potassium channel

blockers in multiple sclerosis: neuronal Kv channels and effects of symptomatic treatment".

Pharmacol. Ther. 111 : 224-59). The drug has been shown to reverse saxitoxin and tetrodotoxin

toxicity in tissue and animal experiments (Benton et al. Toxicon. 36: 571-588; Chang et al.

Fundamental and Applied Toxicology. 38: 75-88; Chen et al. Toxicology and Applied

Pharmacology. 141: 44-48; Octopus Envenomations at eMedicine.com).

Fampridine has been shown to improve visual function and motor skills and relieve fatigue

in patients with multiple sclerosis (MS). 4-AP is most effective in patients with the chronic

progressive form of MS, in patients who are temperature sensitive, and in patients who have had MS

for longer than three years. Common side effects include dizziness, nervousness and nausea, and the

incidence of adverse effects was shown to be less than 5% in all studies.



Pharmacologically, the K+ channel blocking properties of 4-aminopyridine and its effects

on action potential conduction in demyelinated nerve fiber preparations have been extensively

characterized. At low concentrations that are relevant to clinical experience, in the range of 0.2 to 2

µΜ (18 to 180 ng/mL), 4-aminopyridine is able to block certain voltage-dependent K+ channels in

neurons. It is this characteristic that appears to explain the ability of the drug to restore conduction

of action potentials in demyelinated nerve fibers. At higher (millimolar) concentrations, 4-

aminopyridine affects other types of K+ channels in both neural and non-neural tissues. Blockade

of repolarizing K+ currents can increase synaptic transmission throughout the nervous system by

increasing the duration of the pre-synaptic action potential. A range of neurological effects

consistent with increased excitability of presynaptic nerve terminals occurs with clinically relevant

doses of 4-aminopyridine.

Electrophysiologic studies of demyelinated axons show that augmented potassium currents

increase extracellular potassium ion concentration which decreases action potential duration and

amplitude which may cause conduction failure. Potassium channel blockade reverses this effect.

Certain studies have also shown that 4-AP is a potent calcium channel activator and can improve

synaptic and neuromuscular function by directly acting on the calcium channel beta subunit (Wu et

al. The Journal of Biological Chemistry. 284: 36453-61; Li et al. Mol. Pharmacol. 86: 760-772)).

Without wishing to be bound by theory, in view of the potent calcium channel activation that has

also been observed for 4-AP, the instant disclosure additionally contemplates inclusion, use and/or

administration of calcium channel agonists (e.g., VACC agonists) in the compositions and methods

of the instant disclosure.

Further without wishing to be bound by theory, the K+ channels blocked by low

concentrations of 4-aminopyridine are partially responsible for repolarization of neuronal action

potentials. These appear to include those found under the myelin sheath in myelinated nerve fibers

of adult mammals. These channels are located primarily in the paranodal and intemodal membrane

of the axon (Waxman and Ritchie, 1993) where they are not significantly activated by the passage

of an action potential because the myelin sheath acts as an electrical shield. Therefore, the action

potential of normal adult myelinated axons shows little or no sensitivity to 4-aminopyridine at

concentrations below 100 µΜ (9.4 pg/rnL) (Shi and Blight, 1997). Concentrations above 1 mM



(94.1 pg/mL) tend to cause gradual depolarization of the axon resting potential, perhaps by

interacting with leakage channels (Shi and Blight, 1997).

However, when the axon is demyelinated, the intemodal membrane and its ion channels

become exposed to larger electrical transients during the action potential. Leakage of ionic current

through the K+ channel, under these conditions, can contribute to the phenomenon of action

potential conduction block (Waxman and Ritchie, 1993). Without being bound by theory, it is

understood that 4-Aminopyridine may prolong nerve action potentials by blocking these exposed

channels and inhibiting repolarization (Sherratt et a , 1980). This is consistent with the ability of the

drug to overcome conduction block and increase the safety factor for conduction in some critically

demyelinated axons (Bostock et a , 1981; Targ and Kocsis, 1985) including those in chronically

injured and partially demyelinated mammalian spinal cord (Blight, 1989; Shi and Blight, 1997). An

additional study (Shi et a , 1997) showed that this effect of 4-aminopyridine in the chronically

injured spinal cord of guinea pigs occurs at a concentration threshold between 0.2 to 1 µΜ (19.1 to

94.1 ng/mL), though in this tissue it is most effective at about 10 µΜ (941 ng/mL).

A range of neurological effects have been described to occur with increasing concentrations

of 4-aminopyridine in the central nervous system (CNS), up to and including the initiation of

seizures. Seizure activity in animals has been seen following large doses of 4-aminopyridine, and

seizure activity is part of the toxicological profile of the drug. Synchronous bursting activity in the

spinal cord of decerebrate cats has been recorded following administration of very large doses of 4-

aminopyridine (5 to 20 mg/kg), which would be expected to produce plasma levels in the region of

several hundred ng/mL (Dubuc et a , 1986).

Repetitive impulse activity, either spontaneous or in response to single stimuli, occurs in

some demyelinated axons exposed to higher levels [0.1 to 1 mM (9.4 to 94.1 pg/mL)] of 4-

aminopyridine in vitro (Blight, 1989; Bowe et a , 1987; Targ and Kocsis, 1985). A similar effect at

lower concentrations (on susceptible neurons or nerve endings) may explain the paresthesias and

pain in the area of intravenous infusion reported as side effects of clinical exposure to 4-

aminopyridine in human subjects.

4-Aminopyridine is rapidly absorbed following oral administration. In an in situ study, 4-

aminopyridine was more rapidly absorbed from the small intestine than from the stomach. The



absorption half-life was 108.8 minutes and 40.2 minutes for the stomach and small intestine,

respectively.

Following oral administration of (non-sustained release) 4-aminopyridine in animals, peak

plasma concentrations occur within one hour of dosing.

When administered orally, 4-aminopyridine is completely absorbed from the gastrointestinal

tract. The absolute bioavailability of two formulations of IR tablets was reported to be 95% (Uges

et al., 1982). Absolute bioavailability of Fampridine-SR tablets has not been assessed, but relative

bioavailability (as compared to an aqueous oral solution) is 95%. Absorption is rapid unless

administered in the context of some feature that achieves delayed release. Such feature may include

in a modified matrix containing the 4-AP (e.g., Fampridine-SR), or a capsule around any form of 4-

A (sustained or immediate release) that achieves delayed release of the ingredient therein.

When a single Fampridine-SR tablet 10 mg dose is administered to healthy volunteers while

in a fasted state, mean peak concentrations ranging in different studies from 17.3 ng/mL to 21.6

ng/mL occurred 3 to 4 hours post-administration ( T m ax). In comparison, the Cmax achieved with the

same 10 mg dose of a 4-aminopyridine oral solution was 42.7 ng/mL, which occurred approximately

1.1 hours after dose administration. Exposure increases proportionally with dose (linear kinetics),

and steady state maximum concentrations are approximately 29-37% higher than for single doses.

4-aminopyridine is largely unbound to plasma proteins (97 to 99%). Administration of a

single 20 mg intravenous dose, mean Vd is 2.6 L/kg, greatly exceeding total body water (Uges et

al., 1982), this is similar to values calculated in healthy volunteers and in patients with SCI who

received Fampridine-SR tablets. The plasma concentration-time profile is one of two or three

compartments with a rapid initial distribution phase. Measurable levels are present in the saliva.

In single- and repeated-dose toxicity studies, the dosing regimen greatly affected the rate of

side effects. Clinical signs evident after large single doses or repeated lower doses were similar in

all species studied and included tremors, convulsions, ataxia, dyspnea, dilated pupils, prostration,

abnormal vocalization, increased respiration, excess salivation, gait abnormalities, and hyper- and

hypo-excitability. These clinical signs were not unexpected and represent exaggerated

pharmacology of 4-aminopyridine.

In controlled clinical studies involving the use of 4-aminopyridine, the most frequent adverse

events by body system occurred in the nervous system, "body as a whole", and digestive system.



Dizziness, insomnia, paresthesia, pain, headache and asthenia are the most common nervous system

adverse events, and nausea is the most frequently reported event in the digestive system category.

The most frequent treatment-related adverse events that have been reported with Fampridine-

SR, in MS patients as well as other populations including spinal cord injury, may be broadly

categorized as excitatory effects in the nervous system, consistent with the potassium channel

blocking activity of the compound. These adverse events include dizziness, paresthesias, insomnia,

balance disorders, anxiety, confusion and seizure. While an increased incidence of such events

appears to be moderately dose-related, the susceptibility of individuals is quite variable. As a result

of disease pathology, there appears to be potential for more lowering of seizure threshold in people

with MS than for people with spinal cord injury; this may result from interaction of the channel-

blocking properties of the drug with MS brain pathology in certain individuals.

4-AP derivatives are known in the art and have been described, e.g., in WO 2017/120298,

US 2017/0174629, and elsewhere. Certain embodiments of the instant disclosure contemplate

inclusion/use of 4-AP derivatives, which can optionally be represented by the following structure:

wherein R1, R2, R3, R4, and R5 are each independently selected from hydrogen, halogen, amine,

hydroxyl, alkoxy, carboxyl, or Ci-C6 alkyl. Inclusion/use of pharmaceutically acceptable salts is also

expressly contemplated for 4-AP and derivatives thereof, and for all agents recited herein.

Formulations of parenteral compositions (e.g., 4-AP parenteral compositions) in dosage unit

form are primarily contemplated for ease of administration and uniformity of dosage. Dosage unit

form as used herein refers to physically discrete units suited for administration to the subjects to be

treated; each unit containing a predetermined quantity of therapeutic compound calculated to

produce the desired therapeutic effect in association with any pharmaceutical carrier. Administration

can be of a single dosage unit form, or administration can be of multiples of dosage unit forms,

including concurrent administration of unit doses of various amounts.



In general, dosage unit forms of the instant disclosure are dictated by and directly dependent

on the unique characteristics of the therapeutic compound and the particular therapeutic effect to be

achieved in a given patient or patient population. Unit dosage forms can be tablets, capsule, aliquots;

unit does forms can be provided as blister packs containing one or more dose. In certain

administration protocols a patient may utilize more than a single unit dose at a time, e.g., consume

two capsules, or two tablets contained in separate blisters of a blister pack.

The actual dosage amount of the 4-AP or derivative thereof administered to a subject may

be determined by physical and physiological factors such as age, sex, body weight, severity of

condition, the type of disease being treated, previous or concurrent therapeutic interventions,

idiopathy of the subject and on the route of administration. Alternatively, a standard amount can be

provided to essentially all patients, often the standard is derived from studies in normative population

such as from data on human subjects in clinical trials. These factors may be determined by a skilled

artisan, such as a health care provider, medicine prescriber, physician, pharmacist, etc. (collectively

"practitioner"). In certain embodiments, the practitioner responsible for administration may

determine the concentration of active ingredient(s) in a composition and appropriate dose(s) for an

individual subject. In certain embodiments, the dosage may be adjusted by the individual physician

in the event of any complication; in certain embodiments, a dose is administered to all patients

(regardless of WS classification, temperature sensitivity, duration of disease, progressive status, etc.)

at an amount that is found to be safe and effective in a nonnative reference population.

Sustained release formulations and compositions of the present disclosure exhibit a desired

release profile that may be described in terms of the maximum plasma concentration of the drug or

active agent at steady state (Cmaxss) and the minimum plasma concentration of the drug or active

agent at steady state (Cminss). Steady state is observed when the rate of administration (absorption)

is equal to the rate of elimination of the drug or active agent. A ratio of Cmaxss to Cminss (Cmaxss:

Cminss) may be calculated from the observed Cmaxss and Cminss. In addition, the formulations and

compositions of the present disclosure exhibit a desired release profile that may be described in

terms of the average maximum plasma concentration of the drug or active agent at steady state

(CavSs).

Certain sustained release 4-aminopyridine composition exhibit a Cmaxss: Cminss ratio from

about 1.0 to 3.5 for either twice daily (BID) or once daily (QD) administration. Optionally, a



sustained release formulation can comprise a Cmaxss: Cminss ratio of about 1.5 to about 3 .0 for either

twice daily (BID) or once daily (QD) administration. In another embodiment, the Cmaxss: Cminss ratio

is about 2.0 to about 3 .0 for either twice daily (BID) or once daily (QD) administration. As is readily

understood by those of ordinary skill in the art, when redosing occurs at a time when plasma levels

are decreasing, Cminss occurs at the time of redosing.

A further aspect is a sustained release composition comprising a sustained release matrix and

an aminopyridine, wherein said composition provides a Ca ss of about 15 ng/ml to about 35 ng/ml.

In a further aspect, a sustained release tablet comprising a sustained release matrix and an

aminopyridine, said tablet exhibiting a Cmaxss of about 20 ng/ml to about 35 ng/ml is provided. The

pharmacokinetic characteristics of sustained release aminopyridine compositions and methods of

treating various neurological disorders are described in U.S. Patent No. 8,440,703 and U.S. Patent

No. 8,007,826, the contents of which are incorporated herein by reference in their entireties.

The amount of a pharmaceutically acceptable quality aminopyridine, salt, solvated, or

prodrug thereof included in the pharmaceutical composition of the present disclosure will vary,

depending upon a variety of factors, including, for example, the specific potassium channel blocker

and/or other agent used, the desired dosage level, the type and amount of rate-controlling polymer

matrix used, and the presence, types and amounts of additional materials included in the

composition. Optionally, the agent (e.g., aminopyridine) comprises from about 0.1 to about 13%

w/w, in certain embodiments from about 0.5 to about 6.25% w/w. In certain embodiments of the

present disclosure the agent (e.g., aminopyridine) is present from about 0.5 to 4.75% w/w of the

pharmaceutical composition. It has been found that for many indications a weight (wt/wt %) above

about 5% can result in undesirable side effects. Accordingly, a weight percentage less than about

4.75% can be desired. The amount of agent (e.g., aminopyridine), or a derivative thereof, in the

formulation varies depending on the desired dose for efficient drug delivery, the molecular weight,

and the activity of the compound. The actual amount of the used drug can depend on the patient's

age, weight, sex, medical condition, disease or any other medical criteria. The actual drug amount

is determined according to intended medical use by techniques known in the art. The pharmaceutical

dosage formulated according to the disclosure may be administered once or more times per day,

optionally two or fewer times per day as determined by the attending physician.



Typically, the agent (e.g., aminopyridine) is formulated in tablets or other pharmaceutical

composition in amounts of about 0.5 mg to about 80 mg, optionally from about 5 to about 50 mg of

4-aminopyridine. Optionally, the amount of an aminopyridine in the composition is formulated to

maintain therapeutic levels of the aminopyridine in patient's blood up to about 80 ng/ml.

As used herein, the term “sustained-release” includes the release of a aminopyridine from

the dosage formulation at a sustained rate such that a therapeutically beneficial blood level below

toxic levels of the aminopyridine is maintained over a period of at least about 12 hours, optionally

about 24 hours or more. Optionally, the amount of the aminopyridine in the oral dosage formulations

according to embodiments of the present disclosure establish a therapeutically useful plasma

concentration through BID administration of the pharmaceutical composition.

The compositions of the present disclosure may be used for the treatment of neurological

diseases characterized by aberrant nerve impulse transmission (e.g., neurodevelopmental

myelination abnormality diseases or disorders) by administering to a patient the oral dosage

formulation of the present disclosure. Optionally, the administration is twice daily dosage of a

therapeutically effective amount of an aminopyridine, optionally, 4-AP or a derivative thereof

dispersed in HPMC. The administration can also include scheduling administration of doses of the

pharmaceutical so that the concentration of the aminopyridine in the patient is at about the minimum

therapeutically effective level to ameliorate the neurological condition, yet relatively lower

compared to the maximum concentration in order to enhance restful periods for the patient during

the day. The compositions may be administered to a subject at a dose and for a period sufficient to

allow said subject to tolerate said dose without showing any adverse effects and thereafter increasing

the dose of said active agent in the tablets at selected intervals of time until a therapeutic dose is

achieved in the subject. For example, at the commencement of treatment the active agent is

optionally administered at a dose less than 15 mg/day until a tolerable state is reached. The dose

administered may then be increased by amounts of at least 5-15 mg/day until a therapeutic dose is

reached. For other diseases the amount of the aminopyridine required to reach a therapeutically

effective amount for treatment is described in U.S. Pat. No. 5,952,357 the contents of which are

incorporated herein by reference in their entirety.

Compositions of the present disclosure where the potassium channel blocker (and/or the

calcium channel stimulatory agent) is a mono- or di-aminopyridine active agent are particularly



suitable for use in the treatment of a neurological disease which is characterized by developmentally

aberrant myelination of the central nervous system, more especially Williams syndrome. The mono-

or di-aminopyridine active agent in accordance with the disclosure is also suitable for the treatment

of autism and optionally other neurodevelopmental disorders, such as Fragile X syndrome and Rett

Syndrome.

Durable Treatment

Certain embodiments of the present disclosure comprise methods of effectively treating WS

or other neurodevelopmental myelination abnormality disease or disorder in a patient over a chronic

or extended or prolonged or protracted or sustained time period; this is also referred to as a "durable"

treatment or a "durable" method of treatment; this is also referred to as a "sustained" treatment or a

"sustained" method of treatment. Another embodiment of the present disclosure is directed to

methods of maintaining improvement of a symptom of neurodevelopmental myelination

abnormality disease or disorder in a patient comprising administering a therapeutically effective

amount of 4-aminopyridine or a derivative thereof to said patient after previously achieving an

improvement of a symptom of the neurodevelopmental myelination abnormality disease or disorder

in said patient during contiguous or continuing or prior administration of 4-aminopyridine or a

derivative thereof. Any of such methods comprise administering a therapeutically effective amount

of 4-aminopyridine or a derivative thereof to said patient for an extended, prolonged, protracted,

sustained or chronic period of time (as used herein, extended, prolonged, protracted, sustained,

chronic are synonyms unless the context clearly indicates otherwise).

In certain embodiments, the extended, prolonged, protracted, sustained or chronic period is

at least or more than: 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 2 1 or 22 weeks; 3, 4, 5, 6, 7, 8,

9, 10, 11, 12, 13, 14, 15, 16, 17, or 18 months; or 1, 2, 3, 4, 5, 6, or greater than 5 years. In certain

embodiments, the extended, prolonged, protracted, chronic or sustained period is for the lifetime of

the patient. These methods can also comprise administering the 4-aminopyridine at or to a

therapeutic level (such as Cminss or an average Cminss) or range (such as a Cminss range or a

reference range of average Cminss values) in accordance with the present disclosure.

In certain embodiments, the improved symptom is tremors, cognition, social traits, strength,

etc. In certain embodiments one or more of these parameters may or may not be specifically included

or excluded.



In certain embodiments, the therapeutically effective amount of 4-aminopyridine or a

derivative thereof is 10 milligrams in a sustained release composition administered twice daily. In

certain embodiments, the sustained release composition may be administered twice daily. In certain

embodiments, the sustained release composition may be administered once daily. These methods

can also comprise administering the 4-aminopyridine or derivative thereof at or to a therapeutic level

(such as Cminss) or range (such as a Cminss range) in accordance with the present disclosure.

Certain embodiments are directed to the use of 4-aminopyridine or derivative thereof for treatment

of a neurodevelopmental aberrant myelination condition for at least 8, 9, 10, 11, 12, 13, 14, 15, 16,

17, 18, 19, 20, 2 1 or 22 weeks; 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, or 18 months; or 1,

2, 3, 4, 5, 6, or greater than 5 years. Still further embodiments are directed to the use of 4-

aminopyridine of a derivative thereof in preparing a medicament or therapeutic or formulation for

chronic or durable treatment of a neurodevelopmental myelination abnormality disease or disorder.

Further embodiments of the present disclosure are directed to methods of achieving sustained

or relatively sustained improvement in a symptom of a neurodevelopmental myelination

abnormality disease or disorder in a patient with a neurodevelopmental myelination abnormality

disease or disorder, comprising continuing administration of a therapeutically effective amount of

4-aminopyridine or a derivative thereof to said patient over an extended period of time. Improvement

is generally defined with regard to a control or standard amount or value; it is understood that there

is often progressive decline in patients with a disease such as a neurodevelopmental myelination

abnormality disease or disorder so that an increase or relative increase can properly be considered

in regard to the decline in function attendant to the inherent progress of the neurodevelopmental

myelination abnormality disease or disorder pathology.

In certain embodiments, the therapeutically effective amount of 4-aminopyridine or a

derivative thereof is 10 milligrams in a sustained release composition. In certain embodiments, the

sustained release composition can be administered twice daily. In certain embodiments, the

sustained release composition may be administered once daily. These methods can also comprise

administering the 4-aminopyridine at or to a therapeutic level (such as not going below Cminss) or

range (such as staying within a Cminss-Cmaxss range) in accordance with the present disclosure.

Methods of the disclosure also comprise achieving sustained improvement in a symptom of

MS in a patient comprising continuing administration a therapeutically effective amount of 4-



aminopyridine or a derivative thereof to said patient over an extended period of time. This sustained

improvement can be relatively growing in that there is an ongoing growth in a percentage

improvement relative to a reference or normative population, or this improvement can be relatively

varied in that there is a fluctuating percentage improvement relative to a reference or normative

population such that there is a tendency to do better than the reference group; when the improvement

is relatively varied this can include periods when the subject patient may do worse relative to a

reference or normative population.

Combination Treatments

The compositions and methods of the present disclosure may be used in the context of a

number of therapeutic or prophylactic applications. In order to increase the effectiveness of a

treatment with the compositions of the present disclosure, e.g., aminopyridines, or to augment the

protection of another therapy (second therapy), it may be desirable to combine these compositions

and methods with other agents and methods effective in the treatment, amelioration, or prevention

of diseases and pathologic conditions, for example, dysfunctions or impairments produced by

developmentally aberrant myelination of nerve cells.

Administration of a composition of the present disclosure to a subject will follow general

protocols for the administration described herein, and the general protocols for the administration of

a particular secondary therapy will also be followed, taking into account the toxicity, if any, of the

treatment. It is expected that the treatment cycles would be repeated as necessary. It also is

contemplated that various standard therapies may be applied in combination with the described

therapies.

Other Potassium Channel Blockers

Other potassium channel blockers explicitly contemplated for use in the compositions and

methods of the current disclosure include: 3,4 diaminopyridine (3,4-DAP) and/or derivatives

thereof, additional aminopyridines 2-AP, 3-AP, 4-AMP, 4-MAP, 4-A-2MP and 4-DAMP,

tetraethylammonium (TEA), bretylium, other quaternary ammonium ions, and the blocking agents

for various Kvl-Kvl2 voltage-gated K+ channels presented in FIG. 32, which have been reproduced

from Judge and Bevar (Pharmacology & Therapeutics 111 : 224-259).

3,4 diaminopyridine (3,4-DAP; Amifampridine; pyridine-3, 4-diamine)



3,4 diaminopyridine has the following structure:

Amifampridine (pyridine-3,4-diamine, 3,4-diaminopyridine, 3,4-DAP) is used as a drug,

predominantly in the treatment of a number of rare muscle diseases. The free base form of the drug

has been used to treat congenital myasthenic syndromes and Lambert-Eaton myasthenic syndrome

(LEMS) through compassionate use programs since the l990s and was recommended as a first line

treatment for LEMS in 2006, using ad hoc forms of the drug, since there was no marketed form.

Amifampridine phosphate has orphan drug status in the Ε Ε for Lambert-Eaton myasthenic

syndrome and Catalyst holds both an orphan designation and a breakthrough therapy designation in

the US.

Amifampridine is used to treat many of the congenital myasthenic syndromes, particularly

those with defects in choline acetyltransferase, downstream kinase 7, and those where any kind of

defect causes "fast channel" behaviour of the acetylcholine receptor (Argov Z . Current Opinion in

Neurology. 22: 493-7; Abicht et al. (July 14, 2016). "Congenital Myasthenic Syndromes".

GeneReviews. University of Washington, Seattle).

It is also used to treat symptoms of Lambert-Eaton myasthenic syndrome ("Firdapse

Summary of Product Characteristics" (PDF). EMA. February 11, 2010. See EMA Index page,

product tab; Keogh et al. The Cochrane Database of Systematic Reviews (2): CD003279.

doi: 10.1 002/1465 1858. CD003279.pub3. PMID 21328260).

In Lambert-Eaton myasthenic syndrome, acetylcholine release is inhibited as antibodies

involved in the host response against certain cancers cross-react with Ca2+ channels on the

prejunctional membrane. Amifampridine works by blocking potassium channel efflux in nerve

terminals so that action potential duration is increased (Kirsch and Narahashi. Biophys J . 22: 507-

12). Ca2+ channels can then be open for a longer time and allow greater acetylcholine release to

stimulate muscle at the end plate (Tarr et al. Molecular neurobiology. 52: 456-63).



Amifampridine is quickly and almost completely (93-100%) absorbed from the gut. In a

study with 9 1 healthy subjects, maximum amifampridine concentrations in blood plasma were

reached after 0.6 (±0.25) hours when taken without food, or after 1.3 (±0.9) hours after a fatty meal,

meaning that the speed of absorption varies widely. Biological half-life (2.5±0.7 hrs) and the area

under the curve (AUC = H7±77 ng-h/ml) also vary widely between subjects, but are nearly

independent of food intake ("Firdapse Summary of Product Characteristics" (PDF). EMA. February

11, 2010. See EMA Index page, product tab).

The substance is deactivated by acetylation via N-acetyltransferases to the single metabolite

3-N-acetylamifampridine. Activity of these enzymes (primarily N-acetyltransferase 2) in different

individuals seems to be primarily responsible for the mentioned differences in half-life and AETC:

the latter is increased up to 9-fold in slow metabolizers as compared to fast metabolizers ("Firdapse

Summary of Product Characteristics" (PDF). EMA. February 11, 2010. See EMA Index page,

product tab).

Amifampridine is eliminated via the kidneys and urine to 74-81% as N-acetylamifampridine

and to 19% in unchanged form ("Firdapse Summary of Product Characteristics" (PDF). EMA.

February 11, 2010. See EMA Index page, product tab).

3,4-Diaminopyridine is a pale yellow to pale brown crystalline powder that melts at about

218-220 °C (424-428 °F) under decomposition. It is readily soluble in methanol, ethanol and hot

water, but only slightly in diethyl ether ("Diaminopyridine (3,4-)" (PDF). FDA. Retrieved 28

November 2015. Index page: FDA Docket 98N-0812: Bulk Drug Substances to be ETsed in

Pharmacy Compounding; Dinnendahl, V; Fricke, U, eds. (2015). Arzneistoff-Profile (in German). 1

(28th ed.). Eschbom, Germany: Govi Pharmazeutischer Verlag. ISBN 978-3-7741-9846-3).

Solubility in water at 20 °C (68 °F) is 25 g/L.

The drug formulation amifampridine phosphate contains the phosphate salt, more

specifically 4-aminopyridine-3-ylammonium dihydrogen phosphate (Dinnendahl, V; Fricke, U, eds.

(2015). Arzneistoff-Profile (in German). 1 (28th ed.). Eschborn, Germany: Govi Pharmazeutischer

Verlag. ISBN 978-3-7741-9846-3). This salt forms prismatic, monoclinic crystals (space group

C2/c) ("Crystal Structure and Solid-State Properties of 3,4-Diaminopyridine Dihydrogen Phosphate

and Their Comparison with Other Diaminopyridine Salts". Cryst Growth Des. 13: 708-715) and is

readily soluble in water (A. Klement (9 November 2015). "Firdapse". Osterreichische



Apothekerzeitung (in German) (23/2015): lOf). The phosphate salt is stable, and does not require

refrigeration ("Evidence Review: Amifampridine phosphate for the treatment of Lambert-Easton

Myasthenic Syndrome" (PDF). NHS England. December 2015).

Amifampridine derivatives are known in the art and have been described, e.g., in US

7,994,169 and elsewhere. Certain embodiments of the instant disclosure contemplate inclusion/use

of amifampridine derivatives, which can optionally be represented by the following structure:

wherein R 1, R2, R3, R4, and R5 are each independently selected from hydrogen, halogen, amine,

hydroxyl, alkoxy, carboxyl, or Ci-C 6 alkyl.

Some embodiments of the instant disclosure contemplate amifampridine derivatives of the

following structure:

where R 1 and R2 each represent, independently of one another, electron donors, with R2 also being

able to represent H; and R3, R4, R5 and R6 are each selected independently from among H, substituted

or unsubstituted, straight-chain or branched alkyl, alkenyl, alkynyl, alkoxy and substituted or

unsubstituted aryl, with the radicals R3 and/or R4 together with the radicals R5 and/or R6 being able

to form a ring.



Additional embodiments of the instant disclosure specifically contemplate the major 3-N-

acetyl metabolite of amifampridine (3-N-acetyl-3,4-diaminopyridine):

as described, e.g., in US 2014/0255380.

As noted above, inclusion/use of pharmaceutically acceptable salts is also expressly

contemplated for amifampridine and derivatives thereof, and for all agents recited herein.

Additional Aminopyridines

Among the additional aminopyridines contemplated for use/inclusion in the compositions

and methods of the instant disclosure include 2-AP, 3-AP, 4-AMP, 4-MAP, 4-A-2MP and 4-DAMP,

which have the following structures:



« »

Derivatives and/or pharmaceutically acceptable salts of the above compounds are also contemplated

for inclusion/use in the compositions and methods of the instant disclosure.

Tetraethylammonium (TEA)

Tetraethylammonium (TEA), (NEt4+) or (Et4N+) is a quaternary ammonium cation

consisting of four ethyl groups attached to a central nitrogen atom, and is positively charged. The

structure of TEA is:

TEA is a counterion used in the research laboratory to prepare lipophilic salts of inorganic anions.

It is used similarly to tetrabutylammonium, the difference being that its salts are less lipophilic and

more easily crystallized.

Although TEA (sometimes under the name "Etamon"( J . P. Hendrix (1949. "Neostigmine as

antidote to Etamon®." JAMA 139(1 1) 733-734)) was explored in a number of different clinical



applications (G. K . Moe and W. A . Freyburger (1950). "Ganglionic blocking agents." Pharmacol.

Rev. 2 61-95), including the treatment of hypertension (Hoobler et al. Med. Clin. N . Amer. 33 805-

832), its major use seems to have been as a probe to assess the capacity for vasodilation in cases of

peripheral vascular disease (A. J . P. Graham. Br. Med. J . 2 : 321-322). Because of dangerous, even

fatal reactions in some patients (A. J . P. Graham. Br. Med. J . 2 : 321-322), as well as inconsistent

cardiovascular responses, TEA was soon replaced by other drugs (Drill's Pharmacology in Medicine,

4th Ed. (1971). J . R . DiPalma (Ed.), pp. 723-724, New York: McGraw-Hill).

TEA is not orally active (Boyd et al. Lancet 251: 15-18). Typical symptoms produced in

humans include the following: dry mouth, suppression of gastric secretion, drastic reduction of

gastric motility, paralysis of urinary bladder, and relief of some forms of pain (G. K . Moe and W.

A . Freyburger (1950). "Ganglionic blocking agents." Pharmacol. Rev. 2 61-95). Most studies with

TEA seem to have been performed using either its chloride or bromide salt without comment as to

any distinctions in effect, but it is noteworthy that Birchall and his co-workers preferred the use of

TEA chloride in order to avoid the sedative effects of the bromide ion (Birchall et al. Am. J . Med.

Sci. 213 572-578).

Bretylium

Bretylium (also bretylium tosylate) is an antiarrhythmic agent (Tiku and Nowell. British

Journal of Pharmacology. 104: 895-900) having the following structure (as bretylium tosylate):

Bretylium blocks the release of noradrenaline from nerve terminals. In effect, it decreases

output from the peripheral sympathetic nervous system. It also acts by blocking K+ channels and is

considered a class III anti arrhythmic. The dose is 5-10 mg/kg and side effects are high blood

pressure followed by low blood pressure and ventricular ectopy.



Originally introduced in 1959 for the treatment of hypertension (Harington. Proceedings of

the Royal Society of Medicine. 55: 283-6), its use as an antiarrhythmic for ventricular fibrillation

was discovered and patented by Marvin Bacaner in 1969 at the University of Minnesota (U.S. Patent

No. 3,441,649, which is incorporated herein in its entirety by this reference).

The American Heart Association removed bretylium from its 2000 ECC/ACC guidelines due

to its unproven efficacy and ongoing supply problems. These supply problems appear to be an issue

of raw materials needed in the production of Bretylium. By the release of the AHA 2005 ECC/ACC

guidelines, there is no mention of Bretylium and it is virtually unavailable throughout most of the

world (Khan. Encyclopedia of Heart Diseases. Academic Press p . 221. ISBN 978-0-12-406061-6;

Hypothermia-treatment at eMedicine).

As of June 8, 201 1 bretylium tosylate is permanently no longer available in the US after

request of Hospira Inc. to withdraw its NDA from the market. Bretylium will remain on the FDA's

discontinued drug list since its withdrawal was not the result of a safety or effectiveness concern

(see federalregister.gov/articles/20l l/l2/l9/20l l-32367/determination-that-bretylium-tosylate-

injection-50-milligramsmilliliter-was-not-withdrawn-from-sale).

Other Quaternary Ammonium Ions

It is contemplated that other agents having a quaternary ammonium ion structure can be

employed in the compounds and methods of the instant disclosure. Quaternary ammonium ion

compounds have the following, generic structure:

Other Drugsfor Treatment of Developmental Aberrant Myelination Disorders

Other drugs capable of treating neurodevelopmental myelination abnormality diseases or

disorders are also contemplated for incorporation and use in the compositions and methods of the

instant disclosure. Such drugs include, e.g., opicinumab and clemastine, among others.

Opicinumab (BIIB033), described, e.g., in WO 2009/048605 (the entire contents of which is

incorporated herein by reference), is a fully human monoclonal antibody designed for the treatment



of multiple sclerosis, acute optic neuritis (AON), and other associated demyelinating diseases

("Biogen Reports Top-Line Results from Phase 2 Study of Opicinumab (Anti-LINGO-l) in Multiple

Sclerosis | Biogen Media" media.biogen.com). A biologic drug, it is designed to function as a

LINGO-l protein antagonist, known as “Anti-Lingo-l” ("Opicinumab". drugspider.com). Phase II

clinical trials are ongoing, but preliminary results released by the drug’s developer, Biogen Idee Inc.,

indicate that primary study endpoints were not met and that opicinumab exhibits unexpected dose-

response relationships. Further studies are planned by the company, as opicinumab still was deemed

to show potential for clinical efficacy in the treatment of MS ("Biogen Reports Top-Line Results

from Phase 2 Study of Opicinumab (Anti-LINGO-l) in Multiple Sclerosis | Biogen Media".

media.biogen.com).

Opicinumab has the potential to reverse nerve demyelination. LINGO-l is described as a

“human anti-Nogo receptor interacting protein-l monoclonal antibody,” LINGO-l is considered an

emerging therapy for myelin regeneration due to the fact that it ultimately has been shown to lead to

“in vivo remyelination through induction of OPC differentiation and neuroprotection” in

experimental immune as well as non-immune models of demyelination, where at least 10 mg/kg of

the drug retained blood concentrations comparable to those previously observed in rats that showed

90% remyelination from the drug. (Tan, A . “New Multiple Sclerosis Drug May Repair Nerve

Demyelination.” Multiple Sclerosis News Today, September 1, 2014).

Clemastine, also known as meclastin, is an antihistamine and anticholinergic (GB 942152

(1963)). Unlike loratadine or fexofenadine, clemastine is a sedating antihistamine; however, it

exhibits fewer other side effects than most of the widely used antihistamines. Clemastine is also

classified as an antipruritic (i.e., it stops itching). Clemastine has the following structure:



Clemastine is an antimuscarinic compound that has previously been shown to enhance

oligodendrocyte differentiation and myelination in vitro, and that has recently been described to

enhance myelination in the prefrontal cortex and to rescue behavioral changes in socially isolated

mice (Liu et al. J . Neurosci. 36(3): 957-62). Specifically, in such studies, clemastine was orally

administered for 2 weeks to adult mice following social isolation, and such administration was

observed to successfully reverse social avoidance behavior in mice undergoing prolonged social

isolation. Such prolonged social isolation was observed to result in impaired myelination, which was

then rescued by oral clemastine treatment, which provoked enhanced oligodendrocyte progenitor

differentiation and epigenetic changes (Liu et al. J . Neurosci. 36(3): 957-62). Additional

characterization of the associations between social behavior and myelination can be found in Liu et

al. Nature Neuroscience 15: 1621-1623. Remyelinating agents have also been described as therapies

for multiple sclerosis (Bove and Green. Neurotherapeutics 14(4): 894-904). It is believed that

clemastine specifically enhances the differentiation of oligodendrocyte precursor cells into mature

oligodendrocytes.

Adult dosages of clemastine tend to be 1.34 mg orally twice a day, with dosage optionally

increased as required, but not to exceed 2.68 mg orally 3 times a day. Pediatric dosages of clemastine

include 0.335 to 0.67 mg/day orally divided into 2 or 3 doses, where maximum daily dose is 1.34

mg, for less than six year-old subjects; 0.67 to 1.34 mg orally twice a day, where maximum daily

dose is 4.02 mg, for subjects of six to twelve years of age; and the adult dosage for subjects over

twelve years of age.

Clemastine has also been indicated for use in treating allergic rhinitis, such as sneezing,

rhinorrhea, pruritus and lacrimation.

Overdosage symptoms are paradoxical, ranging from CNS depression to stimulation.

Stimulation is most common in children, and is usually followed by excitement, hallucinations,

ataxia, loss of coordination, muscle twitching, athetosis, hyperthermia, cyanosis, convulsions,

tremors, and hyperreflexia. This may be followed by postictal depression and

cardiovascular/respiratory arrest. Other common overdose symptoms include dry mouth, fixed

dilated pupils, flushing of the face, and pyrexia. In adults, overdose usually leads to CNS depression,

ranging from drowsiness to coma.



Clemastine is an antihistamine with anticholinergic and sedative effects. Antihistamines

competitively bind to histamine receptor sites, thus reducing the neurotransmitter's effects. Effects

of histamine (which are countered by antihistamines) include:

Increased capillary permeability

Increased capillary dilatation

Edema (i.e., swelling)

Pruritus (Itch)

Gastrointestinal/respiratory smooth muscle constriction

Clemastine inhibits both the vasoconstrictor and vasodilator effects of histamine. Depending

on the dose, the drug can produce paradoxical effects, including CNS stimulation or depression.

Most antihistamines exhibit some type of anticholinergic activity. Antihistamines act by

competitively binding to H l -receptor sites, thus blocking the binding endogenous histamine.

Antihistamines do not chemically inactivate or prevent the normal release of histamine.

Clemastine does also act as FIASMA (functional inhibitor of acid sphingomyelinase;

Kornhuber et al. PLoS ONE. 6 (8): e23852).

Clemastine is rapidly absorbed from the gastrointestinal tract and peak plasma

concentrations are attained in 2-4 hours. Antihistamines are thought to be metabolized in the liver,

mostly by mono-/didemethylation and glucuronide conjugation. It is an inhibitor of cytochrome

P450 CYP2D6 and may interfere with other drugs metabolized by this isozyme.

Clemastine is a selective histamine H l antagonist. It binds to the histamine H l receptor, thus

blocking the action of endogenous histamine, which leads to temporary relief of the negative

symptoms caused by histamine. Clemastine is an OTC drug, and is available under many names and

dosage forms worldwide.

Noting the potent calcium channel activation that has also been observed for 4-AP (Wu et

al. The Journal of Biological Chemistry. 284: 36453-61; Li et al. Mol. Pharmacol. 86: 760-772), use

and/or administration of calcium channel agonists (e.g., VACC agonists) within the compositions

and methods of the instant disclosure is also contemplated. In addition to 4-AP, exemplary calcium

channel activators include the following (among other art-recognized calcium channel stimulatory

agents):



Bay Κ8644 (which increases influx of Ca2+ specifically at voltage-gated calcium channels)

(S)-(-)-Bay K8644 (Ca2+ channel activator; enantiomer of Bay K 8644)

FPL 64176 (a potent Ca channel (L-type) activator)

GV-58 (A roscovitine analog that retains the ability to prolong the open state of calcium channels,

but unlike roscovitine, is inactive against Cdk activity. GV-58 is a selective agonist of N-type and

P/Q type calcium channels, which are critical to the triggering of neurotransmitter release at the

neuromuscular junction. GV-58 has been studied as a possible therapeutic agent in a mouse model



of Lambert-Eaton myasthenic syndrome (LEMS). The EC50 values for activation of N-, P/Q- and

L- type calcium channels are 6.8, 9.9 and >100 µΜ , respectively.)

ML-SA1 (A potent and selective cell permeable agonist of lysosomal mucolipin transient receptor

potential channels (TRPML) 1, 2, 3 that significantly increases [Ca2+]cyt in HEK293 cells stably- or

transiently-expressing mutant TRPML1 channels ML1-4A)

MSP-3 (A Transient Receptor Potential Vanilloid Type-l (TRPV1) channel agonist with antioxidant

and neuroprotective activity. MSP-3 activated TRPV1 channels with similar efficacy as compared

to capsaicin (EC50 = 870 nM). It protected a keratinocyte cell line from oxidative stress damage

with more efficacy than capsaicin and prevented the damage caused by H202 in differentiated

human neuroblastoma cell lines as well as in rat cortical slices.)

Ambroxol (a potent inhibitor of the neuronal Na+ channels, known to mobilize calcium)



Amiodarone (A non-selective ion channel blocker with broad fungicidal activity. Amiodarone

induces an immediate influx of Ca2+ in Saccharomyces cerevisiae, followed by mitochondrial

fragmentation and cell death.)

AC-265347 (A calcimimetic that acts as agonist to calcium-sensing receptor. It reduces serum

parathyroid hormone and plasma ionizable calcium. AC-265347 is a human calcium-sensing

receptor (CaSR) allosteric agonist. AC-265347 activates CaSR signaling in cellular proliferation and

phosphatidyl inositol (PI) hydrolysis assays.)

Stem Cell Therapies

In certain aspects of the instant disclosure, it is contemplated that stem cell-based therapies

can be used to treat or prevent neurological symptoms of neurodevelopmental myelination

abnormality diseases or disorders. General methods for stem cell-reliant and/or ex vivo therapeutic

approaches have been documented extensively in the art.

Pharmaceutical compositions

Agents of the present disclosure can be incorporated into a variety of formulations for

therapeutic use (e.g., by administration) or in the manufacture of a medicament (e.g., for treating or

preventing a neurodevelopmental myelination abnormality disease or disorder, such as WS or

autism) by combining the agents with appropriate pharmaceutically acceptable carriers or diluents,

and may be formulated into preparations in solid, semi-solid, liquid or gaseous forms. Examples of

such formulations include, without limitation, tablets, capsules, powders, granules, ointments,

solutions, suppositories, injections, inhalants, gels, microspheres, and aerosols.



Pharmaceutical compositions can include, depending on the formulation desired,

pharmaceutically-acceptable, non-toxic carriers of diluents, which are vehicles commonly used to

formulate pharmaceutical compositions for animal or human administration. The diluent is selected

so as not to affect the biological activity of the combination. Examples of such diluents include,

without limitation, distilled water, buffered water, physiological saline, PBS, Ringer's solution,

dextrose solution, and Hank's solution. A pharmaceutical composition or formulation of the present

disclosure can further include other carriers, adjuvants, or non-toxic, nontherapeutic,

nonimmunogenic stabilizers, excipients and the like. The compositions can also include additional

substances to approximate physiological conditions, such as pH adjusting and buffering agents,

toxicity adjusting agents, wetting agents and detergents.

Further examples of formulations that are suitable for various types of administration can be

found in Remington's Pharmaceutical Sciences, Mace Publishing Company, Philadelphia, PA, l7th

ed. (1985). For a brief review of methods for drug delivery, see, Langer, Science 249: 1527-1533

(1990).

For oral administration, the active ingredient can be administered in solid dosage forms, such

as capsules, tablets, and powders, or in liquid dosage forms, such as elixirs, syrups, and suspensions.

The active component(s) can be encapsulated in gelatin capsules together with inactive ingredients

and powdered carriers, such as glucose, lactose, sucrose, mannitol, starch, cellulose or cellulose

derivatives, magnesium stearate, stearic acid, sodium saccharin, talcum, magnesium carbonate.

Examples of additional inactive ingredients that may be added to provide desirable color, taste,

stability, buffering capacity, dispersion or other known desirable features are red iron oxide, silica

gel, sodium lauryl sulfate, titanium dioxide, and edible white ink.

Similar diluents can be used to make compressed tablets. Both tablets and capsules can be

manufactured as sustained release products to provide for continuous release of medication over a

period of hours. Compressed tablets can be sugar coated or film coated to mask any unpleasant taste

and protect the tablet from the atmosphere, or enteric-coated for selective disintegration in the

gastrointestinal tract. Liquid dosage forms for oral administration can contain coloring and flavoring

to increase patient acceptance.

Formulations suitable for parenteral administration include aqueous and non-aqueous,

isotonic sterile injection solutions, which can contain antioxidants, buffers, bacteriostats, and solutes



that render the formulation isotonic with the blood of the intended recipient, and aqueous and non-

aqueous sterile suspensions that can include suspending agents, solubilizers, thickening agents,

stabilizers, and preservatives.

As used herein, the term "pharmaceutically acceptable salt" refers to those salts which are,

within the scope of sound medical judgment, suitable for use in contact with the tissues of humans

and lower animals without undue toxicity, irritation, allergic response and the like, and are

commensurate with a reasonable benefit/risk ratio. Pharmaceutically acceptable salts of amines,

carboxylic acids, and other types of compounds, are well known in the art. For example, S . M . Berge,

et al. describe pharmaceutically acceptable salts in detail in J Pharmaceutical Sciences 66 (1977): 1-

19, incorporated herein by reference. The salts can be prepared in situ during the final isolation and

purification of the FDA-approved compounds of the application, or separately by reacting a free

base or free acid function with a suitable reagent, as described generally below. For example, a free

base function can be reacted with a suitable acid. Furthermore, where the FDA-approved compounds

of the application carry an acidic moiety, suitable pharmaceutically acceptable salts thereof may,

include metal salts such as alkali metal salts, e.g. sodium or potassium salts; and alkaline earth metal

salts, e.g. calcium or magnesium salts. Examples of pharmaceutically acceptable, nontoxic acid

addition salts are salts of an amino group formed with inorganic acids such as hydrochloric acid,

hydrobromic acid, phosphoric acid, sulfuric acid and perchloric acid or with organic acids such as

acetic acid, oxalic acid, maleic acid, tartaric acid, citric acid, succinic acid or malonic acid or by

using other methods used in the art such as ion exchange. Other pharmaceutically acceptable salts

include adipate, alginate, ascorbate, aspartate, benzenesulfonate, benzoate, bisulfate, borate,

butyrate, camphorate, camphorsulfonate, citrate, cyclopentanepropionate, digluconate,

dodecyl sulfate, ethanesulfonate, formate, fumarate, glucoheptonate, glycerophosphate, gluconate,

hemisulfate, heptanoate, hexanoate, hydroiodide, 2-hydroxy-ethanesulfonate, lactobionate, lactate,

laurate, lauryl sulfate, malate, maleate, malonate, methanesulfonate, 2-naphthalenesulfonate,

nicotinate, nitrate, oleate, oxalate, palmitate, pamoate, pectinate, persulfate, 3-phenylpropionate,

phosphate, picrate, pivalate, propionate, stearate, succinate, sulfate, tartrate, thiocyanate, p-

toluenesulfonate, undecanoate, valerate salts, and the like. Representative alkali or alkaline earth

metal salts include sodium, lithium, potassium, calcium, magnesium, and the like. Further

pharmaceutically acceptable salts include, when appropriate, nontoxic ammonium, quaternary



ammonium, and amine cations formed using counterions such as halide, hydroxide, carboxylate,

sulfate, phosphate, nitrate, loweralkyl sulfonate and aryl sulfonate.

Additionally, as used herein, the term "pharmaceutically acceptable ester" refers to esters

that hydrolyze in vivo and include those that break down readily in the human body to leave the

parent FDA-approved compound or a salt thereof. Suitable ester groups include, for example, those

derived from pharmaceutically acceptable aliphatic carboxylic acids, particularly alkanoic, alkenoic,

cycloalkanoic and alkanedioic acids, in which each alkyl or alkenyl moeity advantageously has not

more than 6 carbon atoms. Examples of particular esters include formates, acetates, propionates,

butyrates, acrylates and ethyl succinates.

Furthermore, the term "pharmaceutically acceptable prodrugs" as used herein refers to those

prodrugs of the FDA-approved compounds of the present application which are, within the scope of

sound medical judgment, suitable for use in contact with the issues of humans and lower animals

with undue toxicity, irritation, allergic response, and the like, commensurate with a reasonable

benefit/risk ratio, and effective for their intended use, as well as the zwitterionic forms, where

possible, of the compounds of the application. The term "prodrug" refers to compounds that are

rapidly transformed in vivo to yield the parent compound of an agent of the instant disclosure, for

example by hydrolysis in blood. A thorough discussion is provided in T. Higuchi and V. Stella, Pro

drugs as Novel Delivery Systems, Vol. 14 of the A.C.S. Symposium Series, and in Edward B . Roche,

ed., Bioreversible Carriers in Drug Design, American Pharmaceutical Association and Pergamon

Press, (1987), both of which are incorporated herein by reference.

The components used to formulate the pharmaceutical compositions are preferably of high

purity and are substantially free of potentially harmful contaminants (e.g., at least National Food

(NF) grade, generally at least analytical grade, and more typically at least pharmaceutical grade).

Moreover, compositions intended for in vivo use are usually sterile. To the extent that a given

compound must be synthesized prior to use, the resulting product is typically substantially free of

any potentially toxic agents, particularly any endotoxins, which may be present during the synthesis

or purification process. Compositions for parental administration are also sterile, substantially

isotonic and made under GMP conditions.

Formulations may be optimized for retention and stabilization in the brain or central nervous

system. When the agent is administered into the cranial compartment, it is desirable for the agent to



be retained in the compartment, and not to diffuse or otherwise cross the blood brain barrier.

Stabilization techniques include cross-linking, multimerizing, or linking to groups such as

polyethylene glycol, polyacrylamide, neutral protein carriers, etc. in order to achieve an increase in

molecular weight.

Other strategies for increasing retention include the entrapment of the agent, such as a

potassium channel blocker, in a biodegradable or bioerodible implant. The rate of release of the

therapeutically active agent is controlled by the rate of transport through the polymeric matrix, and

the biodegradation of the implant. The transport of drug through the polymer barrier will also be

affected by compound solubility, polymer hydrophilicity, extent of polymer cross-linking,

expansion of the polymer upon water absorption so as to make the polymer barrier more permeable

to the drug, geometry of the implant, and the like. The implants are of dimensions commensurate

with the size and shape of the region selected as the site of implantation. Implants may be particles,

sheets, patches, plaques, fibers, microcapsules and the like and may be of any size or shape

compatible with the selected site of insertion.

The implants may be monolithic, i.e. having the active agent homogenously distributed

through the polymeric matrix, or encapsulated, where a reservoir of active agent is encapsulated by

the polymeric matrix. The selection of the polymeric composition to be employed will vary with the

site of administration, the desired period of treatment, patient tolerance, the nature of the disease to

be treated and the like. Characteristics of the polymers will include biodegradability at the site of

implantation, compatibility with the agent of interest, ease of encapsulation, a half-life in the

physiological environment.

Biodegradable polymeric compositions which may be employed may be organic esters or

ethers, which when degraded result in physiologically acceptable degradation products, including

the monomers. Anhydrides, amides, orthoesters or the like, by themselves or in combination with

other monomers, may find use. The polymers will be condensation polymers. The polymers may be

cross-linked or non-cross-linked. Of particular interest are polymers of hydroxyaliphatic carboxylic

acids, either homo- or copolymers, and polysaccharides. Included among the polyesters of interest

are polymers of D-lactic acid, L-lactic acid, racemic lactic acid, glycolic acid, polycaprolactone, and

combinations thereof. By employing the L-lactate or D- lactate, a slowly biodegrading polymer is

achieved, while degradation is substantially enhanced with the racemate. Copolymers of glycolic



and lactic acid are of particular interest, where the rate of biodegradation is controlled by the ratio

of glycolic to lactic acid. The most rapidly degraded copolymer has roughly equal amounts of

glycolic and lactic acid, where either homopolymer is more resistant to degradation. The ratio of

glycolic acid to lactic acid will also affect the brittleness of in the implant, where a more flexible

implant is desirable for larger geometries. Among the polysaccharides of interest are calcium

alginate, and functionalized celluloses, particularly carboxymethylcellulose esters characterized by

being water insoluble, a molecular weight of about 5 kD to 500 kD, etc. Biodegradable hydrogels

may also be employed in the implants of the individual instant disclosure. Hydrogels are typically a

copolymer material, characterized by the ability to imbibe a liquid. Exemplary biodegradable

hydrogels which may be employed are described in Heller in: Hydrogels in Medicine and Pharmacy,

N . A . Peppes ed., Vol. ΠΙ, CRC Press, Boca Raton, Fla., 1987, pp 137-149.

Pharmaceutical dosages

Pharmaceutical compositions of the present disclosure containing an agent of the present

disclosure may be used (e.g., administered to an individual, such as a human individual, in need of

treatment with a presynaptic potassium channel blocker or other agent of the disclosure) in accord

with known methods, such as intravenous administration as a bolus or by continuous infusion over

a period of time, by intramuscular, intraperitoneal, intracerobrospinal, intracranial, intraspinal,

subcutaneous, intraarticular, intrasynovial, intrathecal, oral, topical, or inhalation routes.

Dosages and desired drug concentration of pharmaceutical compositions of the present

disclosure may vary depending on the particular use envisioned. The determination of the

appropriate dosage or route of administration is well within the skill of an ordinary artisan. Animal

experiments provide reliable guidance for the determination of effective doses for human therapy.

Interspecies scaling of effective doses can be performed following the principles described in

Mordenti, J . and Chappell, W. "The Use of Interspecies Scaling in Toxicokinetics," In

Toxicokinetics and New Drug Development, Yacobi et a , Eds, Pergamon Press, New York 1989,

pp.42-46.

For in vivo administration of any of the agents of the present disclosure, normal dosage

amounts may vary from about 10 ng/kg up to about 100 mg/kg of an individual's and/or subject's

body weight or more per day, depending upon the route of administration. In some embodiments,

the dose amount is about 1 mg/kg/day to 10 mg/kg/day. For repeated administrations over several



days or longer, depending on the severity of the disease, disorder, or condition to be treated, the

treatment is sustained until a desired suppression of symptoms is achieved.

An effective amount of an agent of the instant disclosure may vary, e.g., from about 0.001

mg/kg to about 1000 mg/kg or more in one or more dose administrations for one or several days

(depending on the mode of administration). In certain embodiments, the effective amount per dose

varies from about 0.001 mg/kg to about 1000 mg/kg, from about 0.01 mg/kg to about 750 mg/kg,

from about 0.1 mg/kg to about 500 mg/kg, from about 1.0 mg/kg to about 250 mg/kg, and from

about 10.0 mg/kg to about 150 mg/kg.

An exemplary dosing regimen may include administering an initial dose of an agent of the

disclosure of about 200 pg/kg, followed by a weekly maintenance dose of about 100 pg/kg every

other week. Other dosage regimens may be useful, depending on the pattern of pharmacokinetic

decay that the physician wishes to achieve. For example, dosing an individual from one to twenty-

one times a week is contemplated herein. In certain embodiments, dosing ranging from about 3 pg/kg

to about 2 mg/kg (such as about 3 pg/kg, about 10 pg/kg, about 30 pg/kg, about 100 pg/kg, about

300 pg/kg, about 1 mg/kg, or about 2 mg/kg) may be used. In certain embodiments, dosing frequency

is three times per day, twice per day, once per day, once every other day, once weekly, once every

two weeks, once every four weeks, once every five weeks, once every six weeks, once every seven

weeks, once every eight weeks, once every nine weeks, once every ten weeks, or once monthly, once

every two months, once every three months, or longer. Progress of the therapy is easily monitored

by conventional techniques and assays. The dosing regimen, including the agent(s) administered,

can vary over time independently of the dose used.

Pharmaceutical compositions described herein can be prepared by any method known in the

art of pharmacology. In general, such preparatory methods include the steps of bringing the agent or

compound described herein (i.e., the “active ingredient”) into association with a carrier or excipient,

and/or one or more other accessory ingredients, and then, if necessary and/or desirable, shaping,

and/or packaging the product into a desired single- or multi-dose unit.

Pharmaceutical compositions can be prepared, packaged, and/or sold in bulk, as a single unit

dose, and/or as a plurality of single unit doses. A “unit dose” is a discrete amount of the

pharmaceutical composition comprising a predetermined amount of the active ingredient. The

amount of the active ingredient is generally equal to the dosage of the active ingredient which would



be administered to a subject and/or a convenient fraction of such a dosage such as, for example, one-

half or one-third of such a dosage.

Relative amounts of the active ingredient, the pharmaceutically acceptable excipient, and/or

any additional ingredients in a pharmaceutical composition described herein will vary, depending

upon the identity, size, and/or condition of the subject treated and further depending upon the route

by which the composition is to be administered. The composition may comprise between 0 .1% and

100% (w/w) active ingredient.

Pharmaceutically acceptable excipients used in the manufacture of provided pharmaceutical

compositions include inert diluents, dispersing and/or granulating agents, surface active agents

and/or emulsifiers, disintegrating agents, binding agents, preservatives, buffering agents, lubricating

agents, and/or oils. Excipients such as cocoa butter and suppository waxes, coloring agents, coating

agents, sweetening, flavoring, and perfuming agents may also be present in the composition.

Exemplary diluents include calcium carbonate, sodium carbonate, calcium phosphate,

dicalcium phosphate, calcium sulfate, calcium hydrogen phosphate, sodium phosphate lactose,

sucrose, cellulose, microcrystalline cellulose, kaolin, mannitol, sorbitol, inositol, sodium chloride,

dry starch, cornstarch, powdered sugar, and mixtures thereof.

Exemplary granulating and/or dispersing agents include potato starch, corn starch, tapioca

starch, sodium starch glycolate, clays, alginic acid, guar gum, citrus pulp, agar, bentonite, cellulose,

and wood products, natural sponge, cation-exchange resins, calcium carbonate, silicates, sodium

carbonate, cross-linked poly(vinyl-pyrrolidone) (crospovidone), sodium carboxymethyl starch

(sodium starch glycolate), carboxymethyl cellulose, cross-linked sodium carboxymethyl cellulose

(croscarmellose), methylcellulose, pregelatinized starch (starch 1500), microcrystalline starch, water

insoluble starch, calcium carboxymethyl cellulose, magnesium aluminum silicate (Veegum), sodium

lauryl sulfate, quaternary ammonium compounds, and mixtures thereof.

Exemplary surface active agents and/or emulsifiers include natural emulsifiers (e.g., acacia,

agar, alginic acid, sodium alginate, tragacanth, chondrux, cholesterol, xanthan, pectin, gelatin, egg

yolk, casein, wool fat, cholesterol, wax, and lecithin), colloidal clays (e.g., bentonite (aluminum

silicate) and Veegum (magnesium aluminum silicate)), long chain amino acid derivatives, high

molecular weight alcohols (e.g., stearyl alcohol, cetyl alcohol, oleyl alcohol, triacetin monostearate,

ethylene glycol distearate, glyceryl monostearate, and propylene glycol monostearate, polyvinyl



alcohol), carbomers (e.g., carboxy polymethylene, polyacrylic acid, acrylic acid polymer, and

carboxyvinyl polymer), carrageenan, cellulosic derivatives (e.g., carboxymethylcellulose sodium,

powdered cellulose, hydroxymethyl cellulose, hydroxypropyl cellulose, hydroxypropyl

methylcellulose, methylcellulose), sorbitan fatty acid esters (e.g., polyoxyethylene sorbitan

monolaurate (Tween® 20), polyoxyethylene sorbitan (Tween® 60), polyoxyethylene sorbitan

monooleate (Tween® 80), sorbitan monopalmitate (Span® 40), sorbitan monostearate (Span® 60),

sorbitan tristearate (Span® 65), glyceryl monooleate, sorbitan monooleate (Span® 80),

polyoxyethylene esters (e.g., polyoxyethylene monostearate (Myrj® 45), polyoxyethylene

hydrogenated castor oil, polyethoxylated castor oil, polyoxymethylene stearate, and Solutol®),

sucrose fatty acid esters, polyethylene glycol fatty acid esters (e.g., Cremophor®), polyoxyethylene

ethers, (e.g., polyoxyethylene lauryl ether (Brij® 30)), poly(vinyl-pyrrolidone), diethylene glycol

monolaurate, triethanolamine oleate, sodium oleate, potassium oleate, ethyl oleate, oleic acid, ethyl

laurate, sodium lauryl sulfate, Pluronic® F-68, Poloxamer P-188, cetrimonium bromide,

cetylpyridinium chloride, benzalkonium chloride, docusate sodium, and/or mixtures thereof.

Exemplary binding agents include starch (e.g., cornstarch and starch paste), gelatin, sugars

(e.g., sucrose, glucose, dextrose, dextrin, molasses, lactose, lactitol, mannitol, etc.), natural and

synthetic gums (e.g., acacia, sodium alginate, extract of Irish moss, panwar gum, ghatti gum,

mucilage of isapol husks, carboxymethylcellulose, methylcellulose, ethylcellulose,

hydroxyethylcellulose, hydroxypropyl cellulose, hydroxypropyl methylcellulose, microcrystalline

cellulose, cellulose acetate, poly(vinyl-pyrrolidone), magnesium aluminum silicate (Veegum®), and

larch arabogalactan), alginates, polyethylene oxide, polyethylene glycol, inorganic calcium salts,

silicic acid, polymethacrylates, waxes, water, alcohol, and/or mixtures thereof.

Exemplary preservatives include antioxidants, chelating agents, antimicrobial preservatives,

antifungal preservatives, antiprotozoan preservatives, alcohol preservatives, acidic preservatives,

and other preservatives. In certain embodiments, the preservative is an antioxidant. In other

embodiments, the preservative is a chelating agent.

Exemplary antioxidants include alpha tocopherol, ascorbic acid, acorbyl palmitate, butylated

hydroxyanisole, butylated hydroxytoluene, monothioglycerol, potassium metabi sulfite, propionic

acid, propyl gallate, sodium ascorbate, sodium bisulfite, sodium metabi sulfite, and sodium sulfite.

Exemplary chelating agents include ethylenediaminetetraacetic acid (EDTA) and salts and



hydrates thereof (e.g., sodium edetate, disodium edetate, trisodium edetate, calcium disodium

edetate, dipotassium edetate, and the like), citric acid and salts and hydrates thereof (e.g., citric acid

monohydrate), fumaric acid and salts and hydrates thereof, malic acid and salts and hydrates thereof,

phosphoric acid and salts and hydrates thereof, and tartaric acid and salts and hydrates thereof.

Exemplary antimicrobial preservatives include benzalkonium chloride, benzethonium chloride,

benzyl alcohol, bronopol, cetrimide, cetylpyridinium chloride, chlorhexidine, chlorobutanol,

chlorocresol, chloroxylenol, cresol, ethyl alcohol, glycerin, hexetidine, imidurea, phenol,

phenoxyethanol, phenylethyl alcohol, phenylmercuric nitrate, propylene glycol, and thimerosal.

Exemplary antifungal preservatives include butyl paraben, methyl paraben, ethyl paraben,

propyl paraben, benzoic acid, hydroxybenzoic acid, potassium benzoate, potassium sorbate, sodium

benzoate, sodium propionate, and sorbic acid.

Exemplary alcohol preservatives include ethanol, polyethylene glycol, phenol, phenolic

compounds, bisphenol, chlorobutanol, hydroxybenzoate, and phenylethyl alcohol.

Exemplary acidic preservatives include vitamin A, vitamin C, vitamin E, beta-carotene, citric

acid, acetic acid, dehydroacetic acid, ascorbic acid, sorbic acid, and phytic acid.

Other preservatives include tocopherol, tocopherol acetate, deteroxime mesylate, cetrimide,

butylated hydroxyanisol (BHA), butylated hydroxytoluened (BHT), ethylenediamine, sodium lauryl

sulfate (SLS), sodium lauryl ether sulfate (SLES), sodium bisulfite, sodium metabisulfite, potassium

sulfite, potassium metabisulfite, Glydant® Plus, Phenonip®, methylparaben, Germall® 115,

Germaben® II, Neolone®, Kathon®, and Euxyl®.

Exemplary buffering agents include citrate buffer solutions, acetate buffer solutions,

phosphate buffer solutions, ammonium chloride, calcium carbonate, calcium chloride, calcium

citrate, calcium glubionate, calcium gluceptate, calcium gluconate, D-gluconic acid, calcium

glycerophosphate, calcium lactate, propanoic acid, calcium levulinate, pentanoic acid, dibasic

calcium phosphate, phosphoric acid, tribasic calcium phosphate, calcium hydroxide phosphate,

potassium acetate, potassium chloride, potassium gluconate, potassium mixtures, dibasic potassium

phosphate, monobasic potassium phosphate, potassium phosphate mixtures, sodium acetate, sodium

bicarbonate, sodium chloride, sodium citrate, sodium lactate, dibasic sodium phosphate, monobasic

sodium phosphate, sodium phosphate mixtures, tromethamine, magnesium hydroxide, aluminum

hydroxide, alginic acid, pyrogen-free water, isotonic saline, Ringer's solution, ethyl alcohol, and



mixtures thereof.

Exemplary lubricating agents include magnesium stearate, calcium stearate, stearic acid,

silica, talc, malt, glyceryl behanate, hydrogenated vegetable oils, polyethylene glycol, sodium

benzoate, sodium acetate, sodium chloride, leucine, magnesium lauryl sulfate, sodium lauryl sulfate,

and mixtures thereof.

Exemplary natural oils include almond, apricot kernel, avocado, babassu, bergamot, black

current seed, borage, cade, camomile, canola, caraway, camauba, castor, cinnamon, cocoa butter,

coconut, cod liver, coffee, com, cotton seed, emu, eucalyptus, evening primrose, fish, flaxseed,

geraniol, gourd, grape seed, hazel nut, hyssop, isopropyl myristate, jojoba, kukui nut, lavandin,

lavender, lemon, litsea cubeba, macademia nut, mallow, mango seed, meadowfoam seed, mink,

nutmeg, olive, orange, orange roughy, palm, palm kernel, peach kernel, peanut, poppy seed,

pumpkin seed, rapeseed, rice bran, rosemary, safflower, sandalwood, sasquana, savoury, sea

buckthorn, sesame, shea butter, silicone, soybean, sunflower, tea tree, thistle, tsubaki, vetiver,

walnut, and wheat germ oils. Exemplary synthetic oils include, but are not limited to, butyl stearate,

caprylic triglyceride, capric triglyceride, cyclomethicone, diethyl sebacate, dimethicone 360,

isopropyl myristate, mineral oil, octyldodecanol, oleyl alcohol, silicone oil, and mixtures thereof.

Liquid dosage forms for oral and parenteral administration include pharmaceutically

acceptable emulsions, microemulsions, solutions, suspensions, syrups and elixirs. In addition to the

active ingredients, the liquid dosage forms may comprise inert diluents commonly used in the art

such as, for example, water or other solvents, solubilizing agents and emulsifiers such as ethyl

alcohol, isopropyl alcohol, ethyl carbonate, ethyl acetate, benzyl alcohol, benzyl benzoate, propylene

glycol, 1,3-butylene glycol, dimethylformamide, oils (e.g., cottonseed, groundnut, com, germ, olive,

castor, and sesame oils), glycerol, tetrahydrofurfuryl alcohol, polyethylene glycols and fatty acid

esters of sorbitan, and mixtures thereof. Besides inert diluents, the oral compositions can include

adjuvants such as wetting agents, emulsifying and suspending agents, sweetening, flavoring, and

perfuming agents. In certain embodiments for parenteral administration, the conjugates described

herein are mixed with solubilizing agents such as Cremophor®, alcohols, oils, modified oils, glycols,

polysorbates, cyclodextrins, polymers, and mixtures thereof.

Injectable preparations, for example, sterile injectable aqueous or oleaginous suspensions

can be formulated according to the known art using suitable dispersing or wetting agents and



suspending agents. The sterile injectable preparation can be a sterile injectable solution, suspension,

or emulsion in a nontoxic parenterally acceptable diluent or solvent, for example, as a solution in

l,3-butanediol. Among the acceptable vehicles and solvents that can be employed are water, Ringer's

solution, U.S.P., and isotonic sodium chloride solution. In addition, sterile, fixed oils are

conventionally employed as a solvent or suspending medium. For this purpose any bland fixed oil

can be employed including synthetic mono- or di-glycerides. In addition, fatty acids such as oleic

acid are used in the preparation of injectables.

The injectable formulations can be sterilized, for example, by filtration through a bacterial-

retaining filter, or by incorporating sterilizing agents in the form of sterile solid compositions which

can be dissolved or dispersed in sterile water or other sterile injectable medium prior to use.

In order to prolong the effect of a drug, it is often desirable to slow the absorption of the drug

from subcutaneous or intramuscular injection. This can be accomplished by the use of a liquid

suspension of crystalline or amorphous material with poor water solubility. The rate of absorption

of the drug then depends upon its rate of dissolution, which, in turn, may depend upon crystal size

and crystalline form. Alternatively, delayed absorption of a parenterally administered drug form may

be accomplished by dissolving or suspending the drug in an oil vehicle.

Compositions for rectal or vaginal administration are typically suppositories which can be

prepared by mixing the conjugates described herein with suitable non-irritating excipients or carriers

such as cocoa butter, polyethylene glycol, or a suppository wax which are solid at ambient

temperature but liquid at body temperature and therefore melt in the rectum or vaginal cavity and

release the active ingredient.

Solid dosage forms for oral administration include capsules, tablets, pills, powders, and

granules. In such solid dosage forms, the active ingredient is mixed with at least one inert,

pharmaceutically acceptable excipient or carrier such as sodium citrate or dicalcium phosphate

and/or (a) fillers or extenders such as starches, lactose, sucrose, glucose, mannitol, and silicic acid,

(b) binders such as, for example, carboxymethylcellulose, alginates, gelatin, polyvinylpyrrolidinone,

sucrose, and acacia, (c) humectants such as glycerol, (d) disintegrating agents such as agar, calcium

carbonate, potato or tapioca starch, alginic acid, certain silicates, and sodium carbonate, (e) solution

retarding agents such as paraffin, (f) absorption accelerators such as quaternary ammonium

compounds, (g) wetting agents such as, for example, cetyl alcohol and glycerol monostearate, (h)



absorbents such as kaolin and bentonite clay, and (i) lubricants such as talc, calcium stearate,

magnesium stearate, solid polyethylene glycols, sodium lauryl sulfate, and mixtures thereof. In the

case of capsules, tablets, and pills, the dosage form may include a buffering agent.

Solid compositions of a similar type can be employed as fillers in soft and hard-filled gelatin

capsules using such excipients as lactose or milk sugar as well as high molecular weight

polyethylene glycols and the like. The solid dosage forms of tablets, dragees, capsules, pills, and

granules can be prepared with coatings and shells such as enteric coatings and other coatings well

known in the art of pharmacology. They may optionally comprise opacifying agents and can be of

a composition that they release the active ingredient(s) only, or preferentially, in a certain part of the

intestinal tract, optionally, in a delayed manner. Examples of encapsulating compositions which can

be used include polymeric substances and waxes. Solid compositions of a similar type can be

employed as fillers in soft and hard-filled gelatin capsules using such excipients as lactose or milk

sugar as well as high molecular weight polethylene glycols and the like.

The active ingredient can be in a micro-encapsulated form with one or more excipients as

noted above. The solid dosage forms of tablets, dragees, capsules, pills, and granules can be prepared

with coatings and shells such as enteric coatings, release controlling coatings, and other coatings

well known in the pharmaceutical formulating art. In such solid dosage forms the active ingredient

can be admixed with at least one inert diluent such as sucrose, lactose, or starch. Such dosage forms

may comprise, as is normal practice, additional substances other than inert diluents, e.g., tableting

lubricants and other tableting aids such a magnesium stearate and microcrystalline cellulose. In the

case of capsules, tablets and pills, the dosage forms may comprise buffering agents. They may

optionally comprise opacifying agents and can be of a composition that they release the active

ingredient(s) only, or preferentially, in a certain part of the intestinal tract, optionally, in a delayed

manner. Examples of encapsulating agents which can be used include polymeric substances and

waxes.

Dosage forms for topical and/or transdermal administration of an agent (e.g., a potassium

channel blocker or other agent of the instant disclosure) described herein may include ointments,

pastes, creams, lotions, gels, powders, solutions, sprays, inhalants, and/or patches. Generally, the

active ingredient is admixed under sterile conditions with a pharmaceutically acceptable carrier or

excipient and/or any needed preservatives and/or buffers as can be required. Additionally, the



present disclosure contemplates the use of transdermal patches, which often have the added

advantage of providing controlled delivery of an active ingredient to the body. Such dosage forms

can be prepared, for example, by dissolving and/or dispensing the active ingredient in the proper

medium. Alternatively or additionally, the rate can be controlled by either providing a rate

controlling membrane and/or by dispersing the active ingredient in a polymer matrix and/or gel.

Suitable devices for use in delivering intradermal pharmaceutical compositions described

herein include short needle devices. Intradermal compositions can be administered by devices which

limit the effective penetration length of a needle into the skin. Alternatively or additionally,

conventional syringes can be used in the classical mantoux method of intradermal administration.

Jet injection devices which deliver liquid formulations to the dermis via a liquid jet injector and/or

via a needle which pierces the stratum corneum and produces a jet which reaches the dermis are

suitable. Ballistic powder/particle delivery devices which use compressed gas to accelerate the

compound in powder form through the outer layers of the skin to the dermis are suitable.

Formulations suitable for topical administration include, but are not limited to, liquid and/or

semi-liquid preparations such as liniments, lotions, oil-in-water and/or water-in-oil emulsions such

as creams, ointments, and/or pastes, and/or solutions and/or suspensions. Topically administrable

formulations may, for example, comprise from about 1% to about 10% (w/w) active ingredient,

although the concentration of the active ingredient can be as high as the solubility limit of the active

ingredient in the solvent. Formulations for topical administration may further comprise one or more

of the additional ingredients described herein.

A pharmaceutical composition described herein can be prepared, packaged, and/or sold in a

formulation suitable for pulmonary administration via the buccal cavity. Such a formulation may

comprise dry particles which comprise the active ingredient and which have a diameter in the range

from about 0.5 to about 7 nanometers, or from about 1 to about 6 nanometers. Such compositions

are conveniently in the form of dry powders for administration using a device comprising a dry

powder reservoir to which a stream of propellant can be directed to disperse the powder and/or using

a self-propelling solvent/powder dispensing container such as a device comprising the active

ingredient dissolved and/or suspended in a low-boiling propellant in a sealed container. Such

powders comprise particles wherein at least 98% of the particles by weight have a diameter greater

than 0.5 nanometers and at least 95% of the particles by number have a diameter less than 7



nanometers. Alternatively, at least 95% of the particles by weight have a diameter greater than 1

nanometer and at least 90% of the particles by number have a diameter less than 6 nanometers. Dry

powder compositions may include a solid fine powder diluent such as sugar and are conveniently

provided in a unit dose form.

Low boiling propellants generally include liquid propellants having a boiling point of below

65° F. at atmospheric pressure. Generally the propellant may constitute 50 to 99.9% (w/w) of the

composition, and the active ingredient may constitute 0.1 to 20% (w/w) of the composition. The

propellant may further comprise additional ingredients such as a liquid non-ionic and/or solid

anionic surfactant and/or a solid diluent (which may have a particle size of the same order as particles

comprising the active ingredient).

Pharmaceutical compositions described herein formulated for pulmonary delivery may

provide the active ingredient in the form of droplets of a solution and/or suspension. Such

formulations can be prepared, packaged, and/or sold as aqueous and/or dilute alcoholic solutions

and/or suspensions, optionally sterile, comprising the active ingredient, and may conveniently be

administered using any nebulization and/or atomization device. Such formulations may further

comprise one or more additional ingredients including, but not limited to, a flavoring agent such as

saccharin sodium, a volatile oil, a buffering agent, a surface active agent, and/or a preservative such

as methylhydroxybenzoate. The droplets provided by this route of administration may have an

average diameter in the range from about 0.1 to about 200 nanometers.

Formulations described herein as being useful for pulmonary delivery are useful for

intranasal delivery of a pharmaceutical composition described herein. Another formulation suitable

for intranasal administration is a coarse powder comprising the active ingredient and having an

average particle from about 0.2 to 500 micrometers. Such a formulation is administered by rapid

inhalation through the nasal passage from a container of the powder held close to the nares.

Formulations for nasal administration may, for example, comprise from about as little as

0.1% (w/w) to as much as 100% (w/w) of the active ingredient, and may comprise one or more of

the additional ingredients described herein. A pharmaceutical composition described herein can be

prepared, packaged, and/or sold in a formulation for buccal administration. Such formulations may,

for example, be in the form of tablets and/or lozenges made using conventional methods, and may

contain, for example, 0.1 to 20% (w/w) active ingredient, the balance comprising an orally



dissolvable and/or degradable composition and, optionally, one or more of the additional ingredients

described herein. Alternately, formulations for buccal administration may comprise a powder and/or

an aerosolized and/or atomized solution and/or suspension comprising the active ingredient. Such

powdered, aerosolized, and/or aerosolized formulations, when dispersed, may have an average

particle and/or droplet size in the range from about 0.1 to about 200 nanometers, and may further

comprise one or more of the additional ingredients described herein.

A pharmaceutical composition described herein can be prepared, packaged, and/or sold in a

formulation for ophthalmic administration. Such formulations may, for example, be in the form of

eye drops including, for example, a 0 .1-1.0% (w/w) solution and/or suspension of the active

ingredient in an aqueous or oily liquid carrier or excipient. Such drops may further comprise

buffering agents, salts, and/or one or more other of the additional ingredients described herein. Other

opthalmically-administrable formulations which are useful include those which comprise the active

ingredient in microcrystalline form and/or in a liposomal preparation. Ear drops and/or eye drops

are also contemplated as being within the scope of this disclosure.

Although the descriptions of pharmaceutical compositions provided herein are principally

directed to pharmaceutical compositions which are suitable for administration to humans, it will be

understood by the skilled artisan that such compositions are generally suitable for administration to

animals of all sorts. Modification of pharmaceutical compositions suitable for administration to

humans in order to render the compositions suitable for administration to various animals is well

understood, and the ordinarily skilled veterinary pharmacologist can design and/or perform such

modification with ordinary experimentation.

FDA-approved drugs provided herein are typically formulated in dosage unit form for ease

of administration and uniformity of dosage. It will be understood, however, that the total daily usage

of the agents described herein will be decided by a physician within the scope of sound medical

judgment. The specific therapeutically effective dose level for any particular subject or organism

will depend upon a variety of factors including the disease being treated and the severity of the

disorder; the activity of the specific active ingredient employed; the specific composition employed;

the age, body weight, general health, sex, and diet of the subject; the time of administration, route

of administration, and rate of excretion of the specific active ingredient employed; the duration of

the treatment; drugs used in combination or coincidental with the specific active ingredient



employed; and like factors well known in the medical arts.

The agents and compositions provided herein can be administered by any route, including

enteral (e.g., oral), parenteral, intravenous, intramuscular, intra-arterial, intramedullary, intrathecal,

subcutaneous, intraventricular, transdermal, interdermal, rectal, intravaginal, intraperitoneal, topical

(as by powders, ointments, creams, and/or drops), mucosal, nasal, bucal, sublingual; by intratracheal

instillation, bronchial instillation, and/or inhalation; and/or as an oral spray, nasal spray, and/or

aerosol. Specifically contemplated routes are oral administration, intravenous administration (e.g.,

systemic intravenous injection), regional administration via blood and/or lymph supply, and/or

direct administration to an affected site. In general, the most appropriate route of administration will

depend upon a variety of factors including the nature of the agent (e.g., its stability in the

environment of the gastrointestinal tract), and/or the condition of the subject (e.g., whether the

subject is able to tolerate oral administration). In certain embodiments, the agent or pharmaceutical

composition described herein is suitable for topical administration to the eye of a subject.

The exact amount of an agent required to achieve an effective amount will vary from subject

to subject, depending, for example, on species, age, and general condition of a subject, severity of

the side effects or disorder, identity of the particular agent, mode of administration, and the like. An

effective amount may be included in a single dose (e.g., single oral dose) or multiple doses (e.g.,

multiple oral doses). In certain embodiments, when multiple doses are administered to a subject or

applied to a tissue or cell, any two doses of the multiple doses include different or substantially the

same amounts of an agent (e.g., a potassium channel blocker or other agent of the instant disclosure)

described herein.

As noted elsewhere herein, a drug or, e.g., a stem cell agent of the instant disclosure may be

administered via a number of routes of administration, including but not limited to: subcutaneous,

intravenous, intrathecal, intramuscular, intranasal, oral, transepidermal, parenteral, by inhalation,

or intracerebroventricular.

The term "injection" or "injectable" as used herein refers to a bolus injection (administration

of a discrete amount of an agent for raising its concentration in a bodily fluid), slow bolus injection

over several minutes, or prolonged infusion, or several consecutive injections/infusions that are

given at spaced apart intervals.



In some embodiments of the present disclosure, a formulation as herein defined is

administered to the subject by bolus administration.

The FDA-approved drug or other therapy is administered to the subject in an amount

sufficient to achieve a desired effect at a desired site (e.g., reduction of disease or disorder-

associated neurological effects, reduction of tremors, normalization of social interactions, etc.)

determined by a skilled clinician to be effective. In some embodiments of the disclosure, the agent

is administered at least once a year. In other embodiments of the disclosure, the agent is

administered at least once a day. In other embodiments of the disclosure, the agent is administered

at least once a week. In some embodiments of the disclosure, the agent is administered at least once

a month.

Additional exemplary doses for administration of an agent of the disclosure to a subject

include, but are not limited to, the following: 1-20 mg/kg/day, 2-15 mg/kg/day, 5-12 mg/kg/day, 10

mg/kg/day, 1-500 mg/kg/day, 2-250 mg/kg/day, 5-150 mg/kg/day, 20-125 mg/kg/day, 50-120

mg/kg/day, 100 mg/kg/day, at least 10 pg/kg/day, at least 100 pg/kg/day, at least 250 pg/kg/day, at

least 500 pg/kg/day, at least 1 mg/kg/day, at least 2 mg/kg/day, at least 5 mg/kg/day, at least 10

mg/kg/day, at least 20 mg/kg/day, at least 50 mg/kg/day, at least 75 mg/kg/day, at least 100

mg/kg/day, at least 200 mg/kg/day, at least 500 mg/kg/day, at least 1 g/kg/day, and a therapeutically

effective dose that is less than 500 mg/kg/day, less than 200 mg/kg/day, less than 100 mg/kg/day,

less than 50 mg/kg/day, less than 20 mg/kg/day, less than 10 mg/kg/day, less than 5 mg/kg/day, less

than 2 mg/kg/day, less than 1 mg/kg/day, less than 500 pg/kg/day, and less than 500 pg/kg/day.

In certain embodiments, when multiple doses are administered to a subject or applied to a

tissue or cell, the frequency of administering the multiple doses to the subject or applying the

multiple doses to the tissue or cell is three doses a day, two doses a day, one dose a day, one dose

every other day, one dose every third day, one dose every week, one dose every two weeks, one dose

every three weeks, or one dose every four weeks. In certain embodiments, the frequency of

administering the multiple doses to the subject or applying the multiple doses to the tissue or cell is

one dose per day. In certain embodiments, the frequency of administering the multiple doses to the

subject or applying the multiple doses to the tissue or cell is two doses per day. In certain

embodiments, the frequency of administering the multiple doses to the subject or applying the

multiple doses to the tissue or cell is three doses per day. In certain embodiments, when multiple



doses are administered to a subject or applied to a tissue or cell, the duration between the first dose

and last dose of the multiple doses is one day, two days, four days, one week, two weeks, three

weeks, one month, two months, three months, four months, six months, nine months, one year, two

years, three years, four years, five years, seven years, ten years, fifteen years, twenty years, or the

lifetime of the subject, tissue, or cell. In certain embodiments, the duration between the first dose

and last dose of the multiple doses is three months, six months, or one year. In certain embodiments,

the duration between the first dose and last dose of the multiple doses is the lifetime of the subject,

tissue, or cell. In certain embodiments, a dose (e.g., a single dose, or any dose of multiple doses)

described herein includes independently between 0.1 g and 1 g, between 0.001 mg and 0.01 mg,

between 0.01 mg and 0.1 mg, between 0.1 mg and 1 mg, between 1 mg and 3 mg, between 3 mg and

10 mg, between 10 mg and 30 mg, between 30 mg and 100 mg, between 100 mg and 300 mg,

between 300 mg and 1,000 mg, or between 1 g and 10 g, inclusive, of an agent (e.g., a potassium

channel blocker or other agent of the instant disclosure) described herein. In certain embodiments,

a dose described herein includes independently between 1 mg and 3 mg, inclusive, of an agent (e.g.,

a potassium channel blocker or other agent of the instant disclosure) described herein. In certain

embodiments, a dose described herein includes independently between 3 mg and 10 mg, inclusive,

of an agent (e.g., a potassium channel blocker or other agent of the instant disclosure) described

herein. In certain embodiments, a dose described herein includes independently between 10 mg and

30 mg, inclusive, of an agent (e.g., a potassium channel blocker or other agent of the instant

disclosure) described herein. In certain embodiments, a dose described herein includes

independently between 30 mg and 100 mg, inclusive, of an agent (e.g., a potassium channel blocker

or other agent of the instant disclosure) described herein.

It will be appreciated that dose ranges as described herein provide guidance for the

administration of provided pharmaceutical compositions to an adult. The amount to be administered

to, for example, a child or an adolescent can be determined by a medical practitioner or person

skilled in the art and can be lower or the same as that administered to an adult. In certain

embodiments, a dose described herein is a dose to an adult human whose body weight is 70 kg.

It will be also appreciated that an agent (e.g., a potassium channel blocker or other agent of

the instant disclosure) or composition, as described herein, can be administered in combination with

one or more additional pharmaceutical agents (e.g., therapeutically and/or prophylactically active



agents), which are different from the agent or composition and may be useful as, e.g., combination

therapies. The agents or compositions can be administered in combination with additional

pharmaceutical agents that improve their activity (e.g., activity (e.g., potency and/or efficacy) in

treating a disease in a subject in need thereof, in preventing a disease in a subject in need thereof, in

reducing the risk of developing a disease in a subject in need thereof, in inhibiting the replication of

a virus, in killing a virus, etc. in a subject or cell. In certain embodiments, a pharmaceutical

composition described herein including an agent (e.g., a potassium channel blocker or other agent

of the instant disclosure) described herein and an additional pharmaceutical agent shows a

synergistic effect that is absent in a pharmaceutical composition including one of the agent and the

additional pharmaceutical agent, but not both.

In some embodiments of the disclosure, a therapeutic agent distinct from an agent of the

disclosure is administered prior to, in combination with, at the same time, or after administration of

the agent of the disclosure. In some embodiments, the second therapeutic agent is selected from the

group consisting of a chemotherapeutic, an antioxidant, an antiinflammatory agent, an

antimicrobial, a steroid, etc.

The agent or composition can be administered concurrently with, prior to, or subsequent to

one or more additional pharmaceutical agents, which may be useful as, e.g., combination therapies.

Pharmaceutical agents include therapeutically active agents. Pharmaceutical agents also include

prophylactically active agents. Pharmaceutical agents include small organic molecules such as drug

compounds (e.g., compounds approved for human or veterinary use by the U.S. Food and Drug

Administration as provided in the Code of Federal Regulations (CFR)), peptides, proteins,

carbohydrates, monosaccharides, oligosaccharides, polysaccharides, nucleoproteins, mucoproteins,

lipoproteins, synthetic polypeptides or proteins, small molecules linked to proteins, glycoproteins,

steroids, nucleic acids, DNAs, RNAs, nucleotides, nucleosides, oligonucleotides, antisense

oligonucleotides, lipids, hormones, vitamins, and cells. In certain embodiments, the additional

pharmaceutical agent is a pharmaceutical agent useful for treating and/or preventing a disease

described herein. Each additional pharmaceutical agent may be administered at a dose and/or on a

time schedule determined for that pharmaceutical agent. The additional pharmaceutical agents may

also be administered together with each other and/or with the agent or composition described herein

in a single dose or administered separately in different doses. The particular combination to employ



in a regimen will take into account compatibility of the agent described herein with the additional

pharmaceutical agent(s) and/or the desired therapeutic and/or prophylactic effect to be achieved. In

general, it is expected that the additional pharmaceutical agent(s) in combination be utilized at levels

that do not exceed the levels at which they are utilized individually. In some embodiments, the

levels utilized in combination will be lower than those utilized individually.

The additional pharmaceutical agents include, but are not limited to, neuron-targeting and/or

axon conductivity-enhancing agents, immunomodulatory agents, anti-cancer agents, anti

proliferative agents, cytotoxic agents, anti-angiogenesis agents, anti-inflammatory agents,

immunosuppressants, anti-bacterial agents, anti-viral agents, cardiovascular agents, cholesterol

lowering agents, anti-diabetic agents, anti-allergic agents, contraceptive agents, and pain-relieving

agents. In certain embodiments, the additional pharmaceutical agent is an anti-proliferative agent.

In certain embodiments, the additional pharmaceutical agent is an anti-cancer agent. In certain

embodiments, the additional pharmaceutical agent is an anti-viral agent. In certain embodiments, the

additional pharmaceutical agent is selected from the group consisting of epigenetic or transcriptional

modulators (e.g., DNA methyltransferase inhibitors, histone deacetylase inhibitors (HDAC

inhibitors), lysine methyltransferase inhibitors), antimitotic drugs (e.g., taxanes and vinca alkaloids),

hormone receptor modulators (e.g., estrogen receptor modulators and androgen receptor

modulators), cell signaling pathway inhibitors (e.g., tyrosine kinase inhibitors), modulators of

protein stability (e.g., proteasome inhibitors), Hsp90 inhibitors, glucocorticoids, all-trans retinoic

acids, and other agents that promote differentiation. In certain embodiments, the agents described

herein or pharmaceutical compositions can be administered in combination with an anti-cancer

therapy including, but not limited to, surgery, radiation therapy, transplantation (e.g., stem cell

transplantation, bone marrow transplantation), immunotherapy, and chemotherapy.

Dosages for a particular agent of the instant disclosure may be determined empirically in

individuals who have been given one or more administrations of the agent.

Administration of an agent of the present disclosure can be continuous or intermittent,

depending, for example, on the recipient's physiological condition, whether the purpose of the

administration is therapeutic or prophylactic, and other factors known to skilled practitioners. The

administration of an agent may be essentially continuous over a preselected period of time or may

be in a series of spaced doses.



Guidance regarding particular dosages and methods of delivery is provided in the literature;

see, for example, U.S. Patent Nos. 4,657,760; 5,206,344; or 5,225,212. It is within the scope of the

instant disclosure that different formulations will be effective for different treatments and different

disorders, and that administration intended to treat a specific organ or tissue may necessitate delivery

in a manner different from that to another organ or tissue. Moreover, dosages may be administered

by one or more separate administrations, or by continuous infusion. For repeated administrations

over several days or longer, depending on the condition, the treatment is sustained until a desired

suppression of disease symptoms occurs. However, other dosage regimens may be useful. The

progress of this therapy is easily monitored by conventional techniques and assays.

Therapeutic uses

The present disclosure provides agents capable of reducing the observed effect(s) of

developmentally aberrant neuronal myelination. These agents are useful for preventing, reducing

risk, or treating neurodevelopmental myelination abnormality diseases or disorders. Accordingly, as

disclosed herein, agents of the present disclosure may be used for treating, preventing, or reducing

risk of neurodevelopmental myelination abnormality diseases or disorders in an individual. In some

embodiments, the individual has a neurodevelopmental myelination abnormality disease or disorder,

such as Williams syndrome. In some embodiments, the individual is a human.

Kits

The instant disclosure also provides kits containing agents of this disclosure for use in the

methods of the present disclosure. Kits of the instant disclosure may include one or more containers

comprising a purified agent (e.g., a potassium channel blocker or other agent of the instant

disclosure) of this disclosure. In some embodiments, the kits further include instructions for use in

accordance with the methods of this disclosure. In some embodiments, these instructions comprise

a description of administration of the agent to treat or diagnose, e.g., Williams syndrome, according

to any of the methods of this disclosure. In some embodiments, the instructions comprise a

description of how to detect Williams syndrome, other neurodevelopmental myelination

abnormality disease or disorder and/or associated phenotype(s), for example in an individual, in a

tissue sample, or in a cell. The kit may further comprise a description of selecting an individual



suitable for treatment based on identifying whether that subject has the disease or disorder and the

stage of the disease or disorder.

The instructions generally include information as to dosage, dosing schedule, and route of

administration for the intended treatment. The containers may be unit doses, bulk packages (e.g.,

multi-dose packages) or sub-unit doses. Instructions supplied in the kits of the instant disclosure are

typically written instructions on a label or package insert (e.g., a paper sheet included in the kit), but

machine-readable instructions (e.g., instructions carried on a magnetic or optical storage disk) are

also acceptable.

The label or package insert indicates that the composition is used for treating, e.g., Williams

syndrome, autism, etc. Instructions may be provided for practicing any of the methods described

herein.

The kits of this disclosure are in suitable packaging. Suitable packaging includes, but is not

limited to, vials, bottles, jars, flexible packaging (e.g., sealed Mylar or plastic bags), and the like.

Also contemplated are packages for use in combination with a specific device, such as an inhaler,

nasal administration device (e.g., an atomizer) or an infusion device such as a minipump. A kit may

have a sterile access port (for example the container may be an intravenous solution bag or a vial

having a stopper pierceable by a hypodermic injection needle). The container may also have a sterile

access port (e.g., the container may be an intravenous solution bag or a vial having a stopper

pierceable by a hypodermic injection needle). In certain embodiments, at least one active agent in

the composition is a potassium channel blocker. In some embodiments, at least one active agent in

the composition is a calcium channel agonist, optionally a voltage-activated calcium channel

(VACC) stimulatory agent. The container may further comprise a second pharmaceutically active

agent.

Kits may optionally provide additional components such as buffers and interpretive

information. Normally, the kit comprises a container and a label or package insert(s) on or associated

with the container.

The practice of the present disclosure employs, unless otherwise indicated, conventional

techniques of chemistry, molecular biology, microbiology, recombinant DNA, genetics,

immunology, cell biology, cell culture and transgenic biology, which are within the skill of the art.



See, e.g., Maniatis et al., 1982, Molecular Cloning (Cold Spring Harbor Laboratory Press, Cold

Spring Harbor, N.Y.); Sambrook et al., 1989, Molecular Cloning, 2nd Ed. (Cold Spring Harbor

Laboratory Press, Cold Spring Harbor, N .Y.); Sambrook and Russell, 2001, Molecular Cloning, 3rd

Ed. (Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y.); Ausubel et al., 1992),

Current Protocols in Molecular Biology (John Wiley & Sons, including periodic updates); Glover,

1985, DNA Cloning (IRL Press, Oxford); Anand, 1992; Guthrie and Fink, 1991; Harlow and Lane,

1988, Antibodies, (Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y.); Jakoby and

Pastan, 1979; Nucleic Acid Hybridization (B. D . Hames & S . J . Higgins eds. 1984); Transcription

And Translation (B. D . Hames & S . J . Higgins eds. 1984); Culture Of Animal Cells (R. I . Freshney,

Alan R . Liss, Inc., 1987); Immobilized Cells And Enzymes (IRL Press, 1986); B . Perbal, A Practical

Guide To Molecular Cloning (1984); the treatise, Methods In Enzymology (Academic Press, Inc.,

N.Y.); Gene Transfer Vectors For Mammalian Cells (J. H . Miller and M . P. Calos eds., 1987, Cold

Spring Harbor Laboratory); Methods In Enzymology, Vols. 154 and 155 (Wu et al. eds.),

Immunochemical Methods In Cell And Molecular Biology (Mayer and Walker, eds., Academic

Press, London, 1987); Handbook Of Experimental Immunology, Volumes I- IV (D. M . Weir and C .

C . Blackwell, eds., 1986); Riott, Essential Immunology, 6th Edition, Blackwell Scientific

Publications, Oxford, 1988; Hogan et al., Manipulating the Mouse Embryo, (Cold Spring Harbor

Laboratory Press, Cold Spring Harbor, N.Y., 1986); Westerfield, M., The zebrafish book. A guide

for the laboratory use of zebrafish (Danio rerio), (4th Ed., Univ. of Oregon Press, Eugene, 2000).

Unless otherwise defined, all technical and scientific terms used herein have the same

meaning as commonly understood by one of ordinary skill in the art to which this disclosure belongs.

Although methods and materials similar or equivalent to those described herein can be used in the

practice or testing of the present disclosure, suitable methods and materials are described below. All

publications, patent applications, patents, and other references mentioned herein are incorporated by

reference in their entirety. In case of conflict, the present specification, including definitions, will

control. In addition, the materials, methods, and examples are illustrative only and not intended to

be limiting.

Reference will now be made in detail to exemplary embodiments of the disclosure. While

the disclosure will be described in conjunction with the exemplary embodiments, it will be



understood that it is not intended to limit the disclosure to those embodiments. To the contrary, it is

intended to cover alternatives, modifications, and equivalents as may be included within the spirit

and scope of the disclosure as defined by the appended claims. Standard techniques well known in

the art or the techniques specifically described below were utilized.

EXAMPLES

Example 1: Materials and Methods

Mice

Gtf2i conditional knockout mice (21) were backcrossed to pure C57B1/6J (The Jackson

Laboratory, stock #000664) for more than 15 generations. Germline deletion of a single Gtf2i allele

(Gtf2i-Het mice) was achieved by breeding Gtf2i conditional knockout to Beta-actin-Cre transgenic

mice, followed by another breeding to C57B1/6J, to breed out the Beta-actin-Cre. All animal-related

work was performed under the guidelines of Division of Comparative Medicine (DCM), with

protocol approved by the Committee for Animal Care (CAC) of Massachusetts Institute of

Technology and was consistent with the Guide for Care and Use of Laboratory Animals, National

Research Council 1996. Each cage contained 2-5 mice regardless of genotype, and mice were

housed at a constant 23°C in a l2-h light/dark cycle (lights on at 07:00, lights off at 19:00) with ad

libitum food and water. Nex-Cre mice are in a C57B1/6 background (22). Nex-Cre mice were

previously shown to behave and develop normally, and to have Cre activity starting from around

embryonic day 11.5, specifically restricted to forebrain excitatory neurons located mainly in the

cortex and hippocampus (22). Rosa26-flox-stop-tdTomato +/_ mice were used to assess Cre

recombinase activity in the brain of 1 month-old male Nex-Cre mice.

Western blot

Whole cortex of l-month-old mice was dissected and separated via SDS-PAGE. Western

blotting was performed and quantified using a Licor Odyssey CLx imaging system. Commercial

antibodies used included TFII-I (Cell Signaling, 4562) and Tubulin (Sigma, T5168), employed as a

loading control.

Behavioral studies



All behavioral studies were carried out and analyzed with the experimenter blinded to

genotypes. All test mice were males and were habituated in the test room for l h prior to all tests.

Each cohort of test mice was used for a maximum of three behavioral tests with a minimum of 3

days break between tests. In all behavioral tests, except from the juvenile dyadic social interaction

test, mice were 1-month-old.

Juvenile dyadic social interaction test

The juvenile play apparatus was made of a non-transparent Plexiglas box (32cm (L) χ 32cm

(W) 32cm (H)) and indirectly illuminated with 10 lux inside. Test mice were weaned at P21 and

individually habituated inside the test chamber with a thin layer of bedding for two consecutive days,

two 30-minute sessions per day. A pair of P23 test mice unfamiliar with each other and of the same

genotype was gently placed into the test chamber and was videotaped for 10 min. Dyadic social

interaction was scored using Observer XT (Noldus) by trained observers blinded to genotypes. The

following behaviors were coded: direct contact, following, nose-to-nose, nose-to-anogenital,

crawling under or over, and allogrooming.

Socialpreference test

Stranger mice were wildtype S129 Sv males (Jackson Laboratory) with matched age and

body weight to test mice. Stranger mice were habituated by placing them inside an inverted wire cup

for 30 min, two sessions per day for three consecutive days before tests. Each stranger mouse was

used a maximum of two times per day. The social test apparatus was made of a clear Plexiglas box

(65cm (L) 44cm (W) x 30cm (H)) with a removable floor and partitions dividing the box into left,

center, and right chambers. The center chamber (21 cm x 22cm) was half the width of the left and

right chambers (each is 2 1cm x 44cm). These three chambers were interconnected with 5 cm

openings between each chamber that could be closed or opened manually with a lever-operated door.

The inverted wire cups containing the stranger mice were cylindrical, lOcm in height, with a bottom

diameter of lOcm and with metal bars spaced 0.8cm apart. A weighted cup was placed on top of the

inverted wire cups to prevent the test mice from climbing onto the wire cup. Each wire cup was used

only one time per day, followed by extensive cleaning with 75% ethanol and water at the end of the

test day. During the habituation phase, an empty wire cup was placed into left and right chamber,

and the test mouse was placed into the middle chamber and allowed to explore for 15 minutes, with



the doors into both side chambers open. To test for social preference, the test mouse was gently

introduced to the middle chamber with the doors to both side chambers closed, and a stranger mouse

was placed under the inverted wire cup in one of the side-chambers. An inanimate object was placed

under the inverted wire cup placed in the opposite side chamber. The location of the stranger mouse

and object was counterbalanced between test trials to exclude side preference. The experimenter

then lifted up the doorways to both side chambers simultaneously, and the test mouse was allowed

to explore all three chambers for 15 minutes. Then, experimenter blinded to genotypes analyzed for

timespent in close proximity to the stranger mouse or object was analyzed using the Noldus

Ethovison XT software. Social preference index was calculated as follows: (time in close interaction

with stranger)/( time in close interaction with object).

Tube-test

Transparent Plexiglas tubes with a 30cm length and 3cm inner diameter were used, so that a

1-month-old mouse was able to walk through without being able to reverse its body direction. Before

testing, mice were habituated to walk through the tube two sessions per day for four consecutive

days. On test day, two unfamiliar mice with different genotypes were inserted to the tube and

released simultaneously by an experimenter blinded to genotypes. The first mouse to completely

retreat from the tube within the first 6 min of the test was defined as the loser, and the other as the

winner. When no mice retreated within 6 min, tests were repeated with entry sides reversed. The

tubes were cleaned with 75% ethanol between trials. A chi-square analysis was applied to determine

the significance of test score between mice when compared with an outcome expected by chance

(i.e. a 50:50 win-lose outcome).

Open-field exploration test

Spontaneous locomotion was measured by placing a mouse in a Plexiglas box (40cm (L) x

40cm (W) x 30cm (H)) for lh. Motor activity was detected by infrared photobeam sensors in an

automated Omnitech Digiscan apparatus (AccuScan Instruments) and analyzed by VersaMax animal

activity monitoring system (AccuScan Instruments). Experimenter was blinded to genotypes.

Elevated zero maze: The zero maze was indirectly illuminated at 60 lux on the open arms and 10

lux on the closed arms. Testing started with an animal being placed into a closed arm of the maze.

Behavior was video-recorded for 5 min. Experimenter was blinded to genotypes.



Hot plate

Mice were placed onto a heating block set to 55°C surface temperature (Columbus

Instruments). Latency to lick a forepaw or hindpaw was measured. The average of three trials with

an inter-trial interval of 5 min was recorded. Experimenter was blinded to genotypes.

Acoustic startle response andprepulse inhibition test

Experiments were performed using two identical sound attenuating test chambers (65cm

(L)x35cm (W)x25cm (H)). Each test chamber was equipped with a loudspeaker mounted 25cm

above the holding cylinder and a commercial startle reflex system (SR Lab, San Diego Instruments,

CA). An individual mouse was placed inside the Plexiglas holding cylinder mounted on a Plexiglas

platform. A piezoelectric accelerometer located beneath the platform was used to transform startle

responses into units based on force and latency of startle. Data were collected at 250 samples/sec

and the maximum voltage attained on each trial was used as the dependent variable. Each test session

started with a 5 min acclimation period in the presence of 65dB acoustic background noise followed

by five l20dB startle pulses. Pre-pulse trials followed the initial l20dB startle acclimation. Each

pre-pulse stimulation was 20 ms in duration, followed by a 40 ms startle stimulus of l20dB. PPI was

recorded for pre-pulse intensities of 70, 75, 80, 85 and 90dB, and no stimulus. Each prepulse trial

was administered ten times in a random order. Trials of l20dB alone were randomly interspersed

within the pre-pulse trials and used for comparison with the prepulse trials. The percent PPI was

calculated using the formula [l00-(response to pre-pulse + 120 dB)/(response for 120 dB

alone)x 100] Acoustic startle trials followed the PPI trials. Startle trials consisted of 40 ms pulses at

0 (no stimulus), 70, 75, 80, 85, 90, 95, 100, 105, 110, 115, and l20dB. Each trial was presented five

times in a randomized order. Experimenter was blinded to genotypes.

Horizontal ladder walking

Mice were tested for their ability to walk on a horizontal ladder with irregularly spaced rungs,

following the procedure described previously (44). Animals were trained to cross the ladder until

their performance achieved the plateau (with a forelimb error of 20% or less). The irregular pattern

was changed from trial to trial during training. All trials were video recorded with Hotshot e64 and

paw placement was analyzed. The paw placement on rungs were categorized as Hit (platar contact



and digits closure), Miss (paw falls between rungs) and Slip (imprecise contact with one or few

digits). Experimenter was blinded to genotypes.

Grip strength

Mice forelimb and hindlimb grip strength was measured using a grip strength meter (TSE

Systems) according to manufacturer’s instructions. Each mouse was tested on 3 consecutive trials

to obtain the average force (g). Experimenter was blinded to genotypes.

Single-pelletfood retrieval task

The single-pellet food retrieval task was carried out following previously established

procedures with minor modification (67). Mice were inserted into the training chamber built with

clear Plexiglas (lmm thickness, dimensions 20cm x l5cm 8.5cm) having a narrow vertical slit

(0.5cm wide; l3cm high) located on the front wall of the box. A single sugar pellet (dustless

precision pellet, 20mg, Bioserv) was placed on an exterior shelf with l.5cm height affixed to the

wall in front of the slit. Mice were food-restricted for 1 night before training and were maintained

above 90% of free feeding weight throughout the training session. Twenty pellets were used for

daily training until the performance plateaued. The success rate was calculated as: number of

successful retrievals / total attempts per trail *100. Experimenter was blinded to genotypes.

RNA isolation and quantitative PCR

For human tissue samples, frozen tissue was used directly from -80°C. For mouse tissue,

mice were decapitated after an isofluorane overdose and the whole cortex was dissected and snap-

frozen on dry ice. Total RNA was extracted using the RNeasy Mini kit (QIAGEN) following the

standard user manual. Equivalent amounts of mouse total mRNAs were reverse-transcribed to cDNA

with the iScript cDNA Synthesis Kit (Bio-Rad). Quantitative real-time PCR (q-PCR) was carried

out using the iQ5 real-time PCR detection system (Bio-Rad) with the iQ SYBR Green Supermix kit

(Bio-Rad) following the manufacturer’s protocol.

RNAseq analysis

For QC purposes, BEDTools (version 2.17.0) was used to count the reads classified as genes,

coding regions, intronic regions, 5' or 3' ETTRs, flanking 3kb genic regions, and intergenic regions.

Other basic statistics, including mapping rate, ratio of sense vs. anti-sense reads, and rRNA

percentages were collected for each sample. RSEM (version 1.2.15) was used to estimate gene



expression levels based on mm9 UCSC known gene annotations. The count table was imported into

DESeq (version 1.10.1) for differential gene expression testing. The gene expression (Log2FPKM

values) table was then run through GSEA for gene set enrichment analysis. To do functional analysis

with DAVID, up- and down-regulated coding genes (p-value<0.05) were compared to the expressed

genes (coding genes with average FPKM >1). Networks were also generated through the use of

QIAGEN’s Ingenuity Pathway Analysis (IPA®, QIAGEN Redwood City,

www.qiagen .com/ingenuity) .

GSEA analysis

Gene Set Enrichment Analysis (GSEA) was performed to determine whether the

myelination-related down-regulated gene set from the mouse and human samples were enriched

within oligodendrocyte precursor cells, newly-formed oligodendrocytes, or myelinating

oligodendrocytes (http://www.broad.mit.edu/gsea/).

Immunofluorescence staining

Basic immunofluorescence procedure was used as previously described (68). Mice were

deeply anesthetized with isoflurane and transcardially perfused with l5ml ice-cold PBS solution

followed by l5ml fresh ice-cold 4% paraformaldehyde (PFA) in PBS. Brains were dissected and

kept in 4% PFA overnight at 4°C and then sectioned at 100 pm thickness by vibratome (Leica).

Floating brain slices were washed 3 times, 5 min each, with PBS and permeabilized with 1.2% Triton

X-100 in PBS for 15 min at room temperature. Slices were then washed 3 times, 5 min each,

followed by blocking with 5% normal goat serum, 2% BSA, 0.2% Triton X-100 in PBS for l h at

room temperature. Primary antibodies diluted in blocking buffer were applied to sections overnight

at 4°C. Slices were then washed 3 times with PBS for l5min each and stained with secondary

antibodies conjugated with Alexa488/555/647 (Invitrogen) in blocking buffer for l h at room

temperature. Slices were washed twice in PBS for l5min, followed by DAPI (1:10,000) staining in

PBS for 5min, and additional 5 min wash in PBS. VECTASHIELD mounting medium (Vector

Laboratories) was used to mount slices on glass slides. Images were captured using an Olympus

Fluoview FVI000 confocal microscope.

To quantify cellular properties in the cortex, images were taken by an experimenter blinded

to genotypes with a lOx magnification at the motor cortex area at bregma 0.5 mm. For each mouse,



both hemispheres were imaged. The midline of the CC was imaged at the same bregma, using a 40x

magnification, and the whole depth of the CC was imaged by taking 10 images as part of a Z-stack

serial imaging, and then all images were stacked together to a single image which was then analyzed

for quantification. Cell numbers were quantified blindly with automation using ImageJ. For the

cortex, the two values of hemispheres from each mouse were averaged. The pixel intensity of H3ac

and H3K9me3 was quantified using ImageJ, as was previously described (37).

Commercial antibodies used included TFII-I (1: 1,000, Cell Signaling, 4562), CaMKIIa

(1:400, Millipore, 05-532), GFP (1:3,000, Invitrogen, A l l 122), SoxlO (1:100, Santa-Cruz 365692),

PDGFRa (1:1,000, Santa-Cruz 338), Olig2 (1:1,000, Millipore AB9610), CC1 (1:500, Calbiochem

OP80), NeuN (1:1,000, Millipore MAB377), S100B (1:600, Sigma S2532) GAD67 (1:1,000,

Millipore 5406).

El 5.5 immunohistochemistry

Females were checked daily for semen plugs and separated from male mice once a plug was

detected. Pregnant dams were euthanized on embryonic day 15.5 and embryos were immediately

dissected into ice-cold PBS. Tissue was taken for genotyping and brains were dissected and

transferred to ice-cold 4% PFA. Whole brains were fixed in 4% PFA overnight, embedded in OCT,

and 12 pm coronal sections were cut using a cryostat (Leica).

Electron microscopy

One-month-old or six-month-old mice were deeply anesthetized with isoflurane, and

transcardially perfused with 15 ml ice-cold PBS solution followed by 15 ml fresh ice-cold 2.5%

glutaraldehyde + 2% paraformaldehyde in 0.1 M sodium cacodylate buffer (pH 7.4). Brains were

dissected and kept in the fixation solution overnight at 4°C. Small pieces (1-2 mm cubes) of tissue

samples from corpus callosum at the level of the fornix were post-fixed for at least two hours at RT

in the fixation solution, washed in 0 .1M cacodylate buffer, and post-fixed with 1% Osmiumtetroxide

(0s04)/l.5% Potassium ferrocyanide(KFeCN6) for one hour, washed in water three times, and

incubated in 1% aqueous uranyl acetate for one hour followed by two washes in water and

subsequent dehydration in grades of alcohol (10 min each; 50%, 70%, 90%, 2x10 min 100%). The

samples were then put in propyleneoxide for one hour and infiltrated overnight in a 1:1 mixture of

propyleneoxide and TAAB Epon (Marivac Canada Inc. St. Laurent, Canada). The following day the



samples were embedded in TAAB Epon and polymerized at 60°C for 48 hrs. Ultrathin sections (~60

nm) were cut on a Reichert Ultracut-S microtome, picked up on copper grids stained with lead citrate

and examined in a JEOL 1200EX Transmission electron microscope or a TecnaiG2 Spirit BioTWIN

and images were recorded with an AMT 2k CCD camera. To quantify the number of myelinated

axons and to characterize g ratio, three images were taken along the dorso-ventral axis of the corpus

callosum in each of 3 different locations along the medio-lateral axis of the corpus callosum, to cover

multiple regions of the corpus callosum (FIG. 30). For g ratio quantification -200 myelinated axons

per mouse were analyzed by an experimenter blinded to genotypes, by manually measuring the ratio

of the axon diameter and the myelinated axon diameter. For the quantification of the percentage of

myelinated axons in the corpus callosum, -1,500 axons per mouse were analyzed by an experimenter

blinded to genotypes, by manually counting the myelinated and unmyelinated axons.

Nucleic heterochromatin was determined as previously described (37). Briefly, OL cells

were identified by an experimenter blinded to genotypes by the presence of microtubules combined

with the absence of intermediate filaments and glycogen granules. The total nuclear area was

calculated by the isolation of nucleus of each cell using the 'clear outside' function of the ImageJ

software. Heterochromatin, qualitatively defined as a gray scale density of 100 or greater on a 256

gray scale, was selected using the threshold tool and reported as percentage of total nuclear area.

For human samples, fixed tissue was used and processed similarly to the mouse brain tissue.

To quantify g ratio -100 myelinated axons per human subject were analyzed by an experimenter

blinded to genotypes, by manually measuring the ratio of the axon diameter and the myelinated axon

diameter. For the quantification of the percentage of myelinated axons in the frontal cortex of human

subjects, -300 axons per human subject were analyzed by an experimenter blinded to genotypes, by

manually counting the myelinated and unmyelinated axons.

Evokedfield potential recordings in corpus callosum

In vivo evoked field potential recording in corpus callosum was referenced to that from in

vitro studies (69, 70). Animals were anesthetized with urethane (l,000mg/kg) and placed on a

stereotaxic instrument. Body temperature was maintained by thermostat at 37.5-38°C. Craniotomy

was performed and dura was kept intact. Stainless steel stimulation electrode (300-500 kOhm, WPI)

was positioned in corpus callosum in left hemisphere (1.5 mm posterior to Bregma, 1 mm lateral

from midline, 1,000-1,300 pm beneath cortical surface), and tungsten recording electrode



(2~3MOhm, FHC) was positioned in corpus callosum at same coronal plane in right hemisphere

(1.5 mm posterior to Bregma, 1 mm from midline, 1,000-1,300 pm beneath cortical surface).

Electrical stimulation (0~200uA, 0.2ms pulse width, 0.2Hz) was delivered while both positions of

stimulation and recording electrodes were slightly adjusted to optimize signal. Signals were filtered

at 0.l~3,000Hz and gained at 1,000 times (Model 1700, A-M Systems), digitized and sampled at

10,000Hz (Digidata 1440A, Molecular Devices), and analyzed offline (Clampfit). Electrical

stimulation was increased from 0 pA with 10 pA step until response latency reached minimum and

response amplitude reached maximum. Peak latency was defined as time from stimulation onset to

response peak. Response amplitude was determined by measuring the vertical distance from

negative peak to the tangent joining preceding and following positivities. After recording, a 10 pA

constant current for 10 seconds was delivered at all electrodes to bum small holes at the tips, and

fluorescent Nissl staining was performed on perfused brain slice to verify the electrodes to be in

desired position. Experimenter was blinded to genotypes.

4-APpharmacological treatment

Mice were habituated to needle injections (i.p.) for three days before behavioral tests, by two

i.p. injections of 200 pL of saline administered per day. Based on calibration experiments run,

experiments found that 4-AP (Sigma (275875), 1 mg/kg) achieved its maximal effect within 1-3 hr

post systemic administration (i.p.). All behavioral tests were therefore accomplished three hours post

systemic administration. Saline-injected mice in each genotype (Control or cKO mice) were referred

as the baseline group for the treatment group, which was injected with 4-AP. Experimenter was

blinded to genotypes.

Clemastine pharmacological treatment

For the chronic clemastine treatment, mice were given vehicle (DMSO) or clemastine

(dissolved in DMSO, 10 mg kg-l body weight; Tocris Bioscience) daily through gastric gavaging

for 14 consecutive days before tests were taken. Experimenter was blinded to genotypes.

Corticospinal axon projection characterization

AAV2/8-ChR2-mCherry (titer: lxlO 13 copies/ml) was unilaterally delivered to the

sensorimotor cortex by stereotaxic brain injection (46). Two weeks later, animals that had received

brain injection were perfused. Transverse sections of the spinal cord were then processed for



immunostaining with primary antibody against RFP [Abeam (Cat: ab3477l), 1:200] Images were

taken using a Zeiss Confocal 700. ImageJ was used for quantification of fluorescence intensities.

Experimenter was blinded to genotypes.

Intra-cortical microstimulation (ICMS) andEMG recording

ICMS and EMG recording protocol was adopted from previous studies (71, 72). Each animal

was anesthetized with ketamine-xylazine (lOOmg/kg ketamine, 10 mg/kg xylazine, i.p.). Anesthesia

level was maintained at a steady level to that animal was unresponsive to toe pinch while muscle

tone was present. Supplemental doses of ketamine-xylazine at 1/10 of initial dose were administrated

every 30 minutes or when breathing rate dramatically increased and whisker started to shake.

A digital stereotaxic frame was used to mount the animal’s head and guide stimulation

electrode (stainless steel, 0.5 MOhm; World Precision Instruments) over an array of motor cortical

sites (0.9 mm caudal and 0.6 mm rostral to Bregma, 0.9 mm to 1.8 mm lateral to midline, with 300

pm spacing between sites). Stimulation electrode was inserted into the cortex at 500 pm depth,

targeting layer V motor neurons. The exposed brain area was immersed with silicon oil to avoid

dehydration. Electrical stimulation (biphasic, 0.2 ms pulse width, 333 Hz, 45 ms) was adjusted

between 100 to 300 pA and located at the position that has the lowest threshold to trigger EMG

signal. Stimulation intensity of two folds of threshold was then used for EMG recording and analysis.

To perform EMG recording, an incision was made on hindlimb to expose the muscles while fascia

remained intact. Nichrome wires (762000, A-M Systems, WA) were deinsulated at the tip for 1 mm,

and customized for a small hook that secured its position within the muscle. A pair of electrodes

were then inserted into the motor endplate area of tibialis anterior muscle using a 25G needle. EMG

signals were acquired using differential AC amplifier (1700, A-M Systems, WA) with 10-1000 Hz

bandpass filter, sampled at 5 kHz using a digitizer (Digidata 1440A, Axon Instruments), and

analyzed by pClamp Software. EMG traces were rectified and averaged among traces, and the peak

amplitude in a window of 0 to 50 ms from stimulation onset was used to define EMG response. The

latency was defined by measuring the time from stimulation onset to the beginning of EMG response

over three times of standard deviation of baseline.

4-AP (2mg/kg, i.p.) was administrated, and post treatment test was carried out 30 to 60

minutes after injection. Experimenter was blinded to genotypes.



Slice physiology

Mice were deeply anesthetized with isoflurane, then perfused with ice cold, oxygenated

sucrose cutting solution (in mM: 30 NaCl, 4.5 KC1, 1.2 NaH 2P0 4, 26 NaHCCh, 194 sucrose, 10

glucose, 8 MgCh, 0.2 CaCl2) . The brain was dissected, and 300 pm thick coronal slices of M l were

sectioned on a vibratome (VT1200, Leica) in the sucrose cutting solution. Slices were recovered in

oxygenated artificial cerebrospinal fluid (ACSF, in mM 119 NaCl, 11 glucose, 26.2 NaHCCh, 2.3

KC1, 2.5 CaCl2, 1 NaH 2P0 4 and 1.3 MgCh, pH 7.3, 310-320 mOsm) (37°C) for 8 min and allowed

to acclimate to room temperature for at least 30 min prior to recordings.

Intrinsic membrane and spiking properties were recorded from layer 5, M l pyramidal cells

in oxygenated ACSF using an internal solution that contained (in mM) 120 potassium gluconate, 10

KC1, 10 phosphocreatine, 4 Mg-ATP, 0.3 Na-GTP, 10 HEPES and 0.1% biocytin (pH 7.3, 290-300

mOsm). Resting potential and compensated input resistance was recorded within seconds of

breaking into a cell. Cells with a series resistance of <25 ΜΩ and <25% change for the duration of

the experiment were used for analysis. Analysis of current-clamp electrophysiological data was

performed using pClamplO (Molecular Devices) Single action potential parameters (peak

amplitude, half- width and hyperpolarization anti-peak) were measured at threshold and spike

amplitudes and after-hyperpolarization potentials were measured relative to the spike threshold. To

measure pyramidal cell firing properties, the frequency-current relationship (FI curve) was

calculated as the spike frequency after current steps from 0 pA (resting —60mV) to 1000 pA were

applied in increments of 50 pA (0.05 Hz, 1,000 ms duration). Experimenter was blinded to

genotypes.

Human samples

Human brain samples of frontal cortex (BA9) were obtained from the NIH Neurobiobank at

the ETniversity of Maryland, Baltimore. Frozen and fixed tissue from W S subjects and controls was

used (FIG. 31).

Fluorescence In Situ Hybridization (FISH) on Human Tissue

Blocks of fresh frozen control and William Syndrome human Broca’s Area 9 (BA9) cortical

brain samples were acquired from the NIH Neurobiobank at the University of Maryland, Baltimore.

Blocks were then embedded in Optimal Cutting Temperature (OCT) freezing medium and flash



frozen in an isopropyl ethanol-dry ice bath. Samples were cut on a cryostat (Leica CM 850) into 16

pm sections, adhered to SuperFrost Plus microscope slides (Fisher Scientific, 12-550-15), and stored

at -80°C until use. Samples were immediately fixed in 4% paraformaldehyde for 20 min on ice, and

stained on the slide according to the Advanced Cell Diagnostics RNAscope Fluorescent Multiplex

Assay (ACD, 320850) protocol. Samples were stained for MBP (ACD, 4 11051), and PDGFRa

(ACD, 604481) with antisense probes, and coverslipped with Vectashield hardset antifade mounting

medium with DAPI (Vector Laboratories, H-1500). Z-stack serial images were taken through the

whole depth of the field on a Nikon Ti Eclipse inverted microscope with an Andor CSU-W 1 confocal

spinning disc unit and an Andor DU-888 EMCCD unit using a 20X, 0.75 NA air objective and a

60X, 1.40 NA oil immersion objective. Fields of view were randomly chosen across the whole

cortical sample. Experimenter was blinded to genotypes.

FISH Analysis and Quantification

Quantification of co-localization and florescence intensity was performed on 20X images

using the Cell Counter FIJI ImageJ (NIH) plugin and was performed blinded to sample type. For

quantification, all image Z-stacks were max projected, adjusted for brightness and contrast, and color

flattened identically across samples using ImageJ. PDGFRa FISH experiments were quantified per

cell, identified by DAPI, per 1024 x 1024 pixel field of view taken from two adjacent fields of view

stitched together. MBP FISH experiments were analyzed for the corrected total cell fluorescence

(CTCF) to match quantification from immunofluorescence staining procedures as previously

described. 400 X 400 pixel random fields of view were used to calculate CTCF levels of MBP in

ImageJ. Experimenter was blinded to genotypes.

Immunofluorescence on Human Tissue

Blocks of fresh frozen control and Williams Syndrome human Brodmann Area 9 (BA9)

cortical brain samples were acquired from the NIH Neurobiobank at the University of Maryland,

Baltimore. Blocks were then embedded in Optimal Cutting Temperature (OCT) freezing medium

and flash frozen in an isopropyl ethanol-dry ice bath. Samples were cut on a cryostat (Leica CM

850) into 16 pm sections, adhered to SuperFrost Plus microscope slides (Fisher Scientific, 12-550-

15), and stored at -80 °C until use. Sections were air-dried for 20 minutes at room temperature,

before being fixed in 4% paraformaldehyde for 30 minutes at 4 °C. Samples were washed, and then



permeabilized and blocked with 1.2% Triton X-100 and 3% normal goat serum in PBS at room

temperature for 1 hour, before incubation for 5 days at 4 °C with the primary antibodies, OLIG2

(1:100, Millipore, AB9610) and APC (1:2, Calbiochem, OP80-100UG). Samples were washed

extensively in PBS and then stained with secondary antibodies conjugated with Alexa488 and 568

for 2 hrs at room temperature (Invitrogen, A 1101, A21245). As a final step, TrueBlack Lipofusin

Autofluorescence Quencher (Biotium, 23007) was incubated on the samples for 1.5 minutes at room

temperature in 70% ethanol and then washed thoroughly in PBS, before staining with DAPI, and

then coverslipped with Vectashield antifade mounting medium. Images were taken on an Olympus

Fluoview FV1000 confocal microscope, using a 20X, 0.75 NA objective, and on an Olympus BX61

Epi microscope, using a 10X, 0.40 NA objective.

To quantify, images were taken with the same imaging constraints and corrections. Cell

numbers were quantified blindly by an experimenter, by counting the number of Olig2+, CC1+ cells.

Statistical analysis

All comparisons between groups were collected from littermate animals with experiments

performed at the same time. All data sets were analyzed using D’Agostino-Pearson omnibus test

and Shapiro-Wilk test for normality. Data sets with normal distributions were analyzed for

significance using either unpaired Student’s two-tailed t-test or one-way or two-way analysis of

variance with proper post hoc test (GraphPad Prism). Data sets with non-normal distributions were

analyzed using Kruskal-Wallis test with adjustments for multiple comparisons or using Wilcoxon

matched-pairs signed rank test. Further details on particular statistical analyses can be found on the

respective figures/results section for each data set. No statistical methods were used to predetermine

sample size. Sample size used was based upon common and accepted size in the field. No animal or

sample was excluded from the analysis. Experiments were randomized (mice order, items positions

and samples loading were all randomized and counterbalanced) and the investigators were blinded

to genotype during experiments and outcome assessment. All results were presented as mean ±

s.e.m. *p < 0.05, **p < 0.0l, ***p < 0.00l, ****p<0.00l.



Example 2 : Gtf2i Deletion in Forebrain Excitatory Neurons Caused Neuroanatomical and

Behavioral Alterations

To dissect the function of Gtf2i in neurons, studies were designed that crossed Gtf2i

conditional knockout mice (21) with Nex-Cre mice (22), a Cre line that expresses Cre recombinase

selectively in forebrain excitatory neurons (FIG. 6) starting around embryonic day 11.5 (22). The

resulting mice, referred to herein as cKO (Gtf2if/f:Nex-Cre+ ), exhibited a homozygous deletion of

Gtf2i selectively in forebrain excitatory neurons (FIG.1A, FIG. 1B, FIG. 7, FIG. 8).

WS subjects were previously described to show altered brain volume and cortical thickness

(23-25). The instant experiments examined whether deletion of Gtf2i from forebrain excitatory

neurons would be sufficient to cause neuroanatomical abnormalities. While cKOs showed normal

body weight as compared to control (Gtf2i r/r:Nex-Cre / ) littermates (FIG. 1C), one-month-old cKO

mice showed significantly reduced brain weight (FIG. 1D) and cortical thickness as compared to

controls (FIG. 1E, FIG. 9A and FIG. 9B).

Behaviorally, cKO mice were observed to demonstrate significantly higher levels of social

behavior as assessed in three different social behavior-related tests. Specifically, compared to

controls, 23 day-old cKO mice showed significantly longer duration (FIG. 1F and FIG. 10A) and

significantly higher frequency (FIG. 1G and FIG. 10B) of close interactions in the dyadic social

interaction test. In the social preference test, one-month-old cKO mice showed significantly higher

preference to interact with a stranger mouse than with an object, as compared to controls (FIG. 1H).

cKO mice also exhibited significantly decreased social dominance, as demonstrated by a

significantly lower win percentage than controls during matches with a stranger mouse in the tube

test (FIG. II).

Heightened non-social-related anxiety has been described as a prominent feature of WS (1).

Experiments were performed that tested mice for anxiety-like behaviors in an open-field exploration

test (FIG. 1J, FIG. 1K and FIG. 11A to FIG. 11C) and elevated zero maze test (FIG. 1L). Such

experiments identified significantly higher levels of non-social anxiety-like behaviors in cKO mice,

as compared to controls. No other significant behavioral differences were observed in cKO mice as

compared to controls (FIG. 12A to FIG. 12C). These data suggested that Gtf2i deletion in forebrain

excitatory neurons was sufficient to induce hypersociability and increased levels of non-social-

related anxiety, which resembled some core phenotypes found in WS subjects.



Example 3 : Gtf2i Neuronal Deletion Affected Myelination-Related Transcriptomic and

Cellular Properties

To identify whether altered molecular processes might underlie the behavioral and

anatomical abnormalities observed in cKO mice, RNAseq studies were initially performed upon

whole cortex of cKO mice and their controls. To characterize the transcriptional abnormalities in a

developmental manner, such experiments used one-day-old (FIG. 13A to FIG. 13D and data not

shown) and one-month-old mice (FIG. 2A to FIG. 2C, FIG. 14A, FIG. 14B and data not shown).

Surprisingly, although Gtf2i was selectively deleted in excitatory neurons, 70% of the genes that

showed a significantly lower mRNA level in the cortex of one-month-old cKO mice were involved

in myelin development and function (FIG. 2A to FIG. 2C and data not shown) (30, 31). These genes

encode proteins involved in the development, differentiation and function of oligodendrocytes (OLs)

(32-34), and have been described to play key roles in the formation, maintenance and functionality

of myelin sheaths (35, 36). Computationally, these genes were found to be significantly enriched in

myelinating OLs (mOLs), but not in OL precursor cells (OPCs) (FIG. 15A and FIG. 15B), indicating

a potential non-cell autonomous effect of neuronal Gtf2i deletion on OLs.

To examine how reduced mRNA level of these genes might be reflected in the development

of OL-related cell populations, experiments were performed to quantify the number of OPCs and

mOLs in cKO mice. Of special note, it was previously demonstrated that Cre recombinase was not

active in OLs in Nex-Cre mice (22) and the instant studies confirmed this finding using a Cre reporter

line (FIG. 16). The instant experiments further confirmed that TFII-I expression was normal in OLs

of cKO mice (FIG. 17 and FIG. 18). In E l 5 .5 cKO embryos, no significant difference was identified

in OPC number in the lateral ganglionic eminence, as compared to controls (FIG. 2D). Similarly, no

significant difference was observed in OPC number in the cortex and corpus callosum (CC) midline

between one-month-old cKO mice and their controls (FIG. 2D). However, the number of OLs and

mOLs in the cortex and CC midline of one-month-old cKO was significantly reduced as compared

to that of controls (FIG. 2D and FIG. 2E).

To test whether the reduced number of observed OLs and mOLs was a result of lack of OL

maturation, studies were performed to analyze the extent of nuclear chromatin condensation (37).

OLs in the CC midline of one-month-old cKO were found to exhibit a significantly lower proportion

of nuclear heterochromatin (FIG. 2F and FIG. 19) than control animals. There were also significantly



higher levels of histone acetylation (FIG. 2G and FIG. 20) and significantly lower levels of

repressive histone methylation marks (FIG. 2H and FIG. 20) detected in the cortex of cKO mice as

compared to controls. Without wishing to be bound by theory, elevated levels of nuclear

heterochromatin, reduced levels of histone acetylation and elevated levels of repressive histone

methylation marks have all been previously described as being essential for OL differentiation and

chromatin compaction (37-40).

Example 4: Gtf2i Neuronal Deletion Impaired Myelin Ultrastructure, Neuronal Conductivity

and Motor Skills

Next, studies were performed to investigate whether the above-identified molecular and

cellular deficits affected myelin structure and function. Analysis of myelin ultrastructure (FIG. 3A)

revealed a significantly lower percentage of myelinated axons at the CC midline of one-month-old

cKO mice as compared to controls (FIG. 3B and FIG. 21) and a significantly increased g ratio, a

parameter often used for assessing axonal myelination (FIG. 3C), indicating significantly reduced

myelin thickness in cKO mice as compared to controls. Similar myelination deficits were also

observed in two-weeks-old cKO mice as compared to controls, although to a lesser extent (FIG. 22A

to FIG. 22C). These myelination deficits persisted in six-month-old cKO mice as compared to

controls (FIG. 23A to FIG. 23G), suggesting they were not simply a result of delayed myelination.

To examine whether the myelination abnormalities observed in cKO mice might have

contributed to functional deficits, experiments were performed to measure axonal conductivity of

the CC in one-month-old mice. Such studies involved stimulation of the axon bundle of the CC of

one hemisphere and recordation and analysis of the evoked field potentials in the other hemisphere.

These studies identified a significantly longer response latency (FIG. 3D) and significantly lower

peak amplitude (FIG. 3E) of evoked field potentials in cKO mice as compared to that of controls.

However, no significant changes were observed in intrinsic membrane or firing properties of neurons

in layer 5 of primary motor cortex in Gtf2i-deleted neurons as compared to controls (FIG. 24 and

FIG. 25A to FIG. 251).

WS patients have been described to demonstrate fine motor deficits and delays in acquisition

of early motor skills (2, 41, 42). To investigate how the instantly identified deficits in myelination

and axonal conduction might affect fine motor skills, mice were tested in a horizontal ladder walking



assay (as described in references 43 and 44). This test is known to be highly dependent on

supraspinal connections composed of heavily myelinated long-distance axons (45, 46). Compared

to controls, one-month-old cKO mice exhibited a significant increase in the imprecise paw

placement rate in both forelimbs and hindlimbs (FIG. 3G and FIG. 3H). Additionally, the forepaw

and hindpaw grip strength of cKO mice was significantly reduced as compared to that of controls

(FIG. 31), which indicated an impaired descending drive to motor neurons innervating forepaws and

hindpaws. In contrast, cKO mice showed no overt abnormalities in learning and executing the single

pellet food retrieval task as compared to controls (FIG. 3J). Thus, cKO mice showed impairments

in fine control of voluntary movements, along with weaker muscle tone for both forepaws and

hindpaws, consistent with findings observed for WS patients (2, 42). Notably, the axonal projection

pattern of the corticospinal tract was unaffected by G//2/-deletion, as indicated by similar

corticospinal axon projection pattern and densities into the dorsal and intermediate laminae at

cervical and lumbar spinal cord levels of cKO mice (FIG. 26A and FIG. 26B).

To further characterize physiological properties of these fine motor deficits, studies were

performed to measure functional connectivity in corticospinal output, by applying electrical

stimulation in primary motor cortex and recording electromyography (EMG) activity in contralateral

tibialis anterior muscle of hindlimb. In cKO mice, the observed response latency of EMG was

significantly longer than that of control mice (FIG. 3L, Baseline), whereas the EMG amplitude of

cKO mice was similar to controls (FIG. 3M, Baseline).

Example 5: Normalization of Impaired Myelination Properties or Axonal Conductivity

Rescued Behavioral Deficits

To investigate whether increasing axonal conductivity could rescue behavioral defects,

experiments were performed to test the effect of 4-AP (4-aminopyridine), an FDA-approved

medication that has been described to improve axon conductivity by selectively blocking potassium

channels (47). Strikingly, the acute administration of 4-AP significantly shortened EMG latency in

cKO and control mice, resulting in similar EMG latency of cKO and control mice (FIG. 3L, 4-AP).

EMG amplitudes of both control and cKO mice were also increased significantly after 4-AP

treatment (FIG. 3M, 4-AP). In addition, in the CC, 4-AP treatment also normalized both the latency

(FIG. 3N) and amplitude (FIG. 30) of evoked potential in cKO mice.



Behaviorally, acute 4-AP administration led to normalized fine motor skills in cKO mice in

the horizontal ladder walking test in both forelimb and hindlimb (FIG 3P). Additionally, cKO mice

showed normalized social preference following acute administration of 4-AP in the social preference

test (FIG. 3Q, FIG. 27A and FIG. 27B).

To examine whether changes in myelination led to the impaired conductivity observed in the

cKO mice, myelination-related properties were rescued by chronic administration of the FDA-

approved pro-differentiation compound clemastine (48-51) to 1 month-old cKO and control mice.

Clemastine treatment normalized the number of mOLs in the cortex and the CC of cKO mice (FIG.

4A), and increased the myelin thickness in cKO mice, as demonstrated by significantly reduced g

ratio in cKO mice treated with clemastine compared to cKO mice administered with vehicle (FIG.

4B). Rescuing the myelination deficit was sufficient to normalize social preference index in the

social preference test (FIG. 4C and FIG. 27C).

Example 6: Gtf2i-Het Mice Demonstrated Myelination-Related Deficits

To examine whether the myelination deficits found in the cKO mice were also present in

Gtf2i-Het mice (where G7/2/-Het mice model the G /2 -encompassing hemizygosity observed for

human W S patients), experiments were designed and performed to study one-month-old Gt/2i

heterozygous mice for such deficits. As shown in FIG. 28A and FIG. 28B to FIG. 28D, Gtf2i

heterozygous mice were observed to exhibit significantly increased levels of anxiety-like behavior

(FIG. 28B) and social preference (FIG. 28C and FIG. 28D), similar to cKO mice. Importantly,

similar to cKO mice, Gtf2i heterozygous mice also exhibited significantly lower mRNA levels of

myelin-related genes (FIG. 28E) and significantly thinner myelin thickness compared to WT as

demonstrated by significantly higher g ratio (FIG. 28F and FIG. 28G), as compared to wild-type

control mice. Also similar to cKO mice, no significant changes in passive and active membrane

properties were identified in neurons of G//2/-hemizygous mice, as compared to controls (FIG. 29A

to FIG. 291).

Example 7 : Myelination-Related Transcriptomic, Cellular and Ultrastructural Alterations

Observed in the Frontal Cortex of WS Subjects

To examine whether the instant findings of myelination deficits in mouse studies

corresponded to any similar deficits that might occur in W S subjects, RNAseq was performed upon



frontal cortex samples obtained from adult WS subjects with typical full WSCR deletion, as

compared to normal control samples (FIG. 5A and FIG. 32). Although a complete WSCR deletion

encompasses deletion of 26 genes, the instant studies identified that 19% of all genes that exhibited

significantly altered (increased or decreased) mRNA level in WS subjects as compared to controls

were myelination-related genes (FIG. 5B, FIG. 5C and FIG. 32). These affected myelination-related

genes exhibited significantly lower expression in WS subjects as compared to controls (FIG. 5B and

FIG. 5C), and many of them were the same genes affected in Gtf2i cKO mice (shown in bold in

FIG.5B). As in mice, these genes were highly enriched in mOLs (FIG. 15A and FIG. 15B), and

encoded proteins previously described as important for the formation, stability, compaction and

maintenance of myelin (32-34). Similar to the deficits characterized in cKO mice, these studies

identified no significant change in the number of OPCs between WS subjects and controls (FIG. 5D

and FIG. 5E); however, significantly reduced mOL numbers were observed (FIG. 5F and FIG. 5G),

as well as significantly reduced MBP intensity (FIG. 5H and FIG. 51) in frontal cortex postmortem

tissue of WS subjects as compared to controls. Additionally, as in cKO mice, significantly decreased

myelination thickness was observed in WS subjects as compared to controls, as indicated by

significantly increased g ratio (FIG.5J and FIG. 5K). Lastly, a trend of reduced percentage of

myelinated axons in frontal cortex postmortem tissues of WS subjects as compared to controls was

identified (Fig.5L, p=0.057, n=4 Control subjects, n=3 Williams syndrome subjects).

Thus, by deleting Gtf2i exclusively from excitatory neurons in mice, an unexpectedly

dramatic reduction in myelin-related gene transcripts, mOL number, axon myelination and neuronal

function was identified. These results were further corroborated by similar transcriptional changes

and myelination-related deficits in Gtf2i heterozygous deletion mice and in the brain of WS subjects.

Together, these data suggested that the observed myelination defect in both mice and human W S

subjects represents an important pathological change that occurs in WS patients, and that the deletion

of Gft2i in WSCR is a likely cause of this pathology. The instant disclosure has therefore identified

an apparently novel function of Gtf2i expression in excitatory neurons for proper OL development

and myelination and that this dysfunction may contribute to some of the neurological and behavioral

symptoms associated with WS. These results have further supported the importance of axon-OL

interaction in the development of myelination and have provided initial insight into the



neurobiological mechanisms underlying signal transduction from excitatory neurons, regulated by

Tfii-I, to OLs.

.Previous human studies showed abnormalities in the axonal integrity and myelination status

in WS subjects (53-59). These human studies showed that radial diffusivity, an indicator of axonal

integrity and myelination status, was significantly reduced in WS brains as compared to controls

(55). However, the cellular nature of these deficits and the molecular processes leading to them were

previously unknown. These data were noted to be consistent with the clinical data and likely provide

a mechanistic explanation.

Thus, in the instant studies, selective deletion of Gtf2i was performed in forebrain excitatory

neurons of conditional knockout mice, and such mice were characterized for molecular, cellular and

behavioral changes in the brain. It was identified that forebrain excitatory neuron-specific Gtf2i

knockout mice showed WS-relevant abnormalities, including neuroanatomical defects, fine motor

deficits, increased sociability and anxiety. Surprisingly, RNA-seq analysis revealed that 70% of the

genes with significantly decreased mRNA level were involved in myelination. Furthermore, reduced

numbers of mature oligodendrocytes, reduced myelin thickness and impaired axonal conductivity

were identified. It was further demonstrated that normalization of impaired myelination properties

or axonal conductivity rescued behavioral deficits. Importantly, similar myelination defects were

also found in postmortem human frontal cortex of WS patients. Together, these data indicated that

myelination, linked to neuronal loss of Gtf2i, was likely an important pathophysiology in WS.

Previous mouse studies showed a relationship between white matter integrity and social

behavior performance (60, 61). However, experimental evidences for this have been contrasting; for

example, differences in both sensorimotor coordination and social interaction correlated with CC

demyelination, demonstrated by increased frequency of interactive behaviors among resident mice

after acute or chronic demyelination by cuprizone (62). Oppositely, mice given cuprizone for 28

days displayed less social interactions (63), and a positive correlation was found with the CC

thickness and social behavior (64). Therefore, the issue of precisely how myelination properties

mediate social behavior developmentally and functionally in health or in illness (i.e. in WS),

although of high interest, remains largely unknown.

The instant disclosure has therefore shed light upon how myelination and axonal

conductivity properties affect social behavior in the frame of WS, and have therefore provided and



facilitated the development of new treatment strategies for behavioral abnormalities. Because the

efficiency and speed of conductivity relies on myelin (65), impairments in myelination properties

are likely to affect proper communication and synchronization between different brain regions

essential for proper execution of normal behaviors (66). Currently, the exact mechanisms underlying

abnormal social behaviors in W S are not clear. However, rescue of abnormal social behavior in Gtf2i

mutant mice by increasing axonal conductivity using 4-AP has herein indicated that the defect is

functional rather than structural/developmental. These results are also consistent with recent studies

that have demonstrated rescue of social interaction deficits in adult mouse ASD models (52). The

improvement in social behavior following clemastine treatment demonstrated herein has indicated

that myelination-related deficits are responsible for the behavioral alterations, and raises the

likelihood that targeting of myelination deficits and their functional consequences presents a

beneficial therapeutic strategy for treatment of WS and similar diseases and disorders (including,

e.g., not only WS but also autism and other neurodevelopmental myelination abnormality diseases

or disorders).
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All patents and publications mentioned in the specification are indicative of the levels of skill

of those skilled in the art to which the disclosure pertains. All references cited in this disclosure are

incorporated by reference to the same extent as if each reference had been incorporated by reference

in its entirety individually.

One skilled in the art would readily appreciate that the present disclosure is well adapted to

carry out the objects and obtain the ends and advantages mentioned, as well as those inherent therein.

The methods and compositions described herein as presently representative of preferred

embodiments are exemplary and are not intended as limitations on the scope of the disclosure.

Changes therein and other uses will occur to those skilled in the art, which are encompassed within

the spirit of the disclosure, are defined by the scope of the claims.

In addition, where features or aspects of the disclosure are described in terms of Markush

groups or other grouping of alternatives, those skilled in the art will recognize that the disclosure is

also thereby described in terms of any individual member or subgroup of members of the Markush

group or other group.

The use of the terms "a" and "an" and "the" and similar referents in the context of describing

the disclosure (especially in the context of the following claims) are to be construed to cover both

the singular and the plural, unless otherwise indicated herein or clearly contradicted by context. The

terms "comprising," "having," "including," and "containing" are to be construed as open-ended terms

(i.e., meaning "including, but not limited to,") unless otherwise noted. Recitation of ranges of values

herein are merely intended to serve as a shorthand method of referring individually to each separate

value falling within the range, unless otherwise indicated herein, and each separate value is

incorporated into the specification as if it were individually recited herein.



All methods described herein can be performed in any suitable order unless otherwise

indicated herein or otherwise clearly contradicted by context. The use of any and all examples, or

exemplary language (e.g., "such as") provided herein, is intended merely to better illuminate the

disclosure and does not pose a limitation on the scope of the disclosure unless otherwise claimed.

No language in the specification should be construed as indicating any non-claimed element as

essential to the practice of the disclosure.

Embodiments of this disclosure are described herein, including the best mode known to the

inventors for carrying out the disclosed invention. Variations of those embodiments may become

apparent to those of ordinary skill in the art upon reading the foregoing description.

The disclosure illustratively described herein suitably can be practiced in the absence of any

element or elements, limitation or limitations that are not specifically disclosed herein. Thus, for

example, in each instance herein any of the terms "comprising", "consisting essentially of, and

"consisting of may be replaced with either of the other two terms. The terms and expressions which

have been employed are used as terms of description and not of limitation, and there is no intention

that in the use of such terms and expressions of excluding any equivalents of the features shown and

described or portions thereof, but it is recognized that various modifications are possible within the

scope of the invention claimed. Thus, it should be understood that although the present disclosure

provides preferred embodiments, optional features, modification and variation of the concepts herein

disclosed may be resorted to by those skilled in the art, and that such modifications and variations

are considered to be within the scope of this disclosure as defined by the description and the

appended claims.

It will be readily apparent to one skilled in the art that varying substitutions and modifications

can be made to the invention disclosed herein without departing from the scope and spirit of the

invention. Thus, such additional embodiments are within the scope of the present disclosure and the

following claims. The present disclosure teaches one skilled in the art to test various combinations

and/or substitutions of chemical modifications described herein toward generating conjugates

possessing improved contrast, diagnostic and/or imaging activity. Therefore, the specific

embodiments described herein are not limiting and one skilled in the art can readily appreciate that

specific combinations of the modifications described herein can be tested without undue



experimentation toward identifying conjugates possessing improved contrast, diagnostic and/or

imaging activity.

The inventors expect skilled artisans to employ such variations as appropriate, and the

inventors intend for the disclosure to be practiced otherwise than as specifically described herein.

Accordingly, this disclosure includes all modifications and equivalents of the subject matter recited

in the claims appended hereto as permitted by applicable law. Moreover, any combination of the

above-described elements in all possible variations thereof is encompassed by the disclosure unless

otherwise indicated herein or otherwise clearly contradicted by context. Those skilled in the art will

recognize, or be able to ascertain using no more than routine experimentation, many equivalents to

the specific embodiments of the disclosure described herein. Such equivalents are intended to be

encompassed by the following claims.



We Claim:

1. A method for treating or preventing a neurodevelopmental myelination abnormality disease

or disorder in a subject, the method comprising:

administering a potassium channel blocker or other drug for treatment of a

neurodevelopmental myelination abnormality disease or disorder, or a pharmaceutically acceptable

salt thereof to the subject in need of such therapy in an amount sufficient to treat or prevent the

neurodevelopmental myelination abnormality disease or disorder in the subject.

2 . The method of claim 1, wherein the potassium channel blocker is selected from the group

consisting of 4-Aminopyridine (4-AP), a derivative thereof, or a combination thereof; 3,4

diaminopyridine (3,4-DAP), a derivative thereof, or a combination thereof;

tetraethylammonium (TEA); bretylium; other quaternary ammonium ion agent; and an agent of

FIG. 32.

3 . The method of claim 1, wherein the potassium channel blocker is a presynaptic potassium

channel blocker.

4 . The method of claim 1, wherein the other drug for treatment of a neurodevelopmental

myelination abnormality disease or disorder is selected from the group consisting of opicinumab

and clemastine.

5 . The method of claim 1, wherein the potassium channel blocker or other drug for treatment

of a neurodevelopmental myelination abnormality disease or disorder is a calcium channel agonist,

optionally the calcium channel agonist is selected from the group consisting of 4-AP, Bay K8644;

(S)-(-)-Bay K8644; FPL 64176; GV-58; ML-SA1; MSP-3; Ambroxol; Amiodarone; and AC-

265347, optionally the calcium channel agonist is a voltage-activated calcium channel (VACC)

stimulatory agent.

6 . The method of claim 1, wherein the neurodevelopmental myelination abnormality disease

or disorder is selected from the group consisting of Williams Syndrome (WS), Rett Syndrome, an

autism spectrum disorder and other neurodevelopmental disorder, optionally wherein the autism

spectrum disorder is an autism-associated CHD8 mutation disorder or fragile X syndrome.



7 . The method of claim 1, wherein one or more neurological symptoms of the

neurodevelopmental myelination abnormality disease or disorder are treated or prevented in the

subject.

8 . The method of claim 7, wherein the one or more neurological symptoms of the

neurodevelopmental myelination abnormality disease or disorder are selected from the group

consisting of abnormal fine motor skills, optionally including tremors or limb weakness, and

abnormal social skills.

9 . The method of claim 1, wherein the potassium channel blocker or other drug for treatment

of a neurodevelopmental myelination abnormality disease or disorder is administered orally,

optionally as an approximately 1-30 mg tablet, optionally as an approximately 10 mg tablet,

optionally wherein the potassium channel blocker or other drug for treatment of a

neurodevelopmental myelination abnormality disease or disorder is administered daily.

10. The method of claim 1, wherein the subject exhibits a normalization of fine motor skills

and/or a normalization of social preference or behavior, as compared to an appropriate control

subject, after administering the potassium channel blocker or other drug for treatment of a

neurodevelopmental myelination abnormality disease or disorder, or pharmaceutically acceptable

salt thereof.

11 . A pharmaceutical composition for treatment of a neurodevelopmental myelination

abnormality disease or disorder in a subject comprising a potassium channel blocker or other drug

for treatment of a neurodevelopmental myelination abnormality disease or disorder, or a

pharmaceutically acceptable salt thereof, and a pharmaceutically acceptable carrier.

12. The pharmaceutical composition of claim 11, wherein the potassium channel blocker is

selected from the group consisting of 4-Aminopyridine (4-AP), a derivative thereof, or a

combination thereof; 3,4 diaminopyridine (3,4-DAP), a derivative thereof, or a combination

thereof; tetraethylammonium (TEA); bretylium; other quaternary ammonium ion agent; and an

agent of FIG. 32.



13. The pharmaceutical composition of claim 11, wherein the potassium channel blocker is a

presynaptic potassium channel blocker.

14. The pharmaceutical composition of claim 11, wherein the other drug for treatment of a

neurodevelopmental myelination abnormality disease or disorder is selected from the group

consisting of opicinumab and clemastine.

15. The pharmaceutical composition of claim 11, wherein the potassium channel blocker or

other drug for treatment of a neurodevelopmental myelination abnormality disease or disorder is a

calcium channel agonist, optionally the calcium channel agonist is selected from the group

consisting of 4-AP, Bay K8644; (S)-(-)-Bay K8644; FPL 64176; GV-58; ML-SA1; MSP-3;

Ambroxol; Amiodarone; and AC-265347, optionally the calcium channel agonist is a voltage-

activated calcium channel (VACC) stimulatory agent.

16. The pharmaceutical composition of claim 11, wherein the neurodevelopmental myelination

abnormality disease or disorder is selected from the group consisting of Williams Syndrome (WS),

Rett Syndrome, an autism spectrum disorder and other neurodevelopmental disorder, optionally

wherein the autism spectrum disorder is an autism-associated CHD8 mutation disorder or fragile X

syndrome.

17. The pharmaceutical composition of claim 11 for treating or preventing one or more

neurological symptoms of the neurodevelopmental myelination abnormality disease or disorder in

the subject.

18. The pharmaceutical composition of claim 17, wherein the one or more neurological

symptoms of the neurodevelopmental myelination abnormality disease or disorder are selected from

the group consisting of abnormal fine motor skills, optionally including tremors or limb weakness,

and abnormal social skills.

19. The pharmaceutical composition of claim 11, wherein the potassium channel blocker or

other drug for treatment of a neurodevelopmental myelination abnormality disease or disorder is

formulated for oral delivery, optionally as an approximately 1-30 mg tablet, optionally as an



approximately 10 mg tablet, optionally wherein the pharmaceutical composition is administered

daily.

20. The pharmaceutical composition of claim 11, wherein the pharmaceutical composition is

effective at normalizing fine motor skills and/or a normalizing social preference or behavior in a

subject to whom the pharmaceutical composition is administered.

21. A method for treating or preventing Williams Syndrome (WS) in a subject comprising:

administering an effective amount of a pharmaceutical composition comprising a potassium

channel blocker, a calcium channel agonist, opicinumab or clemastine, or a pharmaceutically

acceptable salt thereof to the subject in need of such therapy,

thereby treating or preventing WS in the subject.

22. The method of claim 21, wherein the potassium channel blocker is a selective potassium

channel blocker, optionally a selective potassium channel blocker selected from the group

consisting of 4-Aminopyridine (4-AP), a derivative thereof, or a combination thereof; 3,4

diaminopyridine (3,4-DAP), a derivative thereof, or a combination thereof;

tetraethylammonium (TEA); bretylium; other quaternary ammonium ion agent; and an agent of

FIG. 32, optionally wherein the potassium channel blocker is 4-AP.

23. The method of claim 21, wherein the calcium channel agonist is selected from the group

consisting of 4-AP, Bay K8644; (S)-(-)-Bay K8644; FPL 64176; GV-58; ML-SA1; MSP-3;

Ambroxol; Amiodarone; and AC-265347, optionally the calcium channel agonist is a voltage-

activated calcium channel (VACC) stimulatory agent.

24. The method of claim 21, wherein one or more neurological symptoms of W S are treated or

prevented in the subj ect.

25. The method of claim 24, wherein the one or more neurological symptoms of W S are selected

from the group consisting of abnormal fine motor skills, optionally including tremors or limb

weakness, and abnormal social skills.



26. The method of claim 21, wherein the potassium channel blocker, calcium channel agonist,

opicinumab or clemastine is administered orally, optionally as an approximately 1-30 mg tablet,

optionally as an approximately 10 mg tablet, optionally wherein the potassium channel blocker,

calcium channel agonist, opicinumab or clemastine is administered daily.

27. The method of claim 21, wherein the subject exhibits a normalization of fine motor skills

and/or a normalization of social preference or behavior, as compared to an appropriate control

subject, after administering the potassium channel blocker or pharmaceutically acceptable salt

thereof to the subject.

28. A method for treating or preventing Williams Syndrome (WS) in a subject comprising:

obtaining a neuronal stem cell from the subject;

repairing the Gtf2i gene in the neuronal stem cell of the subject; and

administering an effective amount of the repaired neuronal stem cell to the subject in need

of such therapy,

thereby treating or preventing WS in the subject.

29. The method of claim 28, wherein the step of repairing comprises use of CRISPR/Cas 9 to

repair one or more genomic copies of the Gtf2i gene in the subject.

30. The method of claim 28, wherein one or more neurological symptoms of W S are treated or

prevented in the subj ect.
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