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(57) Abstract: A variety of neural stimulation devices
are disclosed. The devices comprise an uptake component
comprising means for selectively transporting a stimulating
species into the device; a release component comprising
means for releasing the stimulating species; and means
for producing a concentration gradient of a second species.
The concentration gradient of the second species provides
energy to transport the stimulating species into the device.
The stimulating species may be an ion, e.g., a potassium
ion, or a neurotransmitter. In a preferred embodiment of
the invention the stimulating species is a potassium ion.
In a second preferred embodiment the stimulating species
is dopamine. In certain embodiments of the invention
countertransport across an uptake component comprising
a synthetic ABA polymer membrane is achieved using a
carboxylic acid crown ether. The gradient of the second
species may be provided by means of a chemical reaction
that takes place inside the device. The substrate for the
chemical reaction is transported into the device from the
external environment. In certain embodiments the neural
stimulation device comprises light-sensitive elements
that comprise light-sensitive proton pumps. The proton
pumps translocate protons into the device in response to
light, thereby triggering release of the stimulating species.
In certain embodiments the neural stimulation device
comprises electronic components that receive a signal and
send an activating input to the device, thereby triggering
release of the stimulating species.
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NEURAL STIMULATION DEVICE EMPLOYING RENEWABLE
| CHEMICAL STIMULATION

Cross-Reference to Related Application _
[0001]  This application claims priority to U.S. Provisional Patent Application
60/565,592, filed April 26, 2004, the contents of which are incorporated herein by

reference.

Background of the Invention

[0002] While many body tissues have considerable capacity for recovery after

injury, neural tissue appears to possess only a limited potential for regeneration or

repair. In addition, a large number of diseases affect the nervous system or neural
target tissues and result in loss or absence of sensory and/or mofor function. There is
considerable interest in the development of devices and methods for artificial
stimulation of neurons or the target cells they innervate in order to restore or provide
such function or for a variety of other therapeutic purposes.

[0003] An area that has attracted considerable effort is the development of artificial
vision systems, also known as visual prostheses, that could, for example, restore
functional vision to the blind. These devices capture features of the visual environment
and utilize the information to stimulate neurons to achieve visual sensations. Such
devices offer the prospect of bypassing damaged portions of the visual system,
interfacing té remaining structures in the visual pathway and producing visual
sensations that would otherwise not exist. Several approaches to visual prosthesis
development are currently being pursued. Retinal prostheses can be placed within the
eye, either positioned on the inner surface of the retina (epi-retinal) or under the retina
(sub-retinal). Altefnately, visual prostheses can be placed elsewhere in the visual
pathway. Retinal prostheses are of particular use in conditions characterized by
damage to the retina, e.g., degeneration or loss of photoreceptor cells. Such conditions
include age-related macular degeneration, which is the most common cause of
blindness in individuals over age 65, and retinitis pigmentosa, which is the most

common inherited cause of blindness.

© 3917892v1
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[0004]  In addition to visual prostheses, there is considerable interest in the
development and improvement of devices to treat hearing loss such as cochlear
implants. Systems to restore muscle activity after spinal cord injury, e.g., functional
electrical stimulation (FES) systems are also of considerable interest. Significant
efforts are also under way to develop more effective therapies for conditions such as
epilepsy and Parkinson’s disease by stimulating various regions within the brain, and
electrical nerve stimulation is employed for the treatment of chronic pain. In addition,
studies of cultured neural cells often involves applying artificial stimulation to selected
neurons, and ongoing research efforts seek to develop neural networks in vitro that
could be implanted into the body to restore lost neural function.

[0005] Although each of the above areas has its own specific requirements, the
needs for an effective interface with neural tissue and a means to excite the neural
tissue is a common feature. Current neural prosthetic devices, including visual
prostheses, typically employ electrical stimulation, using electrodes to apply a voltage
or current to the neuron or neuron target cell. Retinal prostheses of various types utilize
microelectrode arfays produced using silicon micromanufacturing techniques.or the
like to apply a voltage and/or current to nerve cells in the retina. The general concept
of utilizing a retinal prosthesis to restore vision to the blind was first described in U.S.
Pat. No. 2,760,483 to Tassicker and later in U.S. Pat. No. 4,628,933 to Michelson, who
taught the use of an epi-retinal device that utilizes both light and radiofrequency
transmission. Subsequently, Humayun et al. taught the use of epi-retinal devices that
use radiofrequency transmission alone. (See -U.S. Pat. No. 5,935,155). Additional
retinal stimulation devices, components for use in such devices, and methods for their
implantation into the eye have been described, e.g., in U.S. Pat. Nos. 6,324,429,
6,120,538; 5,800,530 6,368,349; 6,075,251; 6,069,365, 6,020,593; 5,949,064;
5,895,415; 5,837,995; 5,556,423; 5,397,350, 5,597,381; 6,324,429; 5,865,839;
5,836,996; 6,389,317, and 5,944,747). Cuff electrodes are ﬁsed in functional
neuromuscular stimulation to electrically stimulate target tissues, and similar electrodes

are being explored for stimulation of the optic nerve. Microelectrode arrays and single
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electrodes are used for intracortical electrical stimulation (e.g., stimulation of the visual
cortex) or for stimulation of structures deeper in the brain.

[0006] Although electrical stimulation is relatively simple to implement, it has a
number of disadvantages. For example, common issues that arise with electrical
stimulation methods are lack of focal stimulation, biotoxicity that may result from the
electrical stimulation itself, from materials present in the stimulating device or from
byproducts of chemical reactions at the electrodes, and high power requirements. In
addition, electrical stimulation as achieved by applying a voltage or current to neurons
or neural target cells differs significantly from the mechanisms by which neural
stimulation is accomplished within the body, which rely chiefly on neurotransmitters
and ion fluxes across the cell membrane. Accordingly, there is a need in the art for the
development of devices and alternate methods for the stimulation of neurons and neural
target cells, e.g., that would not require stimulation by electrodes. In particﬁlar, there is
a need in the art for development of devices and methods for the stimulation of neurons
and neural target cells that would utilize ions or neurotransmitters for stimulation but

would not require replenishment of the stimulating species from an external source.

Summary of the Invention

[0007] The present invention addresses these needs, among others. In one aspect,
.the invention provides a device for stimulation of a neuron or neuron target cell
comprising an uptake component comprising means for selectively transporting a first
species into the device, wherein the first species is a stimulating species; a release
component comprising means for releasing the stimulating species; and means for
producing a concentration gradient of a second species, wherein the concentration
gradient of the second species provides energy to transport the stimulating species into
the device. The stimulating species may be an ion, e.g., a potassium ion, or a
neurotransmitter. In preferred embodiments of the invention the stimulating species is
a potassium ion or dopamine.

[0008] The invention provides a neural stimulation device that comprises light-

sensitive elements that comprise light-sensitive proton pumps. The proton pumps
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translocate protons into the device in response to light, thereby triggering release of the
stimulating species.

[0009] The invention provides a neural stimulation device that comprises electronic
components that receive a signal and send an activating input to the device, thereby
triggering release of the stimulating species. In certain embodiments transporf of
protohs in response to incident light causes release of the stimulating species.

[0010] The invention further provides a neural prosthesis comprising an array
comprising a plurality of neural stimulation devices. In a preferred embodiment the
neural prosthesis is a retinal prosthesis.

[0011] The invention provides a method of accumulating a stimulating species
inside a neural stimulation device comprising transporting the stimulating species into
the device using energy obtained from transport of a second species from inside the
device to outside the device down its concentration gradient.

[0012] The invention provides a method of releasing a stimulating species from the
interior of a neural stimulation device comprising: stimulating a stimulus-responsive
hydrogel, thereby causing release of the stimulating species in the vicinity of a neuron
or neural target cell. The stimulus may be, e.g., light. The hydrogel may be stimulated
in response to an input, e.g., light, heat, or an electrical signal. Stimulation of the
hydrogel causes a change in one or more properties, e.g., volume of the hydrogel. In
certain embodiments the hydrogel responds to a change in pH, e.g., a change in pH
caused by pumping of protons by a light-sensitive proton pump. In other embodiments
the hydrogel responds to an electric field. The electric field may be applied in response
to a stimulus, e.g., light, sound, motion, etc. The electric field may be applied by
electronic components. The stimulating species may be contained in the hydrogel prior
to release or may be in a separate compartment of the device. For example, expansion
or contraction of the hydrogel may increase or decrease pressure in the separate
compartment or may result in opening of an aperture.

[0013] The invention further provides methods for fabricating a neural stimulation

device.
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[0014]  In another aspect, the invention provides a method of treating a subject in
need of neural stimulation comprising implanting the neural stimulation device into the
subject.

[0015] 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 invention belongs. Although methods and materials similar or equivalent to those
described herein can be used in the practice or testing of the present invention, suitable
methods and materials are described below. In addition, the materials, methods, and
examples are illustrative only and are not intended to be limiting. Where elements are
listed in Markush group format, it is to be understood that each subgroup of these
elements is also disclosed, and any element(s) can be removed from the group. Where
numerical ranges are given, endpoints are included unless otherwise stated or otherwise
evident from the context.

[0016] This application refers to various patents and publications. The contents of
all of these are incorporated by reference. In addition, the following publications are
incorporated herein by reference: Current Protocols in Molecular Biology, Current
Protocols in Immunology, Current Protocols in Protein Science, and Current Protocols
in Cell Biology, all John Wiley & Sons, N.Y., edition as of J uly 2002; Sambrook,
Russell, and Sambrook, Molecular Cloning: A Laboratory Manual, 3" ed., Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, 2001; Kandel, E., Schwartz, J.H.,

J éssell, T.M,, (eds.), Principles of Neural Science, 4™ ed., McGraw Hill, 2000; and
Cowan, W.M,, Siidhof, T.C., and Stevens, C.F., (eds.), Synapses, The Johns Hopkins
University Press, Balﬁmore and London, 2001. In the case of conflict, the present

specification will control.

Brief Description of. the Drawing
[0017] The figures of the drawing, including the text therein, constitute a part of
this specification and illustrate exemplary embodiments of the invention. ‘It is to be
understood that in some instances various aspects of the invention may be shown

exaggerated or enlarged to facilitate an understanding of the invention.
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[0018]  Figure 1A shows a schematic diagram of a frontal view of a neural
stimulation.deAvice of the invention. ‘

[0019] Figure 1B shows a schematic diagram of a frontal view of a second neural
stimulation device of the invention.

[0020] Figure 1C shows a schematic diagram of a three-dimensional view of a
neural stimulation device of the invention. '

[0021] Figure 1D shows a schematic diagram of an array of neural stimulation
devices of the invention.

[0022] Figure 1E shows a schematic diagram of a frontal view of a hybrid
biochemical/electronic neural stimulation device of the invention.

[0023]  Figure 1F shows a schematic diagram of a three-dimensional view of a
retinal prosthesis of the invention that incorporates an array of hybrid
biochemical/electronic neural stimulation devices that interface to electronic
components. '

[0024] Figure 2 shows a schematic diagram of a synthetic membrane having a
structure resembling that of a lipid bilayer.

[0025] Figure 3A shows a scheme for synthesis of a triblock ABA polymer for use
in a synthetic membrane such as that in Figure 2.

[0026] Figure 3B shows a second scheme for synthesis of a triblock ABA polymer
for use in a synthetic membrane such as that in Figure 2.

[0027] Figure 4-shows the mechanism of coupled countertransport of potassium
ions and proteins by a crown ether carboxylic acid.

[0028] Figure 5 shows a synthetic scheme for covalent attachment of a crown ether
carboxylic acid to a PMOXA-P(DMS-co-HMS)-PMOXA membrane.

[0029] Figure 6A shows the structure of dopamine.

[0030] Figure 6B shows a crown ether comprising a boronic acid side chain that
can be used to transport catecholamines.

[0031] Figure 6C is a schematic diagram showing proton-coupled transport of
dopamine.

[0032] Figure 6D shows a zwitterionic dopamine boronate complex.

3917892v1



10

15

20

25

WO 2006/076008 PCT/US2005/014292

[0033] Figure 6E shoWs structures of additional crown ether boronic acid
catecholamine transporters.

[0034] Figure 7A shows a schematic representation of passive glucose transport
and the production of hydrogen ions (H") inside a device of the invention.

[0035] Figure 7B shows additional boronic acid glucose transporters.

[0036] Figure 8A shows a synthetic scheme for covalent attachment of a glucose
carrier to a PMOXA-P(DMS-co-HMS)-PMOXA membrane.

[0037] Figure 8B shows a second synthetic scheme for covalent attachment of a
glucose carrier to a PMOXA-P(DMS-co-HMS)-PMOXA membrane. _

[0038] Figure 9 shows the proton pumping mechanism of bacteriorhodopsin (from
the Web site having URL anx12.bio.uci.edu/~hudel/br/index.htrnl)

[0039] Figure 10 shows a process for fabrication of a neural stimulation device of.
the invention.

[0040] Figure 11 shows a process for fabrication of a hybrid biochemical/electronic
neural stimulation device of the invention.

[0041] Figure 12 shows a typical record from a single cell stimulated with
extracellular applicatio of K*. Response is shown for a cell stimulated with a 20 msec
pulse of 10 mM K*. |

[0042] Figure 13 shows peri-stimulus histograms (PSTH) for a representative cell
stimulated by increasing [K'] concentrations.

[0043] Figure 14 shows dose-response curves for stimulation of retinal ganglion
cells with various concentrations of K.

v[0044] Figure 15 shows receptive field of a retinal ganglion cell following: a)
Stimulation by elevated extracellular potassium (30mM [K']); b) Stimulation by a spot
of light.

Detailed Description of Certain Preferred Embodiments of the Invention

[0045] I. Definitions

[0046] The fo"llowing definitions are of use in understanding the invention.

3917892v1
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[0047] “Approximately”, as used herein in reference to a number, includes numbers
“that fall within a range of 5% of the number in either direction (greater than or less
than) unless otherwise stated or otherwise evident from the context (except where such
number would exceed 100% of a possible value).
[0048] “Central nervous system” (CNS), as used herein, includes the brain, spinal
cord, optic, olfactory, and auditory systems. The CNS comprises both neurons and
glial cells (neuroglia), which are support cells that aid the function of neurons.
Oligodendrocytes, astrocytes, and microglia are glial cells within the CNS.
Oligodendrocytes myelinate axons in the CNS, while astrocytes contribute to the blood-
brain barrier, which separates the CNS from blood proteins and cells. Microglial cells
serve immune system functions.
[0049] “Depolarization” refers to a reduction in the absolute value of the membrane
potential. Unless otherwise indicated, a “reduction in the membrane potential” refers to
depolarization.
[0050] “Hyperpolariiation” refers an increase in the absolute valué of the
membrane potential. Unless otherwise indicated, an “increase in the membrane
potential” refers to hyperpolarization.
[0051] “Neural target cell or tissue” refers to a cell or tissue of any type that
normally receives input from a neuron, e.g., whose activity is stimulated by or inhibited
by a neuron. In particular, neural target tissues include muscle cells (e. g., skeletal
muscle, cardiac muscle, or smooth muscle cells) that receive input at a neuromuscular
junction and certain secretory cells, e.g., endocrine cells. Neurons themselves may be
considered neural target tissues of other neurons that stimulate or inhibit them. In
general, the post-synaptic cell at any synapse may be considered a neural target cell.
[0052] “Neural tissue”, as used herein, refers to one or more components of the
central nervous system and peripheral nervous system. Such components include brain .
tissue and nerves.. In general, brain tissue and nerves contain neurons (which typically
comprise cell body, axon, and dendrite(s)), glial cells (e.g., astrocytes;
oligodendrocytes, and microglia in the CNS; Schwann cells in the PNS). It will be

appreciated that brain tissue and nerves typically also contain various noncellular
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supporting materials such as basal lamina (in the PNS), endoneurium, perineurium, and

epineuriun in nerves, etc. Additional nonneural cells such as fibroblasts, endothelial

_cells, macrophages, etc., are typically also present. See [86] for further description of

the structure of various neural tissues.

[0053] “Peripheral nervous system’; (PNS) includes the cranial nerves arising from
the brain (other than the optic and olfactory nerves), the spinal nerves arising from the
spinal cord, sensory nerve cell bodies, and their processes, i.e., all nervous tissue
outside of the CNS. The PNS comprises both neurons and glial cells.

[0054] “Plurality” means at least two.

[0055] A “polypeptide”, as used herein, is a chain of amino acids. A proteinis a
molecule composed of one or more polypeptides. A peptide is a relatively short
polypeptide, typically between about 2 and 60 amino acids in length. The amino acids
can be L-amino acids, D-amino acids, or unnatural amino acids (i.e., amino acids not
found in nature in living organisms).

[0056] The term “small molecule”, és used herein, refers to organic compounds,
whether naturally-occurring or artificially created (e.g., via chemical synthesis) that
have relatively low molecular weight and that are not proteins, polypeptides, or nucleic
acids. Typically, small molecules have a molecular weight of less than about 1500
g/mol. Also, small molecules typically have multiple carbon-carbon bonds.

[0057] The term “synapse” is used herein in accordance with its meaning as
accepted in the art, i.e., to indicate a specialized intercellular junction between a neuron
or between a neurons and another excitable cell where signals are propagated from one
cell to another with high spatial precision and speed.” [De Camilli, in Cowan, supral.
Synapses are the primary sites of intercellular communication in the mammalian
nervous system. Synapses may be classified as electrical or chemical, based on the
mechanism by which transmission takes place. At electrical synapses, communication
takes place via movement of ions through gap junctions that connect the signaling
partners. At chemical synapses, communication takes place via neurotransmitter

molecules that are released from a presynaptic neuron and interact with receptors on the

3917892vi



10

15

20

25

30

WO 2006/076008 PCT/US2005/014292

postsynaptic cell membrane. The region between the pre and postsynaptic membranes
is referred to as the synaptic cleft.

[0058] II. Overview

[0059] A neural stimulation device that employs renewable chemical stimulation is
disclosed. The device utilizes either ions or neurotransmitters as stimulating species to
excite a nearby neuron in response to receipt of an activating input. In preferred
embodiments the device does not require storage of a large, continuously depleted
internal reservoir of the stimuléting species and does not require replenishment of the
stimulating species from an external source. Ihstead, the device takes up the
stimulating species or a precursor thereof from its external environment (e.g.,
extracellular fluid) using energy obtained either from light or from a chemical reaction
that takes place within the device and utilizes a substrate that is naturally found within
the body. The stimulating species is transported from the exterior to the interior of the
device up its concentration gradient, i.e., from a region of lower concentration (outside
the device) to a region of higher concentration (inside the device). Transport of the
stimulating species is driven by an oppositely directed concentration gradient of a
second species. Transport of the second species down its concentration gradient, i.e.,
from a region of higher concentration (inside the device) to a region of lower
concentration (outside the device), provides the energy needed to transport the
stimulating species into the device.

[0060] The device comprises an uptake component comprising means for
selectively transporting a stimulating species into the device, a release component
comprising means fér releasing the stimulating species, and means for producing a
concentration gradient of a second species, wherein the concentration gradient of the
second species provides energy to transport the stimulating species into the device. In
certain embodiments of the invention a molecular carrier transports the stimulating
species into the device and transports the second species out of the device.

[0061] To facilitate understanding of the invention a simplified description of
information relating to neural signal transmission is provided below. Further details are

found in Kandel, supra, and Cowan, supra.

1
3917892v 10



10

15

20

25

WO 2006/076008 PCT/US2005/014292

[0062]  IIL Neural Signaling

[0063] Neurons are the primary signaling units of the nervous system and are
responsible for generating and transmitting impulses to target cells such as other
neurons and various nonneuronal cells such as muscle cells. A typical neuron has a cell
body, one or more dendrites, an‘ axon, and presynaptic terminals. Dendrites are cellular
processes that are the main areas for receiving signals from other neurons. The axon
conveys outgoing signals to target cells. Neurons communicate among themselves and
with other neural target tissues at specialized regions known as synapses. The cell that
transmits the signal is known as the presynaptic cell while the cell that receives the
signal is the postsynaptic cell. A

[0064] Signaling in the nervous system depends in part upon the electrical
properties of the cell membrane. Neurons, like other cells, maintain a difference in the
electrical potential on either side of the cell membrane, which is referred to as the
resting potential. In nerve cells this ranges between about -40 and -80 mV. The resting
membrane potential is a consequence of (i) a difference in the concentration of various
ions (including sodium ions (N é+), potassium ions (K*), chloride ions (CI), phosphate
ions, amino acids, proteins, etc.), particularly Na" and K, on either side of the cell
membrane, and (i1) a difference in the relative permeability of the cell membrane to
certain of these ions, e.g., K*, Na*, and CI". The Na'/K" pump, a membrane protein that
pumps Na* out of the cell and K" in to the cell, keeps the intracelluiar Na*
concentration lower (e.g., about 10 times lower) than the extracellular concentration
and the intracellular K™ concentration higher (e.g., about 20 times higher) than the
extracellular concentration.

[0065] The presence of ion channels in the cell membrane that are highly
permeable to K* but much less permeable to Na’ results in selective permeability of the
membrane to K* while the cell is at rest. The resting membrane potential of a cell,
which results from differences in the concentrations of ions inside and outside the cell
and differences in the relative permeabilities of the cell fnembrane to these ions, is

approximated by the well-known Goldman-Hodgkin-Katz equation:
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[0067] This equation can be used to predict the effect of changes in the

concentration of the various ions on resting membrane potential. The equation can be
expanded to include additional terms representing other ions.

[0068] The signaling ability of excitable cells such as nerve and muscle cells arises
from the fact that théir membrane potential can be rapidly and significantly altered.
The change in potential acts as a signaling mechanism. For example, a reduction in
membrane potential of approximately 10 mV (e.g., from -65 mV to -55 mV) alters the
membrane permeability, making the membra;le much more permeable to Na" than to
K*. The change in membrane permeability that allows long-distance transmission of
signals in the nervous system involves the opening of voltage-sensitive Na” channels in
the axon membrane, which results in an influx of Na* ions and a local rise in membrane
potential. The resulting flow of Na" into the cell reduces the negative charge inside the
cell still further, resulting in a positive feedback effect once a certain threshold of
membrane potential has been reached. This depolarization, known as an action
potential, is a rapid,' all-or-none signal that propagates down an axon in a wave-like

manner to the axon’s terminals. The local rise in membrane potential spreads passively

‘down the axon and causes adjacent regions of the membrane to reach the threshold for

generating an action potential. The depolarization resulting from the opening of
voltage-sensitive Na" channels lasts for only a brief period of time. After a short delay
the Na* channels spontaneously close and voltage-sensitivé K" channels open, allowing
exit of K*. This results in repolarization of the membrane and an eventual return to the
original membrane potential.

[0069] When an action potential arrives at axon terminal, it initiates communication
with a target cell on which the terminal ends. Cell-cell communication resulting from
an action potential typically involves release of a chemical substance referred to as a
neurotransmitter. Neurotransmitters are contained in Ca**-sensitive vesicles near the

. . . . .. +
axon terminal. Depolarization causes opening of voltage-sensitive Ca?" channels,

391
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allowing entry of Ca”* into the cell, which results in fusion of the vesicles with the cell
membrane and consequent release of their contents into a synaptic cleft.

[0070] In addition to action potentials, which can travel for long distances, nerve
cells produce local signals (e.g., receptor potentials, synaptic potentials), also resulting
from changes in the membrane potential. These local signals are not actively
propagated and generally decay within several millimeters. Receptor potentials are
typically due to an environmental stimulus such as stretch, pressure, or light. The
stimulus results, either directly or indirectly, in an alteration in ion fluxes through
channels in the cell membrane. Synaptic potentials arise from the binding of
neurotransmitter molecules, released from axon ferminals, to receptors in the membrane
of the cell on the post-synaptic side of the synapse, which results eithér directly or
indirectly in an alteration in membrane ion fluxes. The nature of these receptors
determines whether the synaptic potential will depolarizing or hyperpolarizing. Since
depolarization increases the cell’s ability to generate an action potential, it is generally
excitatory. Conversely, since hyperpolarization reduces the cell’s ability to generate an
action potential it is generally inhibitory. Both excitatory and inhibitory stimulation is
considered to be stimulation for purposes of the present invention.

[0071] An action potential is triggered when the membrane of an excitable cell is
sufficiently depolarized as a result of inputs (e.g., receptor potentials or synaptic
potentials) that propagate locally in the cell. In certain neurons and neural target cells a
single synaptic potential causes sufficient depolarization to trigger an action potential.
In other neurons, e.g., many in the CNS, an action potential is triggered when
depolarization resﬁlting from the summation of excitatory post-synaptic potentials and
inhibitory post-synaptic potentials reaches a certain threshold. |

[{0072] Many different neurotransmitters and neurotransmitter receptors exist in the
nervous system, and the effeéts of neurotransmitter binding vary depending upon the
nature of the receptor. Most neurotransmitters can be classified as either small
molecules (e.g., ACh); biogenic amines such as dopamine, serotonin, epinephrine,
norepinephrine, etc:; amino acids such as gamma-amino butyric acid (GABA), glycine,

and glutamate, or neuroactive peptides. Certain neurotransmitters can activate multiple
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different receptor types. Neurotransmitter receptors may themselves act as ion
channels that open in response to transmitter binding or may be coupled to second
messenger systéms in the cell. For example, in the case of neural transmission at the
neuromuscular junction in skeletal muscle, ACh released from the axon terminal of an
activating neuron binds to ACh-sensitive receptors in the post-synaptic membrane.
These receptors are ion channels, and binding of ACh results in opening of the channel,
which allows movement of Na" ions into and K" ions out of the cell. The net result is
membrane depolariiation. Glutamate is an excitatory neurotransmitter in the CNS that
binds to several types of receptors including some that conduct both Na" and K" ions in
a similar manner to the ACh receptor while others act in an excitatory or inhibitory
manner either as ion channels or by activating second messenger systems. Various
inhibitory neurotransmitters (e.g., gamma-ami'nobutyric acid and glycine in the CNS),
activate receptors that act as Cl” and/or K™ channels. Receptors that are coupled to
second messenger systems do not function as ion channels themselves. Instead, they
act indirectly by altering intracellular metabolism, typically resulting in the production
or activation of mvé.lecules in the cell, which then cause opening or closing of ion

channels.

[0073] IV. Device for Stimulation of Neurons or Neural Target Cells

[0074] As will be appreciated from the description above, the mechanisms by
which neurons and neural target cells are stimulated in the body differ greatly from
those employed by current neural prosthetic devices, which rely largely on the direct
application of voltage and/or current to cells, typically by means of metal electrodes
that are provided with an external power source. A number of existing devices employ
néurotransmitters for artificial neural stimulation in an attempt to more closely
approximate natural chemical signaling mechanisms. For example, US Patent Pub. No.
20030032946 discloses an artificial synapse chip that includes a reservoir for
containing a neuromodulatory agent. However, use of an internal reéerve poses a major
risk since neurotransmitter can be highly toxic. Furthermore, the contents of the
reserve would continuously diminish and would eventually require supplementation,

particularly if large amounts of the stimulating species are required. Replenishing the
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neurotransmitter from an external source does not avoid the risk of leakage and is also
problematic, particularly in the case of devices such as retinal prostheses that may be
permanently implanted. The inventors are unaware of any system that utilizes chemical
stimulation and replenishes the stimulating species using energy obtained from light or
a chemical reaction that utilizes a substrate naturally found in the body.

[0075] The present invention provides devices and methods for stimulating neurons
and/or neural target cells by use of either ions or neurotransmitter molecules. Such
devices are referred to herein as “neural stimulation devices”. Chemical stimulation is
achieved through focal application of either an ion or a neurotransmitter in a manner
similar to that in which release of neurotransmitter by a presynaptic cell in the body
results in stimulation of the postsynaptic cell. Application of a sufficient quantity of
the ion or neurotransmitter in the vicinity of an excitable cell results in firing of an
action potential. Application of lesser quantities results in a local potential.

[0076] Rather than employing an initial internal supply of the stimulating species
that is depleted over time and must be replenished from an external supply if exhausted,
the devices of the invention replace the stimulating species by recovering it from the
extracellular environment. In the case of prosthetic neural stimulation devices that are
implanted into the body, the stimulating species is recovered from the extrécellular
fluid. In the case of neurél stimulation devices that are used in settings in which
neurons and/br neural target cells are cultured in vitro, e.g., as tissue slices, isolated
cells, etc., the stimulating species is recovered from the tissue culture medium. The
devices and methods of the invention thus employ renewable chemical stimulation, in
which the stimulating species is released from the device, and ions or neurotransmitter
molecules are recovered from the extracellular environment or generated within the
device.

[0077] In general, such chemical stimulation, and devices and methods that employ
such stimulation, is considered “renewable” if, following return to steady state
(equilibrium) after release of a predetermined amount of a stimulating species (e. g.,an
amount sufficient to stimulate a target cell, or an amount released in response to a

particular release stimulus or trigger) the amount of stimulating species recovered or
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generated is at least 25% of the amount released. In preferred embodiments of the
invention, the amount of stimulating species recovered or generated is at least 50% of
the amount released. In more preferred embodiments of the invention the amount
recovered or generated is at least 75% of the amount released. In yet more preferred
embodiments of the invention fhe amount recovered or generated is at leést 90%, at
least 95%, at least 98%, at least 99%, or 100% of the amount released. A device of the
invention need not be fully renewable but may also include a nonrenewable source of
the stimulating species. The renewable aspect of such combined devices serves to |
extend the useful lifespan of the device.

[0078] In general, renewing the supply of stimulating species from the extracellular
environment requires sequestering the species into the device from a background
solution (e.g., extracellular fluid) that contains a lower concentration of the species.
The present invention encompasses the recognition that such transport should be both
selective and should be able to operate in an uphill direction with respect to the
concentration of the stimulating species. In other words, the device requires a means to
traﬁsport the stimulating species up its concentration gradient, i.e., from a region of
lower concentration (outside the device) to a region of higher concentration (inside the
device). As described below, selective transport can be achieved using any of a variety
of specific molecular carriers that reversibly form a complex with the neurotransmitter
or ion of interest and translocate it into the device. Selection of the appropriate carrier
molecule(s) depend on the particular stihmlating species.

[0079] Transport of a species against its concentration gradient is
thermodynamically unfavorable. To achieve uphill transport, it is therefore necessary
to supply energy to the system in order to make it thermodynamically feasible. The
devices of the invention supply the needed energy to transport the stimulating species
into the device by maintaining an oppositely directed concentration gradient in a second
species. The concentration of the second species is higher inside the device than in the
fluid outside the device. Movement of the second species down its concentration
gradient, i.e., from the interior of the device to the exterior, which contains a lower

concentration of the second species, provides the energy needed to transport the
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stimulating species up its concentration gradient. Either light or a chemical reaction
inside the device is used to transport the second species into the device or generate it
internally. Thus the device does not rely on electrical energy from an external source to
recover the stimulating species.

[0080] The invention provides a device for stimulating a neuron or neural target
cell comprising an uptake component comprising means for selectively transporting a
stimulating species into the device; a release component comprising means for
releasing the stimulating species; and means for producing a concentration gradient of a
second species, wherein the concentration gradient of the second species provides
energy to transport the stimulating species into the device. In certain embodiments of

the invention the release component also serves to store the stimulating species until it

_is released. In other embodiments a discrete storage component is provided. The

uptake component includes a carrier that translocates the stimulating species across the
uptake component up its concentration gradient and into the release component or into
a physically distinct storage component. In certain embodiments of the invention the
carrier also transports the second species out of the device down its concentration
gradient. The uptake component provides structural support for the carrier.

[0081] When an appropriate activating input is received by the device, the
stimulating species is released in the vicinity of a cell to be stimulated. Thus the
release component is generally positioned in the vicinity of a neuron or neural target
cell to be stimulated. Various embodiments of the invention employ one or more
proteins that are naturally found in cells, or modified versions thereof, Such proteins
may be components of the carrier system that transports the stimulating species, the
energy generating system, and/or the input-receiving system. The following sections
describe the uptake component, the stimulating species and corresponding carrier(s),
the storage and release component(s), the energy providing means, and the input
receiving means in further detail. It will be appreciated that references to a ‘;carriel"’,
“molecular carrier”, “stimulating species”, “second species”, etc., can refer to either
individual entities (e.g., a single molecule of a stimulating species such as a single K*

ion) or can refer to the species collectively, i.e., to multiple individual entities).
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[0082] Figure 1A is a schematic diagram showing a frontal view of a device 10 of
the invention and its mechanism of action. The device comprises an uptake component
20 and a storage/release component 30. The uptake component has an interface 22
with the external environment of the device. The uptake component and the
storage/release component contact one another at an interface 32. The uptake
component comprises carriers 24. Carriers 24 transport a stimulating species 40 across
uptake component 20 into storage/release component 30. As discussed further below,
storage/release combonent 30 preferably comprises a stimulus-responsive hydrogel.
[0083] Stimulating species 40 has a higher concentration [SS] inside the
storage/uptake component than in the external environment 60. Carriers 24 also
transport a second species 50 out of the storage/release component across the uptake
component to the external environment of the device. The second species is
countertransported across and through the uptake component and may thus be referred
to as a countertransported species. The second species has a higher concentration [CS]
inside the storage/release component than in the external environment. In preferred
embodiments of the invention the same carrier species transports the stimulating
species and the counfertranspoﬁed species in opposite directions across and through the
uptake component as indicated by arrows 26. In other embodiments of the invention
different carrier species are used.

[0084] The uptake component also comprises carriers 28. Carriers 28 transport a
substrate 70 for a chemical reaction from the external environment to the
storage/release component. The storage release component comprises an enzyme 80
that catalyzes a reaction 85 to produce molecules of countertransported species 50.
Production of countertransported species S0 inside the device provides the energy
needed for accumulation of stimulating species 40 from the external environment. In
alternate embodiments countertransported species 50 is transported into the device
rather than generated within it.

[0085] In operation, e.g., when implanted into the body, at least a portion of
storage/release component 30 is located in the vicinity of and preferably adjacent to a

neuron or neural target cell 200 to be stimulated. Preferably storage/release component
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is located in the vicinity of and preferably adjacent to a cell body or dendrite.
Storage/release component 30 is in communication with the external environment via
apertures 34 through which stimulating species 40 is released in response to receipt of
an activating input. Stimulating species 40 diffuses across space 210, which is
preferably less than approximately 10-20 microns in width, to stimulate the neuron or
neural target cell.
[0086] Located within or adjacent to storage/release component 30 are release
triggers 90. The release triggers comprise means for sensing or receiving an activating
input and means for triggering release of the stimulating species. . The release trigger

- may comprise or consist of a light-sensitive element 92. In certain embodiments of the
invention the light-sensitive element is a proton pump that absorbs a photon and pumps
a proton into storage/release component 30. The increase in pH caused by an influx of
protons causes release of the stimulating species. In other embodiments of the invention
the release trigger comprises an electrode that receives an electrical signal. An electric
field causes release of the stimulating species. The electrical signal may be generated
by a variety of means as discussed further below.
[0087] In preferréd embodiments of the invention the device is partially
encapsulated in a protective layer 100 which may be, for example, a polymer layer;
The protective layer can extend over part of interface 22.

[0088] A. Stimulating Species

[0089] As discussed above, focal application of either an ion or a neurotransmitter
can artificially stimulate a neuron or neural target cell. In general, any neurotransmitter
can be used in the invention, provided that the cell to be stimulated containé receptors
for that neurotransmitter in its cell membrane. Any of a number of different ions may
be selected as the stimulating species. Since the cellular plasma membrane is generally
relatively impermeable to ions in the absence of ion channels that allow entry and/or
exit of the ion, appropriate ions are those for which such channels exist in the cells to
be stimulated, e.g.,“KJ", Na*, Ca®, CI..

[0090] The inventors have recognized that K" is a preferred stimulating species,

particularly for pro"sthetic devices that are to be implanted into the body for a variety of
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reasons. Normal homeostatic mechanisms maintain a relatively stable concentration of
K" in the extracellular fluid, and excitable cells such as neurons contain K* channels in
their cell membranes. At rest, the cell is more permeable to K than it is to Na*.
Various neurophysiological studies of isolated cells have demonstrated that by raising
the K concentration locally around a cell it is possible to depolarize the cell [2, 3, 4].

The inventors have shown that rabbit retinal tissue can be excited by focal application

of K" [1]. The inventors have performed experiments to determine the concentration of

K" that is needed to excite the rabbit retina. The results indicate that a modest increase
in background K™ concentration (~10 mM) is sufficient to excite the firing of an action
potential by retinal ganglion cells (Example 1), thereby providing suitable parameters
for a neural excitation device based on K” release. Furthermore, the receptive fields for
both light and K™ evoked responses were qualitatively similar in terms of their spatial
and temporal features, indicating the feasibility of using K" as a stimulating species. K"
is used herein as an exemplary stimulating ion to illustrate the invention. However, it is
to be understood that the invention encompasses the use of other ions.

[0091] Biogenic amines such as catecholamines (e.g., dopamine, epinephrine, and
norepinephrine) are among the many neurotransmitters that can be employed for
renewable chemical stimulation. Others include amino acids such as GABA, glycine,
or glutamate, peptides, eté. Dopamine is used herein as an exemplary stimulating
neurotransmitter species to illustrate the invention. However, it is to be understood that
the invention encompasses the use of other neurotransmitters.

[0092] In certain embodiments of the invention multiple different stimulating
species are used in the same device. For example, both an ionic species and a |
neurotransmitter species can be employed to stimulate a cell of interest, or two different
ionic species or a combination of multiple neurotransmitters can be used.

[0093] B. Uptake Component

[0094] In certain preferred embodiments of the invention the device comprises
distinct uptake and storage/release components. These components are, in general, in
physical communication so that a stimulating species can be transferred from the

uptake component into the storage component, which may also function as a release
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component. For purposes of description it is assumed that a single component, referred
to hereafter as a “sforage/release’.’ component, functions as both storage component and
release component. However, it is to be understood that other configurations are
encompassed as described below.

[0095] At least a portion of the uptake component is in contact with a fluid in the
external environment of the device. For example, when the device is implanted into the
body at least a portion of the uptake component is in contact with the extracellular
fluid. At least a portion of the uptake component is in contact with the storage/release
component (or at least with the storage component in devices that have separate storage
and release components). Thus there is at least one interface between the uptake
component and the external environment and at least one interface between the uptake
component and the storage/release component (or at least between the uptake
component and the storage component in devices that have separate storage and release
components). In a preferred embodiment the uptake and storage/release components are
arranged to form a structure comprising layers that are adjacent to one another, so that
one or more surfaces of the components are in contact, and at least one surface of the
uptake componént is in contact with the external environment.

[0096] As discussed above Figure 1 shows a schematic diagram of an exemplary
embodiment of the invention in which uptake component 20 is adjacent to storage and
release compbnent 30, so that adjoining surfaces of the two components form an
interface 32. The uptake component also has an interface 22 with the external
environment. In other embodiments the uptake component is at least partly embedded
within the storage/release component, or the storage/release component is at least partly
embedded within the uptake portion. One of the components may be entirely
embedded within the other, provided that the embedded component is communication
with the environment external to the device (typically the extracellular fluid or tissue
culture medium), e.g., via channels.

[0097] In preferred embodiments of the invention the uptake component comprises
one or more material layers and a plurality of molecular carriers. The molecular

carriers transport the stimulating species into the storage/release component. The
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molecular cafriers are discrete entities that are operably associated with a material that
forms the bulk of the uptake component. By “operably associated” is meant that the
molecular carriers are either noncovalently or covalently attached to a material layer
that makes up at least part of the uptake component and are oriented in such a way that
they function to transport a stimulating species into the device. The material layer(s) of
the uptake component provide mechanical support for the carriers and also serve as a
barrier to the entry of undesired species into the device. The remaining portions of the
device may be largely encapsulated to prevent such entry. The molecular carriers are
either synthetic or naturally derived small molecules, peptides, polypeptides, or
proteins. The molecular carriers can comprise one or more molecular species, which
may be the same or differerent. For example, some proteins are comprised of multiple
polypeptides. Thu.s the carrier can be a molecule or a complex comprised of multiple
molecules. In preferred embodiments a molecular carrier reversibly associates with the
stimulating species and mediates its transfer across the material layer(s) of the uptake
component and into the storage/release component.

[0098] Preferably the material layer(s) of the uptake component possess mechanical
and chemical stability and allow for incorporation and, optionally, covalent attachment
of the carriers and other molecular elements of the device. The uptake component
should provide an environment that is compatible with the operation of the carriers,
e.g., it should be chemically compatible with them so that they will remain stable when
incorporated therein.

[0099] The molecular carriers may operate in a variety of different ways to
transport the stimulating species into the storage/release component. In certain
embodiments of the invention the carriers span the uptake component so that a first
region of the carrier is in contact with the external environment and a second region of
the carrier is in contact with the storage/release portion. In certain embodiments of the
invention a carrier molecule moves back and forth within the material layer(s) of the
uptake component. A carrier may associate with a molecule of the stimulating species

while near the side of the uptake component that contacts the external environment and

3917892v1 2



10

15

20

25

30

WO 2006/076008 PCT/US2005/014292

then migrate (e.g., by diffusion) across the uptake component and discharge the
stimulating species into the storage/release component.

[00100] In certain embodiments of the invention a molecule of the stimulating
species becomes associated with a carrier molecule at a surface of the uptake portion
that is in contact with the external environment and is transferred to a second carrier
molecule located more deeply within the uptake component. The second carrier
molecule may have the same chemical structure as the first or may have a different
structure. The stimulating species may be transferred between multiple carrier
molecules until it eventually reaches a carrier molecule that is in contact with the
storage/release component into which it is then discharged. In yet other embodiments
the carrier has a channel-like structure, comprising a pore through which the
stimulating species can pass.

[00101] In preferred embodiments of the invention the uptake component has a
structure comprising two substantially planar hydrophobic layers separated by a
hydrophilic layer. This structure resembles that of the plasma membrane of a cell,
referred to as a lipid biiayer. For purposes of description a structure having a sheetlike
configuration with a third dimension that is generally considerably smaller than the
other two dimensions is referred to as a membrane.

[00102] Naturally occurring plasma membranes consist primarily of phospholipids
with their nonpolar lipid tails in the interior and their polar heads interfacing with the
polar water molecules outside the cell. These and other similar amphiphilic molecules
self-assemble to form membrane structures. Many membranes having similar
structures have been manufactured in vitro using techniques such as the “black
membrane” process, the Langmuir-Blodgett process, etc. Generally, the molecular
constituents from which the membrane is to be formed are dissolved in a solvent, such
as chloroform and/or toluene at a low concentration (e.g., approximately 1 to 10% by
weight). The amphiphilic molecules organize into their most stable structure, which is
a layered membrane, with the hydrophilic portions towards the exterior (e.g., in contact
with an aqueous phase) and the hydrophobic portions towards the center. See, e.g.,

references 51 and 52 for extensive reviews of natural and synthetic lipid bilayers.
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[00103] For a variety of reasons, relatively thin membranes are preferred. For
example, in embodiments in which a carrier molecule spans the uptake portion or flips
from one side of the uptake portion to the other, the size of the carrier molecule
establishes an upper bound for the thickness of the uptake portion. In general, if the
carrier molecule diffuses across the uptake component or if the stimulating species
migrates from one carrier molecule to another to transit the uptake portion, the time
required for uptake will be inversely related to the square of the distance traveled. If
the stimulating species migrates between multiple carrier molecules in-order to be
transferred, the efficiency of transfer will. be reduced as the number of carrier
molecules required to span the uptake component increases. Preferably the width of

the membrane is between approximately 1 nm and 1 pum, more preferably between

- approximately 1 nm and 100 nm, and yet more preferably between approximately 5 nm

and 50 nm, between approximately 5 nm and 20 nm, e.g., approximately 10 nm.
[00104] Any of a wide variety of materials can be used to form the membrane
portion of the uptake component. The hydrophobic domains may be made of the same
material or of different materials. In a preferred embodiment the membrane is formed
from a polymeric material, optionally cross-linked to provide increased mechanical
stability. Numerous synthetic polymers are known in the art. Suitable polymers
include ABA copolymers in which A is a hydrophilic segment and B is a hydrophobic
segment, or ABC polymers, in which A and C are hydrophilic segments and B is a
hydrophobic segment. The polymers are generally block copolymers, which is
understood to include linear block copolymers and other structures such as graft and
comb structures. Preferably the hydrophobic layer has a relatively low glass transition
temperature that allows the carriers to move freely within it and avoids the need for
plasticizers. However, in certain embodiments plasticizers are included.

[00105] U.S. Pat. Nos. 5,807,944 and 6,723,814 and WO 97/49387 disclose
numerous examples of suitable hydrophobic and hydrophilic polymers. Methods for
making membranes from these polymers and appropriate crosslinking agents and
crosslinking techniques are also described. U.S. Pat. No. 6,723,814 also discloses that

biological transport proteins can be reconstituted in these membranes and function to
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transport species such as ions and sugars across the membranes in which they are
embedded.

[00106] Exemplary hydrophobic polymers include polysiloxane such as
polydimethylsiloxane and polydiphenylsiloxane, perﬂuorbpolyether, polystyrene,
polyoxypropylene,‘polyvinylacetate, polyoxybutylene, polyisoprene, polybutadiene,
polyvinylchloride, polyalkylacrylate (PAA), polyal_kylmethacrylate, polyacrylonitrile,
polypropylene, PTHF, polymethacrylates, polyacrylates, polysulfones, polyvinylethers,
and poly(propylene oxide), and copolymers thereof. The hydrophobic segment
preferably contains a predominant amount of hydrophobic monomers. A hydrophobic
monomer is a monomer that typically gives a homopolymer that is insoluble in water
and can absorb less than 10% by weight of water. Suitable hydrophobic monomers are
C1-C18 alkyl and C3-C18 cycloalkyl acrylates and methacrylates, C3-C18
alkylacrylamides and -methacrylamides, acrylonitrile, methacrylonitrile, vinyl C1-C18
alkanoates, C2-C18 alkenes, C2-C18 haloalkenes, styrene, (lower alkyl)styrene, C4-
C12 alkyl vinyl ethers, C2-C10 perfluoro-alkyl acrylates and methacrylates and
correspondingly partially fluorinated acrylates and methacrylates, C3 through C12
perfluoroalkylethylthiocarbonylaminoethyl acrylates and methacrylates, acryloxy- and
methacryloxyalkylsiloxanes, N-vinylcarbazole, C1 through C12 alkyl esters of maleic
acid, fumaric acid, itaconic acid, mesaconic acid, vinyl acetate, vinyl propionate, vinyl
butyrate, vinyl valerate, chloroprene, vinyl chloride, vinylidene chloride, vinyltoluene,
vinyl ethyl ether, perfluorohexyl ethylthiocarbonylaminoethyl methacrylate, isobornyl
methacrylate, trifluoroethyl methacrylate, hexa-fluoroisopropyl methacrylate,
hexafluorobutyl methacrylate, tristrimethylsilylo.xysilylpropyl methacrylate (TRIS),
and 3-methacryloxypropylpentamethyldisiloxane.

[00107] Exemplary hydrophobic polymers include polyoxazoline, polyethylene
glycol, polyethylene oxide, polyvinyl alcohol, polyvinylpyrrolidone, polyacrylamide,
poly(meth)acrylic acid, polyethylene oxide-co-polypropyleneoxide block copolymers,
poly (vinylether), poly(N,N-dimethylacrylamide), polyacrylic acid, polyacyl alkylene
imine, polyhydrokyalkylacrylates such as hydroxyethyl methacrylate (HEMA),
hydroxyethyl acrylgte, and hydroxypropyl acrylate, polyols, and copolymeric mixtures
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of two or more of the above mentioned polymers, natural polymers such as
polysaccharides and polypeptides, and copolymers thereof, and polyionic molecules
such as polyallylammonium, polyethyleneixnine, polyvinylbenzyltrimethylammonium,

polyaniline, sulfonated polyaniline, polypyrrole, and polypyridinium, polythiophene-

“acetic acids, polystyrenesulfonic acids, zwitterionic molecules, and salts and

copolymers thereof. The hydrophilic segment preferably contains a predominant
amount of hydrophilic monomers. A hydrophilic comonomer is a monomer that
typically gives a homopolymer that is soluble in water or can absorb at least 10% by
weight of water. Suitable hydrophilic monomers are hydroxyl-substituted lower alkyl
acrylates and methacrylates, acrylamide, methacrylamide, (lower alkyl) acrylamides
and methacrylamides, N,N-dialkyl-acrylamides, ethoxylated acrylates and
methacrylates, polyethyleneglycol-mono methacrylates and
polyethyleneglycolmonomethylether methacrylates, hydroxyl-substituted (lower alkyl)
acrylamides and methacrylamides, hydroxyl-substituted lower alkyl viny! ethers,
sodium vinylsulfonate, sodium styrenesulfonate, 2-acrylamido-2-
methylpropanesulfonic acid, N-vinylpyrrole, N-vinyl-2-pyrrolidone, 2-vinyloxazoline,
2-vinyl-4,4'-dialkyloxazolin-5-one, 2- and 4-vinylpyridine, vinylically unsaturated
carboxylic acids having a total of 3 to 5 carbon atoms, amino(lower alkyl)-(where the
term amino also includes qﬁaternary ammonium), mono(lower alkylamino)(lower
alkyl) and di(lower alkylamino)(lower alkyl) acrylates and methacrylates, allyl alcohol,
3-trimethylammonium 2-hydroxypropylmethacrylate chloride (Blemer,QA, for
example from Nippon Oil), dimethylaminoethyl methacrylate (DMAEMA),
dimethylaminoethylmethacrylamide, glycerol methacrylate, and N-(1,1-dimethyl-3-
oxobutyl)acrylamide. |

[00108] The segments A and B, or A, B, and C, are linked together through a bond
that may be hydrolyzable or non-hydrolyzable. A non-hydrolyzable bond is a covalent
bond that is not cleaved by an ordinary aqueous or solvent hydrolysis reaction, e.g.
under acidic or baéic conditions. Specific bonds that are hydrolyzable within the
meaning of the term are well known to those skilled in the art. A non-hydrolyzable

bond between segments A and B in the amphiphilic segmented copolymer can be
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formed by polymerizing a suitable hydrophilic monomer (from segment A) in the
presence of a suitably functionalized hydrophobic monomer (from segment B) such
that a block of units of the hydrophilic monomer grows from the site of
functionalization of the hydrophilic monomer or, alternatively by polymerizing a
suitable hydrophobic monomer in the presence of a suitably functionalized hydrophilic
monomer such that a block of units of the hydrophobic monomer grows from the site of
functionalization of the hydrophilic monomer.

[00109] In a preferred embodiment a PMOXA-P(DMS-co-HMS)-PMOXA
membrane, also referred to as a PMOXA-PDMS-PMOXA membrane is used (U.S. Pat.
No. 6,723,814 and references 6-8. Figure 2 shows a schematic of the layer structure of
an uptake component 20 comprising a membrane. As shown therein, uptake
component 20 comprises hydrophilic layers 21 (the A segment) and hydrophobic layer
23 (the B segment).

[00110] Figure 3 shows a scheme for synthesis of the triblock polymer. An alternate
synthesis scheme is presented in Figure 4 [7, 53]. Additional preferred ABA polymers
include PolyEthylOxazoline-P(DMS-co-MHS)PolyEthylOxazoline,
PolyEthyleneOxide-P(DMS-co-MHS)PolyEthyleneOxide, and PolyCaprolactone-
P(DMS-co-MHS)PolyCaproLactone. Preferred ABC polymers include
PolyEthyleneOxide-P(DMS-co-HMS)PolyOxazoline (Ethyl or Methyl) [61, 62].
[00111]  Molecules such as molecular carriers can be incorporatéd into a membrane
or attached to its surface using a variety of methods as described in U.S. Pat. No.
6,723,814. For example, a molecular carrier can be incorporated during formation of
the membrane, by including it in the polymer solution. The molecular carrier can be
covalently or noncovalently associated with the polymer. Specific methods are
described herein.

[00112] A molecular carrier can also or alternatively be incorporated into the
membrane after the membrane has been fqrmed. In one embodiment, a biological
molecule is inserted into the membrane after the membraﬁe has been formed by
including the molecule in a solution placed on one side of the membrane. Insertion of

the molecule into the membrane may be accelerated by applying a potential across the
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membrane. Molecular carriers can also be incorporated into or onto the membrane in
ways other than direct insertion into the membrane. For example, a reactive group on
the segmented polymer, such as a methacrylate end group, can be used to react with a
reactive group (e.g. an amino or thiol) on a protein, leading to the formation of a
covalent bond between the membrane and the protein. As a result the protein would be
immobilized at the surface of the membrane rather than within the membrane.

[00113] In certain embodiments of the invention the molecular carriers are operably
associated directly with the storage/release component itself rather than with a distinct
uptake component The molecular carriers may be partially or entirely embedded within
the storage/release layer, provided that they are in communication with the environment
external to the device from which the stimulating species is to be transported.

[00114] C. Carriers and Mechanism of Action

[00115] In preferred embodiments of the invention the stimulating species is
replenished by sequestering it from the external environment of the device, e.g.,
extracellular fluid or tissue culture medium. The uptake component accordingly
comprises a molecular carrier that selectively permits the stimulating species to enter
the device. In a preferred embodiment the molecular carrier complexeé with the
stimulating species and translocates it into the device up its concentration gradient.
Preferably if the stimulating species is an ion, the carrier has at least a 2-fold selectivity
for the stimulating species relative to that of other ions, i.e., the ratio of the number of
desired ions transported into the device relative to any undesired ion transported into
the device is at least 2. More preferably the carrier has at least 5-fold, yet more
preferably at least lO-fold selectivity for the stimulating ion. Preferably the carrier has
a selectivity for the stimulating species of at least 2-fold, more prefefably at least 5-
fold, yet more preferably at least 10-fold relative to that of all other ions transported by
the molecular carrier combined. Similarly, if the stimulating species is a
neurotransmitter, preferably the carrier has at least a 2-fold selectivity for the
stimulating species relative to that of other neurotransmitters, i.e., the ratio of the
number of desired neurotransmitter molecules transported into the device relative to

any undesired neurotransmitter molecules transported into the device is at least 2.
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More preferably the carrier has at least 5-fold, yet more preferably at least 10-fold
selectivity for the stimulating neurotransmitter. Preferably the carrier has a selectivity
for the stimulating species of at least 2-fold, more preferably at least 5-fold, yet more
preferably at least 10-fold relative to that of all other transported neurotransmitters
combined. As mentioned above, K™ and dopamine are taken as the representative
stimulating species for descriptive purposes.

[00116] A large number of K'-selective materials are known in the art and are of use
in the present invention. Carrier molecules that translocate K* include non-electrogenic
simple, symmetric carriers, such as the naturally occurring macrocyclic carrier
valinomycin, and various synthetic carriers based on crown ethers or calix[n]arenes,
and the nonelectrogenic antiport carriers, which include the naturally occurring acyclic
carrier nigericin, synthetic acyclic polyethers, and the macrocyclic lariat crown ethers.
[00117] Crown ethers are heterocyclces that, in their simplest form, are cyclic
oligomers of dioxane [US Pat. Nos. 3,361,778; 3,987,061; 4,523,994; references 60,
63-67]. The repeating unit of a simple crown ether is ethyleneoxy, i.e., -CH;CH,O-.
Many crown ethers of use in the present invention comprise at least 4 of these units.
Generally ring sizes of macrocycles of use in the present invention range between 9 and
about 60. The common names of crown ethers include a number as a prefix to
designate the total number of atoms in the ring and a number as a suffix to designate
the number of oxygen atoms in the ring [63, 64]. Thus, 15-crown-5 is comprised of 15
atoms in the ring, 5 of which are O and 10 of which are C.

[00118] The chemistry of crown ethers typically involves complexation of the ether
oxygens with various cationic species, including Ca™, Mg++, Na*, K¥, Li', etc. This is
often termed "host-guest" chemistry, with the ether as host and the ionic species as
guest [65]. Host-guest chemistry is also found in a variety of other contexts, e.g., in
cyclodextrins and macrocyclic polyether antibiotics. Certain crown ethers display
selective complexation with one or more cations. For example, 18-crown-6 ethers are
selective for K™ while 15-crown-5 ethers are selective for Na”. It will be appreciated
by one of ordinary skill in the art that a number of variations of the simple crown ether

structure exist and are of use in the present invention. For example, substitution of one
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or more of the O étoms, e.g., by Nor S, is common, and the ring can be substituted
with a variety of different groups. See, e.g., references [64, 66, 67].

[00119] Lariat crown ethers comprise one or more ether side arms that are typically
attached to the macroring at nitrogen.

[00120] Calix[n]arenes are a class of compounds that have a three-dimensional
cavity that can host anions; cations, or neutral species. These molecules are

macrocycles that are readily synthesized, e.g., by condensation of p-tert-butylphenol

~and formaldehyde. The parent p-tert-butylcalix[4]arene adopts a cone conformation

possessing a well defined cavity. To alter the properties of the macrocycle, the

calixarene scaffold can be modified by functionalization of the methylene groups, and

by intraannular and/or extraannular modifications using methods well known in the art.

See [60-63] fof review and further discussion of these compounds.

[00121] U.S. Pub. No. 20040122475 discloses a variety of additional K'-selective
materials. Materials selective for Ca™, CI', Na* and other ions are also disclosed in
U.S. Pub. No. 20040122475 and in U.S. Pat. Nos. 4,214,968, 3,562,129, 3,753,887, and
3,856,649, 4,554,362, 4,523,994, 4,504,368, 4,115,209, 5,804,049, and EP 0 267 724.
For example, as mentioned above, various crown ethers are selective for Na™. A23187
(Fluka of Buchs, Switzerland), is a commonly used Ca"" ionophore. Zeolites are
materials that also display selectivity towards various ionic species.

[00122] A variety of carriers that transport neurotransmitters are known in the art.
For example, lasalocid A is a naturally occurring carboxylic ionophore that performs an
uphill transport of dopamine when driven by a pH gradient [56] and can be used as a
carrier for dopamine or other biogenic amines. Other suitable carriers include crown
ethers comprising boronic acid side groups.

[00123]  Naturally occurring proteins that function as ion transporters or channels are
also of use in the present invention. These proteins' generally transfer an ion such as K*
across a plasma membrane up its concentration gradient either alone or in combination
with another ion such as H' using energy from a proton gradient, ultimately derived
from hydrolysis of ATP; Naturally occurring ion transporters or channels, or modified

forms thereof, can be produced using recombinant DNA technology, purified from
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natural sources, etc., and can be embedded in the membrane of the uptake component
and optionally covalently attached thereto. See, e.g., Hille, B., lon Channels of
Excitable Membranes (3rd Edition), Sinauer Associates, 2001. Similarly, naturally
occurring proteins that function as neurotransmitter transporters are known in the art,
e.g., dopamine transporter, serotonin transporter, etc., and can be used in the present
invention.

[00124]  One of the most extensively studied carriers that translocates K is
valinomycin [5], dodecadepsipeptide, where a depsipeptide is a molecule with both
peptide and ester bonds. Valinomycin and various synthetic analogues based on bis-
crown ethers are neutral carriers and become ionized when a complex is formed with
the potassium ion. The translocation can be described by a simple symmetric four state
carrier model [6]. The kinetics of the translocation are described by the dissociation or
binding constant and the transport rate constant. Since the complex is ionized,
application of a voltage will increase the transport rate of the molecule in the favored
direction (towards the negative potential) and can be used to move the ion up a
concentration gradient. Thus according to certain embodiments of the invention a
voltage is applied across the uptake component to drive transport of a stimulating
species into the device. However, as the ion is translocated it opposes the applied
voltage and decreases the energy available for further transport, resulting in low
efficiency of utilization of the applied voltage [7]. Though applied voltage increases
the transport rate in one direction over the other, it does not change the binding and
unbinding constant of the complex which makes this type of carrier relatively
inefficient for transport up a concentration gradient.

[00125] Therefore, in preferred embodiments the present invention employs a
mechanism in which a concentration gradient of a second species is used to convert the
transport of the stimulating species from a process that is thermodynamically
unfavorable to one that is favorable. In preferred embodiments the second species is a
proton. In certain embodiments energy obtained from light is used to transport the
second species into the device. In other embodiments a chemical reaction is used to

generate the second species inside the device.
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[00126] PreferaBly the carrier can reversibly associate with both the stimulating
species and the second species. Thus preferred carriers contain at least one site that
reversibly associates with the stimulating species and at least one site that reversibly
associates with the second species. By “reversibly associates” is meant that the carrier
and a species can associate at a particular time, can subsequently disassociate at a later
time, and that this process can be repeated, preferably for at least hundreds of cycles of
association and disassociation. It will be appreciated that association is mutual, i.c., the
carrier associates with the species, and the species associates with the carrier.

[00127]  The site for association of the carrier and the stimulating species and the site
fdr association of the carrier and the second species can be the same or different, and
there can be more than one site for association with either of the speéies, or both. The
carrier may be ablellto associate with both the stimulating species and the second
species simultaneously, or the associétion can be mutually exclusive such that at any
given time a molecular carrier can be associated with either a molecule of the
stimulating species or a molecule of the second species, but not both. It will be
appreciated that at any given time individual molecular carriers may or may not be
associated with a stimulating species or a second species, i.e., the carriers need not all

be in the same state of association or disassociation. The association can be a covalent

- or noncovalent. In preferred embodiments the association is a “host-guest” association,

an ionic association, a hydrogen bond association, or a combination thereof.

[00128]  In accordance with the invention the carrier transports the stimulating
species from the external environment of the device into the storage/release component
and transports the second species from the storage/release component into the external
environment of the device. The carrier associates with the second species at the
interface between the uptake component and the storage/release component and also
disassociates with the stimulating species at this interface. In certain embodiments of
the invention association of the carrier with the second species destabilizes the complex
formed by the carrier and the stimulating species, thereby favoring disassociation of the
carrier and the stimulating species. The carrier then transports the second species

across the uptake component and releases it at the interface between the uptake
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component and the storage/release component, where the concentration of the second
species is lower than it is in the storage/release component. While present at this
interface the carrier associates with the stimulating species. The carrier then transports
the stimulating species across the uptake component to the interface between the uptake
component and the storage/release component where it releases the stimulating species
and associates with the second species once again. This cycle repeats, thereby
providing continuous uptake of the stimulating species into the release component.
Association of the carrier and the second species at the interface between the uptaké
component and the storage/release component and disassociation of the carrier and the
second species at the interface between the uptake component and the external
environment are thermodynamically favorable because the device maintains a higher
concentration of the second species in the storage/release component than is present in
the external environment. This concentration gradient provides the energy to maintain
the cyclical transfer. |

[00129] In a preferred embodiment the carrier contains a site that can exist primarily
in either an ionized or unionized state within a pH range of between about 5.0 to about
9.0, preferably betweeen about 6.0 and 8.0. For example, preferably the second
species is a proton, and the carrier contains a site that can exist primarily either in the
protonated or unprotonated state within a pH range of between about 5.0 to about 9.0,
preferably betweeen about 6.0 and 8.0. A variety of functional groups are known in the
art that can exist primarily either in the protonated or unprotonated state within a pH
range of between about 5.0 to about 9.0, preferably betweeen about 6.0 and about 8.0.
Examples of such ionizable groups include hydroxyl groups (-OH); éarboxyl groups (-
COOH), amine groups (-NH; , -NHR, or -NRj), amides (—(C = 0)-NH;) where R is a

carbon-containing moiety, optionally substituted with one or more heteroatoms (e.g., N,

'S, O, P, B). Molecules containing these groups can undergo reactions such as the

following:

[00130] R-OH<--->R-O"+H"
[00131] R-COOH <---->R-COO +H"
[00132] R-NH;*<--->R-NH, +H"
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[00133] Carriers comprising hydroxyl, carboxyl, or amine functional groups are
suitable, e.g., carriers having formula R!-L-OH, R'-L-COOH or Rl-L-Nl—lz, where L is
an optional linking moiety and R' is a moiety that is capable of reversibly associating
with a stimulating species of interest. R' can be any of a variety of moieties, e.g., a
crown ether, a calix[n]arene, etc. L can be any moiety such as a substituted or
unsubstituted aryl or alkyl (which may be saturated or unsaturated), etc., that attaches
the ionizable group to R'. R' may comprise a boronic acid side group. In certain
embodiments of the invention the stimulating species rather than the carrier undergoes
reversible association with the second species. Certain stimulating species such as
various biogenic amines are themselves able to undergo reversible protonation and
deprotonation and are preferred neurotransmitters for use in the present invention.
[00134] In summary, in preferred embodiments of the invention transport of the
stimulating species from the external environment of the device (also referred to as the
extracellular side) into the storage/release compbnent, is driven by protonation of the
carrier or stimulating species at the interface between the uptake component and the
storage/release component and deprotonation of the carrier or stimulating species at the
interface between the uptake component and the external environment. The carrier
and/or the stimula'ting species comprises an ionizable group. The pH inside the
storage/release component is lower than the pH outside the device. A proton gradient
thus provides the driving force for repeated cycles of transport accompanied by
protonation and deprotonation.

[00135] In certain embodiments of the invention the carrier molecules, or a free
portion thereof, move back and forth across the uptake component by diffusion. In
certain preferred embodiments of the invention the carriers are covalently attached to
the bulk material of the uptake component, e.g., to the A, B, or C segments of the ABA
or ABC polymer. In this case it will be appreciated that the entire molecule is not free
to diffuse. However, the portion of the molecule that contains the sites for reversible
association with the stimulating species and second species can preferably still diffuse,
e.g., the carrier is attached to the bulk material of the uptake component via a linking

portion or tether, such as a hydrocarbon chain. Any of a variety of suitable methods
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and linkers known in the art for attachment of organic compounds to one another can

be used to attach a carrier species to a polymeric material. It may be desirable to
increase the concentration of carrier in embodiments in which the carrier is covalently
attached to the bulk material of the uptake component.

[00136] It will be appreciated that a single carrier molecule need not. participate in
uptake and discharge at both interfaces. Instead, in certain embodiments of the
invention the stimulating species and second species migrate between carrier molecules
within the uptake component, eventually reaching the interfaces. This process may be
referred to as ion hopping [9, 19, 36]. For exafnple, a first carrier molecule undergoes
association with the second species at the interface between the uptake component and
the storage/release component and discharges the stimulating species into the
storage/release component. The second species is then transferred to a second carrier
molecule, which may disassociate from the stimulating species and transfer it to the
first carrier. The second carrier may then transfer the second species to a third carrier,
which disassociates from the stimulating species with which it is associated and
transfers it to the second carrier. The second carrier may then transfer the stimulating
species to the first carrier, which has in the meantime discharged the stimulating
species with which it was bound into the storage/release component. Similar processes
occur simultaneously throughout the uptake component. In this manner molecules of
the stimulating species are transferred from one carrier to another and ultimately
transported from the interface between the uptake component and the external
environment to the interface between the uptake compbnent and the stofage/release
component. Similarly, the second species is transported in the opposite direction.
[00137]  The uptake cb‘mponent can comprise multiple different molecular carrier
species that all mediate transport of the same stimulating species, or multiple different
carrier épecies that mediate transport of different stimulating species. For example, the
uptake component méy comprise a carboxylic crown ether that transports K"and a
boronic acid crown ether that transports a catecholamine such as dopamine.

[00138] The amount of molecular carrier used depends on various factors such as the

efficiency with which the carrier transports the stimulating species, the density of
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molecular carriers, the width of the uptake component, the desired amount of
stimulating species to be released, and the expected frequency of release. In general,
the molecular carrier(s) make up approximately 0.1%-50% by dry weight of the uptake
component. Typically the molecular carrier(s) constitute between approximately .5%-
45% by dry weight of the uptake component. In certain embodiments the molecular
carrier(s) constitute between .25% - 3O%Iby dry weight of the uptake component.
[00139] Nigericin is a naturally occuring antibiotic carrier that meets the above
criteria, e.g., it exchanges K* for H' by undergoing reversible association with K* and
H" [19-21]. In certain embodiments of the invention nigericin or a related compound is
used as the carrier for K™ jons.

[00140] In a particularly preferred embodiment of the invention the carrier molecule
is a carboxylic acid crown ether [25-27]. Carboxylic acid crown ethers represent a
preferred class of compounds that are able to pump alkali metal ions up their
concentration gradients [29-33]. These molecules are crown ethers that have at least
one carboxyl moiety'attached thereto, e.g., to a carbon in the ring. The carboxy moiety
may either be directly attached to the ring or may be attached via a linking moiety L,
e.g., a saturated or unsaturated, substituted or unsubstituted, hydrocarbon chain.
Carboxylic acid crown ethers may have one or more groups R attached to the ring. R
can be, e.g., an aryl or a saturated or unsaturated alkyl moiety, either of which can be
substituted or unsubstituted and can contain one or more heteroatoms. In certain
embodiments R is a relatively long alkyl chain (e.g., at least 8-20 carbons in length),
which increases the lipophilicity of the crown ether carboxylic acids and enhances its
partitioning into the hydrophobic phase of the uptake component men_lbrane. R can
comprise one or more carboxy or hydroxyl groups.

[00141] Figure 4 shows the mechanism of coupled countertransport of K*.and
protons by a carboxylic acid crown ether and is representative of the mechanism by
which the neural stimulation device accumulates a stimulating species from the external
environment of the device in preferred embodiments of the invention. As shown in
Figure 4, when a proton gradient is present the carboxylic acid crown ether

deprotonates at high pH (low [H']) and will become negatively charged. The crown
ghp y
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ether has the.appropriate cavity size (in this case it is a 18-crown-6-ether) for
complexing a K" ion at the interface between the uptake component and the external
environment (extracellular side). Since there is a counterion on the carrier (the
negatively charged oxygen'atom) it will be favorable to form a complex with the
positively charged cation. Having formed a complex, the carrier diffuses towards the
side with the higher concentration of protons, where it will re-protonate. This makes
the potassium-crown ether complex unstable and hence it will disassociate, giving up
the cation (K") to the low pH (high [H']) side. The cycle would repeat until the
concentration gradients of [H'] and [K'] are equal. However, according to the
invention protons are transported into the storage/release component using energy
derived from light, or protons are generated within the storage/release component.
Therefore, the cycle continues until a dynamic equilibrium is reached in which a minute
flux that is equal to the discharge rate of the stimulating species through the release
component is maintained. This flux.can be tailored using both the geometry and the
chemical composition of the release layer as tuning parameters. This could also be used

as a self regulatory mechanism where the concentration of the stimulation species

‘inside the device does not exceed a certain value..

[00142] In a preferred embodiment the carboxylic acid crown ether is covalently
attached to a hydrophobic B segment of an ABA or ABC polymer, e.g., to the B
segment of PMOXA-P(DMS-co-HMS)-PMOXA. Figure 5 shows an exemplary
synthetic scheme for synthesis of a crown ether carboxylic acid having a pendant vinyl
group [35]. Attachment of the carboxylic acid crown either to the polymer is achieved
via a pendant vinyl group [17, 34]. It will be appreciated that this scheme could be
used for to synthesize a wide variety of proton ionizable crown ethers, e.g., carboxylic
acid crown ethers, and could be used for attaching a crown ether to other ABA or ABC
polymers, particularly those in which the B segment comprises P(DMS-CO-HMS). The
invention therefore provides a PMOXA-P(DMS-co-HMS)-PMOXA polymer having a
crown ether covalently attached thereto. In certain embodiments of the invention the
crown ether is a substituted crown ether, e.g., a carboxylic acid crown ether or a crown

ether comprising a boronic acid group.
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[00143] In another preferred embodiment a crown ether comprising a boronic acid
side group is used to transport a biogenic amine neurotransmitter, e.g., a catecholamine,
into the storage/release component. Crown ether boronic acids show pH driven
transport of dopamine and other catecholamines [57, 58]. Dopamine (Figure 6A) is
used as an exemplary biogenic amine, but other neurotransmitters can also be
transported using this carrier.

[00144] Figure 6B shows a crown ether comprising a boronic acid side chain that
can be used to transport catecholamines. The lipophilic carrier comprises a pendant
vinyl group for covalent attachment to the bulk material of the uptake component.
Synthesis of the carrier shown in Figure 6B is performed as described [57, 58]. The
pKa of the boronic acid containing carrier is approximately 9, and the carrier is
uncharged in the source phase (i.e., the external environment of the device), where the
pH is around 7. Figure 6C is a schematic diagram showing proton-coupled transport of
dopamine. Condensation of the boronic acid with the diol motif of the catecholamine
generates the boronate ester which is much more acidic than parent boronic acid and
carriers a formal ﬁegative charge. The zwitterionic species shown in Figure 6D can
now be transported though the membrane phase. On reaching the interface with the
storage/release component (device side), where the pH is low, the catecholamine
dissociates and regenerate the boronic acid carrier, which is now available for the next
cycle. Covalent attachment of the boronic acid containing crown ether via the pendant
vinyl group proceeds as described above for carboxylic acid crown ethers. Figure 6E
presents the structure of other catecholamine transporters that could be used. A number
of other synthetic ditopic catecholamine transporters are known in the art and are of
use in the practice of the present invention. The transporters may be used individually
or in combination.

[00145]  Carriers that perform proton-coupled transport of a variety of other amines,
e.g., tryptophan, glutamate, serotonin, etc., are known in the art and are of use in the
present invention [71-73]. In some embodiments of the invention a precursor of a
neurotransmitter is transported into the device, and the precursor is converted into the

active stimulating species by, e.g., an enzyme immobilized within the device.
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[00146] It is noted that the compounds described herein may be produced using a
variety of methods, some of which are described above. For purposes of the present
invention, the chemical elements are identified in accordance with the Periodic Table of
the Elements, CAS version; Handbook of Chemistry and Physics, 75" Ed., inside
cover, and specific functional groups are generally defined as described therein.
Additionally, general principles of organic chemistry, as well as specific functional
moieties and reactivity, are described in “Organic Chemistry”, Thomas Sorrell,
University Science Books, Sausalito: 1999, the entire contents of which are
incorporated herein by reference. It will be appreciated as described below, that a
variety of compounds can be synthesized according to the methods described herein. In
general, the starting materials and reagents used in preparing these compounds are
either available from commercial suppliers such as Aldrich Chemical Company
(Milwaukee, WI), Bachem (Torrance, CA), Sigma (St. Louis, MO), or are prepared by
methods well known to a person of ordinary skill in the art following procedures
described in such references as Fieser and Fieser 1991, "Reagents for Organic
Synthesis", vols 1-17, John Wiley and Sons, New Yofk, NY, 1991; Rodd 1989
"Chemistry of Carbon Compounds", vols. 1-5 and supps, Elsevier Science Publishets,
1989; "Organic Reactions", vols 1-40, John Wiley and Sons, New York, NY, 1991;
March 2001, "Advanced Organic Chemistry", 5th ed. John Wiley and Sons, New York,
NY; and Larock 1989,' "Comprehensive Organic Transformations", VCH Publishers.
These schemes are merely illustrative of some methods by which the compounds
described herein can be synthesized, and various modifications to these schemes can be
made and will be suggested to a person of ordinary skill in the art having regard to this
disclosure.

[00147]  Furthermore, it will be appreciated by one of ordinary skill in the art that the

~ synthetic methods, as described herein, utilize a variety of protecting groups. By the

term "protecting group”, it is meant that a particular functional moiety, (e.g., amine,
hydroxyl, carboxylic acid, ketone, aldehyde, thiol, imine) or atom, e.g., O, S, or N, is
temporarily blocked so that a reaction can be carried out selectively at another reactive

site in a multifunctional compound. In preferred embodiments, a protecting group
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reacts selectively in good yield to give a protected substrate Fhat is stable to the
projected reactions; the protecting group must be selectively removed in good yield by
readily available, preferably nontoxic reagents that do not attack the other functional
groups; the protecting group forms an easily separable derivative (more preferably
without the generation of new stereogenic centers); and the protecting group has a
minimum of additional functionality to avoid further sites of reaction. As detailed
herein, oxygen, sulfur, nitrogen and carbon protecting groups may be utilized.
Exemplary protecting groups are detailed herein, howéver, it will be appreciated that
the present invention is not intended to be limited to these protecting groups; rather, a
variety of additional equivalent protecting groups can be readily identified using the
above criteria and utilized in the method of the present invention. Additionally, a
variety of protecting groups are described in "Protective Groups in Organic Synthesis"
Third Ed. Greene, T.W. and Wuts, P.G., Eds., John Wiley & Sons, New York: 1999,
the entire contents of which are hereby incorporated by reference.

[00148] D. Storage/Release Component

[00149] In a preferred embodiment of the invention a single component serves both
as a storage and release component and will be referred to as a “storage/release
component”. The storage/release component should have sufficient volume to
sequester enough of the stimulating species to allow for release of at least enough of the
species to stimulate a nearby neuron or neural target cell. The storage/release
component should be able to respond to an input signal to release the stimulating

species into the external environment of the device.

- [00150]  As mentioned above, the storage/release component should be in physical

communication with the uptake component so that the stimulating species can be
transferred into the storage component. Thus there is an interface between the
storage/release component and the uptake component. There is also an interface
between the storage/release component and the external environment, so that the
storage/release component can release the stimulating species in the vicinity of a
neuron or neural target cell. If the storage and release functions are performed by

individual components, these components should be in physical communication so that
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transfer of the stimulating species from the storage component to the release component
can be achieved. It will be appreciated that the device can assume a variety of different
configurations and that there can be multiple distinct compartments for uptake, storage,
and/or release.

[00151] Ina preferred embodiment of the invention the storage/release component
comprises a stimulus-responsive hydrogel. In general, a hydrogel is a polymeric
network capable of imbibing and retaining large quantities of water without dissolution
or loss of its three-dimensional network structure. Stimulus-responsive hydrogels are
materials whose properties change in response to a range of environmental stimuli. The
property that typically changes in the most dramatic manner is volume. The change
may occur discontinuously at a specific stimulus level or gradually over a range of
stimulus levels. Hydrogels that alter their volume in response to ariy of a variety of
stimuli are known in the art [12, 42, 45, 46, 48 and references in the foregoing]. In
preferred embodiments of the invention the hydrogel responds to a stimulus by
reducing its volume. The alteration in volume (collapse) results in release of the
stimulating species. The volume is restored in a short period of time following release.
[00152]  Preferred stimulus-responsive hydrogels for use in the present invention
respond to a change in pH. pH sensitive hydrogels undergo a very large and reversible
volume change in response to pH changes within the hydrogel. The pH sensitivity is
typically caused by pendant acidic and basic groups, e.g., carboxylic acids, sulfonic
acids, primary amines, and quaternary ammonium salts. The critical pH value at which
the pH-sensitive hydrogel undergoes a volume transition can be controlled by selection
of pendant groups with the appropriate pK, values and by adjusting the hydrophobicity
by choosing among a nuber of monomers, e.g., poly(alkyl acrylate), poly(alkyl
methacrylate), poly(2-hydroxyethyl methacrylate) (p-HEMA), poly(2-hydroxypropyl
methacrylate) (p-HPMA), poly(acrylamide), poly(N-vinylpyrrolidone), poly(vinyl
alcohol), poly(ethylene oxide), and poly(etherurethane). These monomers can be used
alone or in various combinations to form copolymers. A variety of different

crosslinkers can be used.
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[00153] In preferred embodiments of the invention the storage/release component
comprises a pH-responsive p-HEMA hydrogel [12, 45, 46]. The phase transition pH is
preferably tailored to be close to physiological pH (e.g., preferably between about 6.5
to 8.5). p-HEMA can be patterned by photolithography, making it amenable to
conventional microfabrication [47,48]. p-HEMA contains the same polymerizable
functional groups as the end groups of the PMOXA-P(DMS-co-HMS)-PMOXA
membrane which is used as the bulk material of the uptake component in a preferred
embodiment of the invention. This helps to make the attachment of the membrane to
the gel layer mechanically robust. ,

[00154] The kinetics of the gel, e.g., the speed with which it responds to a change in
pH, are tailored to obtain the time constants of interest, e.g., ~30 msecs, which is
approximately the frame rate of the eye, for a retinal prosthesis. The time constant is
tailored by introducing graft chains in the gel layer and/or by using surfactants which
form water channels [13], which allows for faster incorporation or release of water
from the gel. It will be appreciated that the small dimensions of the device allow for
short time constants, since the time constant is proportional to the square of the
thickness. A variety of other stimulus-responsive hydrogels could also be used. In
order to achieve release, it will generally be desirable to achieve a change of about .7 —
1.0 pH units, though smaller or larger values could also be used. Thus in certain
embodiments the pH inside the device is lowered from the normal body pH by about
10-fold in order to achieve release, e.g., from 7.5 to 6.5 pH units. The change in pH
occurs upon receipt of an activating input by the device. The activating input may be,
e.g., light or an electrical signal. Receipt of the activating input is coupled to a change

in pH in the hydrogel as described below, i.e., an activating input results either directly

or indirectly in a change in pH in the hydrogel, resulting in release of the stimulating

species.

[00155] In certain embodiments of the invention a volume of 100 picoliters (pL) is
released, containing approximately 10'%- 10" potassium ions. Smaller or larger
volumes, e.g., 5-10 pL up to 100 pL or up to several hundred pL could also be used,

with a corresponding change in the number of potassium ions so as to achieve a desired
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change in potassium concentration (i.e., increase in background potassium
concentration). The change in potassium concentration may, in general, range between
about 5-10 mM, but greater changes in concentration will provide greater stimulation.
Thus for certain applications it may be desirable to rélease sufficient potassium to
cause a concentration change of greater than 10 mM, e.g., 10-15 mM, 15-20 mM, 20-25
mM, 25-50 mM, or even greater in the vicinity of a neuron or neural target cell.

[00156] In other émbodiments of the invention a hydrogel that is responsive to an

applied electric field is used [68-70]. Examples include poly(2-acrylamido-2-

methylpropane sulfonic acid)/hyaluronic acid polymer gels [1, 2]. Other electric field

sensitive polymers such as N-isopropylacrylamide (NIPAM) gels can also be used [70].
In certain embodiments of the invention an electfonic chip receives power and data
through an inductively coupled coil system; the chip then sends electrical signals to the
neural stimulation device or to an array comprising a plurality of devices, which serves
to collapse the gel by the applying an electric field, releasing the stimulating species
(Figure 1F).

[00157] While use of a stimulus-responsive hydrogel is a convenient method for
achieving both storage and release, other methods are also envisioned. For example,
the stimulating species can be transferred into a storage component that is a hollow
reservoir equipped with a pump or other fluid-directing means operably connected to
the reservoir and effective to cause fluid flow to an opening or channel in fluid
communication with the external environment of the device. A pump or fluid-directing
means may cause fluid flow by creating a pressure differential, an osmotic differential,
or may cause flow by electrical means, e.g., electro-osmotic means, or in other ways.
Fluid flow can be achieved using a mechanical pump mechanism, e.g., piezoelectric,
pneumatic, peristaltic, electrostatic, or electromagnetic pump. Instead of, or in addition
to such mechanisms, fluid flow can be achieved using thermal, chemical, osmotic,
acoustic, magnetic, electric, or electrosomotic, means or mechanisms. Suitable pumps
include those comrrionly used in various microelectromechanical systems (MEMS).
Examples are discilssed, e.g., in U.S. Pat. No. 5,734,395 and in Andersson et al.,
Sensors and Actuators B 72:259-265 (2001); Morf et al., Sensors and Actuators B
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72:266-272 (2001); Morf et al., Sensors and Actuators B 72:273-282 (2001); and Zeng
et al., Sensors and Actuators B 82:209-212 (2002). The storage reservoir and release
component may be connected, e.g., via microfluidic channels. Sﬁitable materials and
methods are described, e.g., in U.S. Pub. No. 20030032946. Figure 1B shows an
embodiment comprising a storage component 30 and multiple release components 36
separated from one another by semi-permeable or permeable membranes. Pumps 38
control release of the stimulating species from individual release components. In this
embodiment the storage and release components may be fluid-filled rather than
comprising a hydrogel.

[00158] E. Means for Producing a Concentration Gradient

[00159] As discussed above, in preferred embodiments the neural stimulation device
accumulates the stim'ﬁlating species from its external environment by coupling
transport of the stimulating species up its concentration gradient to transport of a
second species, €.g., a proton, down its concentration gradient. Therefore in preferred
embodiments the device comprises means for producing a concentration gradient of the
second species, such that the concentration of the second species is higher inside the
device (e.g., in the storage/release component) than outside the device. Preferably the
second species is a proton.

[00160] In preferred embodiments of the invention a chemical reaction is used to
generate protons inside the device, e. g., in the storage/release component. Preferably
the device tranports a substrate for the chemical reaction into the device from its
external environment.

In certain embodiments of the invention protons are generated inside the device by the
oxidation of glucose into gluconic acid using glucose oxidase [39], a naturally
occurring enzyme that is used in many amperometric in vivo glucose sénsors. Glucose
oxidase (classified under heading 1.1.3.4 according to the nomenclature
recommendations of the Nomenclature Committee of the International Union of
Biochemistry and Molecular Biology) is an enzyme that catalyzes the following overall
reaction:

[00161] glucose + O, + H,O ---> gluconic acid
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[00162]  Gluconic acid freely dissociates (pKa~3.6) into gluconate [40,41,42] giving
up a H'. Additionally another enzyme, catalase, maybe used to decompose hydrogen
peroxide into water to prevent glucose oxidase from peroxide induced degradation[41].

The overall reaction maybe then given by
Glucose + 0, —2L24we _, olyconate + H* +%O2 +H,0

[00163] Thus the above reaction produces protons which are used to drive uptake of
the stimulating species. Glucose is a preferred substrate for a proton-producing
chemical reaction since the body naturally maintains glucose levels that provide
sufficient amounts fbr operation of the device.

[00164] Carbonic anhydrases (classified under heading 4.2.1.1 according to the
nomenclature recommendations of the Nomenclature Committee of the International
Union of Biochemistry and Molecular Biology) are enzymes that catalyze the hydration
of carbon dioxide and the dehydration of bicarbonate:

[00165] CO,+ Hy0 <----->HCO; + H"

[00166] Carbonic anhydrase enzymes are metalloenzymes consisting of a single
polypeptide chain (Mr ~ 29,000) complexed to an atom of zinc. They are widespread
in nature, being found in animals, plants, and certain bacteria. In animals they play an
important role in respiration by facilitating transport of CO, and are involved in the
transfer and accumulation of H" and HCO5". Carbonic anhydrases are extensively
reviewed in 55. The reaction catalyzed by carbonic anhydrase can be used to generate
protons inside the device. Carbon dioxide is a product of cellular respiration and is
therefore available as a substrate and can diffuse into the hydrogel down its
concentration gradient as it is consumed in the reactidn. Bicarbonate can diffuse out of
the device down its concentration gradient as it is produced.

[00167] Glucose oxidase and catalase can be purified from natural sources or
produced using recombinant DNA technology. Both enzymes are available
commercially, e.g., from Worthington Biochemical Corporation, Lakewood, NJ,
08701. Preferably the enzyme that catalyzes the proton-producing reaction is
immobilized in the bulk material of the storage/release component, e.g., a p-HEMA

storage layer, using established techniques [40, 42, 44].
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[00168] In order to provide a substrate for glucose oxidase, glucose needs to be
transported into the device, i.e. the device should be permeable to glucose. In certain
embodiments of the invention synthetic glucose carriers based on boronic acids are
used [43]. While ﬁot wishing to be bound by any theory, the likely mechanism of
glucose transport is shown in Figure 7A. The sugar is complexed by the boronic acid
moiety and passively transported from one side to the other. Since there is an active
consumption of glucose inside the device, there is a steady flux of glucose into the
device due to the finite concentration difference between the inside and outside of the
device. A variety of different boronic acids, having the structure RB(OH),, may be
used as glucose carriers. R can be, e.g., an aryl or a saturated or unsaturated alkyl
moiety, either of which can be substituted or unsubstituted and can contain one or more
heteroatoms (e.g., N, S, O, P, B, F, Br). Exemplary boronic acid catriers are described
in [43]. In certain embodiments a boronic ester is used. These are compounds of the
formula -B(OR); wherein R is typically an alkyl group. Under aqueous conditions,
many boronic esters hydrolyze to form boronic acid. Therefore, OR groups that
hydrolyze to OH are of use in the present invention. The two R groups may be linked
to form a cyclic structure (e.g., -CH2-CH2-). Additional boronic acid glucose
transporters include (3,5-dichlorophenyl)boronic acid, [3, 5-
bis(trifluoromethyl)phenyl]boronic acid, (4-bromophenyl) boronic'acid, etc. Further
examplés are shown in Figure 7B.

[00169] The glucose carriers are preferably covalently attached to the uptake
component to prevent leaching of the carrier. In a preferred embodiment the glucose
carriers are covalently att.ached to the siloxane layer (B segment) of an ABA polymer.
A suitable attachment procedure is shown in Figure 8A. The boronic acid can also be
provided With protecting groups for the synthesis, as shown in Figure 8B. The
synthesis may also be done with a 1,2 benzene dimethanol or pinacol [79] instead of
1,3 diphenyl propane 1,3 diol as the protecting group for the boronic acid.

[00170] While producing a proton gradient by means of a chemical reaction that
generates protons is preferred, of‘her methods for generating a proton gradient can also

be used. For example, proton pumps found in the photoreaction centers of a variety of
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bacteria can be used, e. g., proton pumps such as bacteriorhodopsin from the bacterium
Halobium Halobacteria, or the photoreaction center of Rhodopseudomonas viridis,
which also acts as a light driven proton pump [39] and responds to infrared light could
be used. Use of the photoreaction center of Rhodopseudomonas viridis to transport
protons into the storage/release component for purposes of producing a proton gradient
may be preferable as this would allow the use of bR for responding to light in the
context of a visual prosthesis. Thin films comprising such proton pumps can be
attached to a surface of the storage/release component, or alternately proton pumps may
be embedded in the surface. In preferred embodiments of the invention proton pumps
are reserved for use as light-sensitive elements that trigger release of the stimulating
species as described further below. It will be appreciated that energy for the transport
of the stimulating species may be provided by creating a gradient of ions or compounds
other than protons, though use of a proton gradient as described herein is generally
preferred.

[00171] F.Receiving an Activating Input and Coupling it to Release of the

Stimulating Species

[00172] To functit;n effectively, the neural stimulation device should comprise a
means of receiving an activating stimulus and of coupling receipt of the activating
stimulus to release of the stimulating species. Accordingly, as shown in Figures 1A —
1F, neural stimulation device 10 comprises a release trigger 90. The activating input
may be e.g., light, a chemical signal, or an electrical signal. The device may respond
directly to a typical sﬁmulus in the environment of a subject (e.g., light, a chemical,
motion, etc.) or additional means of sensing the environmental stimulus and
transducing it to provide an activating input to the device may be employed.
Alternately, activating inputs to the device may be artificially generated, e.g., using a
computer. Thus in various embodiments receipt of an activating input and release of
the stimulating species are accomplished without use of an electronic components,
while in other embodiments the device comprises any of a variety of electronic

components.

[00173] A.Biochemical Implementation
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[00174] 1In certain embodiments the release trigger comprises a light-sensitive
element. In certain embodiments of the invention the light-sensitive element is a light
driven proton pump 92 that is used to locally decrease the pH in the storage/release
component. Conversion of light into proton gradients is a widespread mechanism
found in many photosynthetic bacteria. Such bacteria contain proteins that act as
proton pumps in response to absorption of a photon. For example, bacteriorhodopsin
(bR) is the sole protein found in the membrane of the salt loving bacteria, Halobium
Halobacteria [11, 37, 49]. This protein is very similar to the protein found in the visual
pigment of the eye, rhodopsin [50]. Furthermore, it is widely studied and commercially
available. Bacteriorhodopsin films are commercially available and can be attached to
polymers such as PDMS using, for example, layer by layer assembly.

[00175] bR is a seven-helical transmembrane protein that contains retinal (vitaminA
aldehyde) as its chromophore (light sensitive material). It is attached to a lysine
molecule by means of a Schiff’s base. In its natural environment of the cell membrane,
the photo-cycle is initiated when retinal is photoisomerized from an all-trans to a 13-cis
configuration. This rapid rearrangement of the electronic structure of retinal due to
photon absorption reduces the proton affinity of the charged Schiff base nitrogen which
loses its proton (deprotonates), while the initial acceptor group, Asp85, protonates.
Simultaneously with the protonation of Asp85, a proton is released at the extracellular
surface of the protein. Subsequently, Schiff base reprotonation takes place from the
cytoplasmic side. In response to large conformational rearrangements, Asp96, which is
protonated in the ground state, passes its proton to the deprotonated Schiff base 11 A ,
away (N intermediate in Fig. 11). Asp96 is subsequently reprotonated from the
cytoplasmic side. To complete the cycle, the retinal needs to re-isomerize to all-trans
and the proton stored on Asp85 moves via waters and Arg82 to reprotonate the terminal
proton release group [49].

[00176] The proton pumps are either embedded in the storage/release component or
provided as a thin film or membrane attached to a surface of the storage/release
component. The proton pumps are oriented appropriately so that they pump protons

into the device upon absorbing a photon. When light strikes the device, the proton
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pumps translocate protons into the storage/release component, resulting in a local
decrease in pH. The gel then contracts, causing release of the stimulating species from
the opening, which is located in the vicinity of a neuron or neural target cell.

[00177] Figure 1C shows a detailed schematic of a preferred embodiment of the
invention. The device 10 comprises uptake component 20, which is a polyrheric lipid-
like membrane as described above having hydrophilic outer layers and.a hydrophobic
inner layer. Uptake component 20 comprises carriers 24, which are synthetic antiports
that tranéport a stimulating species 40 (in this case K or a catecholamine) across the
uptake component and into storage/release component 30 and countertransports protons
50 out of the device into the external environment of the device. Uptake component 30
further comprises carriers 28, which are synthetic glucose carriers that transport glucose
into the storage/release component. Enzyme 80, in this case glucose oxidase, is |
immobilized in storage/release component 30, preferably close to the interface 32 |
between the uptake component and the storage/release component. Storage/release
component 30 comprises a pH-sensitive hydrogel. Release trigger 90 comprises light-
driven proton pumps 92 that transport protons into the device in response to light (hv),
causing a decrease in pH in the hydrogel. Stimulating species 40 is then released from
the storage/release component via aperture 34. The storage/release component and side
walls of the uptake component are encapsulated in polymer layer 100 which may be,
e.g., parylene, polysiloxane, etc.

[00178] Figure le shows an array 510 comprising a plurality of individual neural
stimulation devices 10, as discussed further below.

[00179] B. Hybrid Biochemical/Electronic Device

[00180] The device described above both senses a stimulus, e.g., light, and releases

the stimulating species using biochemical and physical mechanisms but does not
require or interface with electronic components. In other embodiments the device
comprises any of a variety of electronic components or other ancillary components and
may be referred to asa hybrid biochemical/electronic device. The uptake component,
storage/release component, and mechanism of uptake of the stimulating species are as

described above. However, in certain of these embodiments, as shown in Figure 1E,
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release trigger 90 comprises an electrode. The electrode receives electrical signals that
are generated in a variety of ways. The electrode is coupled via a communication link
310 to electronic circuitry 300 that typically comprises microprocessor 320, which
performs signal processing and control functions. The communication link may be a
physical link, e.g., a wire (e.g., a fiber-optic link), or a wireless link. Wireless
communication links may be, e.g., infrared links, radio frequency (RF) links, etc.
Microprocessor 310 may receive inputs from a stimulus-sensing device 400 via link
410, which may be a physical or wireless link. The stimulus-sensing device may be,
e.g., a camera, microphone, pressure transducer, etc. The stimulus-sensing device
receives a signal from the environment of a subject. The signal is transformed into an
electrical signal that is processed by microprocessor 320, which then sends appropriate
electrical signals to release trigger 90 to cause release of the stimulating species. A
power source (not shown) is typically provided for data processing, generation of the
electronic signals, etc. Power may be supplied through wireless means.

[00181] For use as a visual prosthesis, a light-sensi'tive element such as a camera is -
employed in certain embodiments of the invention. Suitable cameras for perceiving a
visual image and converting it into electrical signals suitable for stimulating a retina are
known in the art. S'ee, e.g., U.S. Pat. No. 5,935,155 and U.S. Pub. No. 20030158588.
Rather than directly electrically stimulating the retina via an electrode array, the
electrical signals are modified appropriately to achieve release of a stimulating species.
Image acquisition devices such as CCD cameras, CMOS cameras, video cameras, etc.,
can be used. In certain embodiments a digital camera is used. '
[00182] In other embodiments of a visual prosthesis, release trigger 90 comprises a
light-sensitive element 92 and an electrode, or light-sensitive elements are
appropriately positioned elsewhere in the device so that an incoming light stimulus can
be sensed. The light-sensitive element may be, e.g., a photodiode, a bR thin film, etc.
The light-sensitive element transduces light into an electrical signal that is transmitted
to electronic circuitry 300. Electronic circuitry 300 processes the signal and transmits
appropriate electrical signals to release trigger 92 to cause release of the stimulating

species.
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[00183] In other embodiments of the invention the device is used for stimulation of
cells outside the visual system. For example, the device can be used for stimulation of
the auditory pathway, spinal cord, nerves to the diaphragm, nerves to the bowel, nerves
to the bladder, etc., for stimulation of particular muscles, for stimulaﬁon of structures in
the brain, etc. An appropriate stimulus-sensing device is selected depending upon the
particular neurons or neural target cells to be stimulated. For example, a microphone or
other sound-sensing device can be used for auditory stimulation. Sound is transformed
into an electrical signal, and electronic circuitry 300 processes the signal and generates
outputs appropriate to cause release of the stimulating species by the release trigger
[00184] In other embodirhents of the invention the electrical signals sent to the
release trigger are computer-generated, e.g., in response to inputs from a user. For
example, a predefined sequence of electrical signals may be used to stimulate muscles,
e.g., for purposes of pain relief or to achieve movement, or to cause release of a
stimulating species at predefined times for therapeutic purposes.

[00185] H. Device Dimensions and Array Configurations

[00186] In certain embodiments a plurality of individual neural stimulation devices
are assembled into an array, e.g., as shown schematically in Figure 1D. Each device
constitutes an element of the array. The array can include multiple neural stimulation
devices that release the same stimulating species or devices that release different
stimulating species. This can be aCcomplished, for example, by attaching or implanﬁng
discrete elements in a biocompatible material such as polydimethylsiloxane (PDMS).
Alternately, an integrated manufacturing process can be employed as described below.
It will be appreciated that those regions of the device that are to remain in contact with
the extracellular space (e.g., at least a portion of the outér side of the functionalized
uptake component and at least a portion of the exterior surface of the storage/release
layer) should not be obscured by the biocompatible material.

[00187]  The dimensions of each discrete element can vary and can be tailored for
different applications. Exemplary dimensions can be, for example, 100 microns x 100
microns in horizontal dimensions with a thickness (vertical dimension) of 10-20

microns Horizontal and vertical dimensions are defined assuming the device is oriented
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as shown in Figure 1C. The thickness of the uptake component is typically
approximately 10 nm. Thus most of the thickness consists of the storage/release layer.
Other exemplary dimensions are 25 microns x 25 microns x 5 microns (thickness), or
10 microns x 10 microns x 5-10 microns (thickness). It is noted that the portion of the
storage-release layer that is in contact with the exterior can be much smaller, e.g., 10
microns x 10 microns.

[00188] Preferably those surfaces of the device that do not need to contact the
external environment are encapsulated in a suitable biocompatible polymer such as
parylene. In certain embodiments of the invention the surface of the uptake component
is coated with a nﬁaterial such as polyethylene glycol (PEG), which dissolves in the
body.

[00189] Certain embodiments of a visual prosthesis comprise an array that functions
both as a release array and as a light-sensitive array. For example, if the release trigger
comprises bR, the release trigger both senses light and triggers release of the
stimulating species. In other embodiments a separate light-sensitive array is located
within the eye for receiving visual signals. Suitable light-sensitive arrays are known in
the art, some of which are discussed below.

[00190] V. Visual Prosthesis

[00191] In certain preferred embodiments of the invention an array comprising a
plurality of neural stimulation devices as described above is used as a visual prosthesis,
e.g., a retinal prosthesis. A retinal prosthesis may comprise light-sensitive elements
such as light-sensitive proton pumps, in which case the prosthesis responds directly to
incident light in the énvironment of the subject. In other embodiments separate light-
sensing means are provided. For example, the visual prosthesis may comprise a light-
sensitive array for receiving incident light and for generating an electrical signal in
response to the incident light. The electrical signal is used to trigger release of the
stimulating specieé, e.g., by triggering collapse of the hydrogel in the storage/release
component. Appropriate electronic circuitry is provided to couple the light-sensitive
array to the releasing array. An external power source may also be provided. There

may also be provided control means for specifying, from outside a body of a patient, a
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transformation by which electrical signals from the light-sensitive array are transformed
into a set of electrical patterns to the releasing array to influence visual function, as
described in U.S. Pub. No. 20030158588. The light-sensitive array may comprise, €.g.,
photosensitive elef'nents of a variety of different types such as photodiodes. Suitable
light-sensitive arrays are described, e.g., in U.S. Pat. Nos. 5,895,415 aﬁd 5,397,350.
[00192]  Figure 1F depicts an exemplary hybrid biochemical/electronic retinal
prosthesis 500 that comprises an array 510 (biochemical release array) of neural
stimulation devices 10. The electronic components are generally similar to those
described in U.S. Pub. No. 20030158588 except that the prosthesis does not include an
electrode array for directly stimulating the retina. Instead, stimulation is achieved using
the array of neural stimulation devices. The neural stimulation devices are hybrid
biochemical/electronic devices as described above and comprise electrodes 92 that
interface with the electronic components and receive signals therefrom to trigger
release of the stimulating species by application of an electric field. The storage/release
component comprises an electric field responsive hydrogel. The prosthesis may
comprise a light-sensitive array comprising bacteriorhodopsin thin films or any other
light-sensitive element. The light-sensitive elements of the light-sensitive array may be
within the release array or may be separate. Thus in certain embodiments the
prosthesis cbmprises a release array that also functions to sense light while in other
embodiments a separate light-sensitive array is provided. Elements of the release array
and the light-sensitive array may be intermingled in a single array.

[00193]  The electronic components of the prosthesis comprise three modules that are
flexibly connected: a coil and array module 520, a connection module 530, and a
control module 540. The coil and array module 520 comprises an RF power coil 540
for receiving power from a power source. The release and light-sensitive array (or
separate release array and lighf—sensitive arrays) are flexibly attached to the power coil
by a flexible wire connection bus 550 that is connected to the power coil via the
bonding attachment area 560. The flexible wire connection bus has surgical handles
570 and the power coil has surgical handles and/or holes 580 for manipulation of the

prosthesis by the surgeon. The design allows for surgical access space within the power
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coil. The light-sensitive array provides input devices for optical signal to the prosthesis,
and the elements of the release array constitute output devices that release a stimulating
species to neuron in the retina to stimulate it and thereby convey useful visual
information to the patient. In a preferred embodiment, the release array measures 2 mm
in length and the power coil has an inner diameter of 6 mm and an outer diameter of 12
mm. The flexible wire connection bus, from the attachment area to the release array
measures 10 mm in length. All of these components are ultra-thin, having a height
preferably less than 1 mm. '

[00194] The connection module 530 comprises a flexible bridge for sending the
electrical signals to and from a stimulator chip which generally comprises a
microprocessor as described above. The connection module is thin and smooth and of a
length such that it may be positioned underneath an extraocular muscle for moving the
eye without negatively affecting operation of the muscle. In a preferred embodiment,
the connection module measures 9 mm in length and 3 mm in width. The control
module comprises a stimulator chip or other electronic circuitry 600 for receiving input
signals from the light-sensitive array components and controlling the electrical signals
delivered to the release array elements for retinal tissue stimulation. The stimulator chip
preferably contains rectifier circuitry to rectify the oscillating voltage obtained from the
power coil, and the éontrol module preferably further comprises discrete power supply
capacitors 610 for smoothing the rectified voltage and delivering it to the stimulator
chip. In other embodiments the capacitors are integrated into circuitry 600 rather than
being discrete devices. |

[00195] In a preferred embodiment optical communication from the external world
is wireless. The RF secondary coil is the input device for transmission of power to the
prosthesis by magnetic coupling from the RF primary coil outside the body. Electrical
power from the RF secondary coil electrical signals from the light-sensitive array are
sent to the stimulator chip through a set of embedded wires. The stimulator chip
receives transformation information from the RF secondary coil through the same set of
wires that carry power. The stimulator chip processes the data from the light-sensitive

array in accordance with a transformation algorithm and uses this information to apply
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current pulses to the release array to cause release of the stimulating species to
stimulate the retina in a pattern that conveys to the patient useful visual information. In
this embodiment, the RF secondary coil also serves as the input device for the
communication of a transformation algorithm and parameters of the algorithm by
which the optical pattern incident on the light-sensitive array is converted to a pattern
of electrical stimulation of the retina that conveys useful information to the patient and
influences visual function. It will be appreciated that an external light-sensitive device,

e.g., a camera, could be used rather than a light-sensitive array within the eye.

- Numerous other variations are possible. For example, alternate power sources and

arrangements of the same or other electronic componenents are within the scope of the
invention, ,

[00196] A retinal prosthesis of the invention can be implanted into the eye of a
subject using established methods. In general, an epi-retinal device is placed on or near
the inner surface of the retina, that is, the side which is first exposed to incoming light
rays and along which the nerve fibers of the ganglion cells pass on their way to the
optic nerve. Sub-retinal devices are placed under the fetina, between the retina and the
underlying' retinal pigment epithelium or other deeper tissues. Although devices in
either location are capable of effectively stimﬁlating retinal nerve cells, there are
advantages and potential disadvantages to each strategy. One very significant
advantage of a sub-retinal prosthesis is the opportunity to implant the device 'by
approaching the sub-retinal space from outside of the eye (i.e. ab externo, through the
sclera covering the back of the eye), rather than having to perform any (or any
significant) surgery within the center of the eye, which is much more likely to result in
chronic inflammation, infection or a host of other problems that might compromise the
safe implantation or effectiveness of a prosthesis. For this and other reasons, the sub-
retinal approach is preferred for the present invention.

[00197]  While a retinal prosthesis is a preferred embodiment of the present’
invention, a neural stimulation device according to the present invention may be used to
stimulate neural tissue in areas of the visual pathway other than the retina. For example,

a device may be implanted elsewhere along the visual pathway, including the optic
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nerve, primary visual cortex, secondary visual cortices, chiasm, the optic tract, lateral
geniculate body, and optic radiations.

[00198] VI. Device Fabrication

[00199] A device of the invention may be manufactured using a variety of different
methods. In general, a device such as neural stimulation device of the invention may
be made using methods commonly térmed "microfabrication" or "nanofabrication”
techniques. Methods useful for implementation of the device may be found in, e.g.,
U.S. Pat. No. 5,776,748 to Singhvi et al.; U.S. Pat. No. 5,900,160 to Whitesides et al.;
U.S. Pat. No. 6,060,121 to Hidber et al.; U.S. Pat. No. 6,180,239 to Whitesides et al.;
"Patterning of a Polysiloxane Precursor to Silicate Glasses by Microcontact Printing",
Marzolin, et al., Thin Solid Films 1998,315, 9-12; "Microfabrication, Microstructures
and Microsystems", Qin, et al.; In Microsystem Technology in Chemistry and Life
Sciences, vol.194, Manz, A. and Becker, H., Eds.; Springer-Verlag, Berlin, 1998 , 1-20;
"Unconventional Methods for Fabricating and Patterning Nanostructures," Xia et al.,
Chem. Rev. 99:1823-1848 (1999).

[00200] Figure 10 illustrates an exemplary fabrication procedure for a neural
stimulation device for use as a retinal prosthesis. The method can be considered to
consist of 12 steps, labeled A - L in the figure. The first step is to spin a thin layer of
biocompatible polymer e.g., polysiloxane, onto a substrate and define the release
apertures for the storage/release layer photolithographically. - This could also be done
by chemical vapor deposition of parylene followed by reactive ion etching to define the
release apertures. In some cases it may be desirable to make this membrane a proton
conducting membrane by doping it with the proton ionophore or to use a polymer such
as nafion [74], a perfluorinated polymer which is intrinsically proton conducting due to
the superacid side chain. Use of a proton conducting material may help Speed up the
proton exchange to the light driven proton pump. Alternate proton conduction
polymers could also be used. -

[00201]  The polymer capsule that holds the hydrogel that forms the storage/release
layer is defined in the second step by spinning on a thick layer of polymer, which is

defined either photolithographically or by reactive ion etching. Bacteriorhodopsin, the
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photon driven proton pump of choice, can be deposited by using the layer-by-layer
(LBL) technique ['lvl]. First, polyammonium diallyl dimethylchloride (PDAC), a
polycation electrolyte, is deposited and patterned using the layer-by-layer-lift-off (LBL-
LO) technique [75, 76]. The polycation layer serves as an anchor and an orientation
surface by exploiting the intrinsic excess negative charge such that exists on the
cytoplasmic side of BR in solutions with pH greater than 5 [11] and in this orientation
light will drive protons into the device. The PDAC coated substrate is then immersed
in a solution that contains BR. BR can also be fieposited using other techniques such as
self assembly [77]"0r by laser ablation which is more compatible with microfabrication
[78].

[00202] The photocurable'hydrogel layer is spun on in two steps to ensure that the
majority of the enzyme concentration, glucose oxidase in this embodiment, is near the
uptake component layer. The uptake component layer is then deposited using a
Langmuir-Blodgett technique. Briefly, the polymer solution is dissolved in an organic
solvent and then spread on the air water interface. The patterned substréte is then
slowly dipped to transfer the film onto the substrate. The film formed is then
photopolymerized to freeze the structure in place. The device is then dip or spin coated
with polyethylene glycol (PEG) to protect the uptake component during handling. The
device is then removed from the substrate by gentle peeling in the case of polysiloxane
or by removal of a sacrifical 1ayér that could be optionally deposited before the first
polymer layer is deposited.

[00203] In other embodiments the pH-responsive gel release system is replaced with
an electrically collapsible gel. The fabrication is very similar to the one for the all

biochemical device described above and is shown in Figure 11. The method can be

-considered to consist of 11 steps, labeled A - K in the figure. However, instead of

patterning PDAC by lift-off gold or another conductive material is used. The pattern
defines both the electrodes and the leads that will be used to connect the biochemical
array to the electrical system. Methods for fabrication of electronic components of a

hybrid biochemical/electronic device are known in the art. Exemplary methods are
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described in U.S. Pub. No. 20030158588. Standard silicon manufacturing technology
is employed for various of the electrical components.
[00204] VII Therapeutic Applications

[00205]  In general, the devices and methods of the invention are useful in any of a

variety of situations that involve injury or damage to neural cells or neural target cells.
Such injury or damage may occur as a result of surgery, trauma, stroke, tumor,
neurodegenerative disease, or other diseases or conditions. The devices and methods
can also be used in contexts that do not necessarily involve injury or damage to neural
cells 6r neural target cells. Exemplary conditions that can be treated using the devices
of the invention include visual impairment, hearing impairment, pain, epilepsy,

- Parkinson’s disease, a neurodegenerative disorder, bowel dysfunction, bladder
dysfunction, muscle wasting, stroke, sleep apnea, diaphragmatic dysfunction,
myasthenia gravis, multiple scleroris, neuropathy, paresis, and paralys.is.

[00206]  The neural stimulation device can be implanted anywhere within the body,
e.g., in the CNS, PNS, in proximity to a muscle, etc. A neural stimulation device in
which dopamine is the stimulating species is of particular use for treatment of
Parkinson’s disease, which involves degeneration of dopamine-secreting neurons in the
brain.

[00207]  The methods and compositions of the invention may be tested using any of a

variety of animal models for injury or damage to the nervous system.

Examples
[00208] Example 1:
[00209] Materials and Methods

[00210]  Single cell recordings were made from the axons of rabbit retinal ganglion
cells in vitro. Data was recorded and analyzed using Spike2 (Cambridge Electronic
Design). The ganglion cells were stimulated over the optical receptive field with a
muitibarrel micropipette (7-barrel, FHC, Inc.) which contained various concentrations
of KCI (0-30 mM in an osmotically balanced NaCl solution (~300 mOsm). The

micropipette solutions were ejected by using a mulitchannel pressure ejector (PM8000,
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MDI Systems). All solutions contained Azure B (.5mg/ml) to enable visualization of
the solution being ejected. Pulse durations of 20-100 msecs were used.

[00211] Experimental Results

[00212] Figure 12 shows a typical record from a single cell. Response is shown for
a cell stimulated with a 20 msec pulse of 10 mM K, pressure of 40 p.s.i. and a volume
of approximately 100 pL. Figure 13 ShO\;VS peri-stimulus histograms (PSTH) for a
representative cell stimulated by increasing [K+] concentrations. A modest increase
(10mM) in K" concentration increases the spike count from 35 to 80 spikes. Further

increases in concentration to 15mM and 30 mM increases the spike rate to 240 and 272

- spikes, respectively. The response shows the saturating characteristics indicated in the

dose-response curve. This may be due to the fact that the retina is over stimulated by.
higher concentrations and exhibits a refractory behavior. The histograms are summed
responses from 10 trials as indicated by the raster plot. ’

[00213] Figure 14 shows dose-response curves for various concentrations. Data was
collected from 5 cells and the total spike count was obtained from the PSTH . The
spontaneous activity (control record) was subtracted, divided by the number of
repetitions and the median is plotted. The error bars shown are the standard deviations
normalized by thé median.

[00214] Figure 14 shows receptive field of a retinal ganglion cell following: a)
Stimulation by elevated extracellular potassium (30mM [K+]); b) Stimulation by a spot
of light. The receptive fields are similar in size and shape for both light and potassium
evoked responses. The large secondary lobe in the potassium response maybe due to
the fluid flow pattern that may have stimulated adjacent cells. Overall receptive field
size is 400 mm (100 mm for primary lobe) for a potassium evoked response and 100
mm for a light evoked response.

[00215]  The foregoing description is to be understood as being representative only

and is not intended to be limiting. Alternative systems and techniques for making and

using the compositions and devices of the invention and for practicing the inventive

methods will be apparent to one of skill in the art and are intended to be included

within the accompanying claims.
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We claim;

1.

10.

A neural stimulation device comprising:

(1) an uptake component comprising means for selectively transporting a _

first species into the device, wherein the first species is a stimulating species;
(i1) a release component comprising means for releasing the stimulating .
species; and '
(ii1) means for producing a concentration gradient of a second species,
wherein the céncentration gradient of the second species provides energy to

transport the stimulating species into the device.

The device of claim 1, wherein the stimulating species is an ion or

neurotransmitter.

The device of claim 1, wherein the stimulating species is a potassium ion.
The device of claim 1, wherein the stimulating species is a catecholamine.
The device of claim 1, wherein the second species is a proton.

The device of claim 1, wherein the means for selectively transporting a first

species into the device comprises a crown ether.

The device of claim 1, wherein the means for selectively transporting a first

species into the device comprises a carboxylic acid or a boronic acid.

The device of claim 1, wherein the uptake portion comprises a membrane

having two hydrophilic layers separated by a hydrophobic layer.
The device of claim 8, wherein the membrane comprises a synthetic polymer.

The device of claim 8, wherein the membrane comprises an ABA triblock

polymer.
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11.

12.

13.

14.

15.

16.

17.

18. -

19.

The device of claim 8, wherein the means for selectively transporting a first
species into the device comprises a carrier molecule that is covalently attached

to the membrane.

The device of claim 1, wherein the means for selectively transporting a first
species into the device comprises a carrier molecule that transports the
stimulating species and the second species across the uptake component in

opposite directions.

The device of claim 1, wherein the means for producing a concentration

gradient of a second species comprises a proton pump that transports protons

into the device or an enzyme that catalyzes a chemical reaction that produces

protons in the device.

The device of claim 13, wherein the means for producing a concentration

gradient of a second species comprises a glucose carrier.

The device of claim 1, wherein the means for producing a concentration
gradient of a second species comprises a proton pump or an enzyme that

catalyzes a chemical reaction that generates protons inside the device.

The device of claim 1, wherein the means for releasing the stimulating species

comprises a stimulus-responsive hydrogel.

The device of claim 16, wherein the hydrogel undergoes a change in volume in

response to a change in pH or in response to a voltage or current.

The device of claim 1, wherein the device comprises a storage component that
stores the stimulating species, wherein the storage component is either distinct
from the release component or wherein a single component both stores and

releases the stimulating species.

The device of claim 1, further comprising:

means for receiving an activating input; and
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20.

21.

22.

23.

24.

25.

26.

27.

28.

means for coupling receipt of the activating input to release of the

stimulating species.

The device of claim 19, wherein the means for receiving an activating input and
means for coupling receipt of the activating input to release of the stimulating
species comprises a light-sensitive proton pump that transports protons into the

device in response to light.

The device of claim 19, wherein the means for receiving an activating input, the
means for coupling receipt of the activating input to release of the stimulating

species, or both, comprises electronic circuitry.

The device of claim 21, wherein the electronic circuitry comprises a light-

sensitive electronic component.

The device of claim 22, wherein the light-sensitive electronic component is a

photodetector.

The device of claim 19, further comprising means for generating an activating

stimulus.

The device of claim 24, wherein the means for generating an activating stimulus
comprises (i) a computer, (ii) a transducer that transduces sound, pressure, heat,

or motion, into an electrical signal; or (iii) both.

The device of claim 22, further comprising:
an external power source; and

means to receive power from the external power source.

The device of claim 26, wherein the external power source provides power to

trigger release of the stimulating species.

A method of treating a subject in need of neural stimulation comprising

implanting the device of claim 1 into the subject.
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29.

30.

31.

32.

33.

34.

35.

36.

The method of claim 28, wherein the subject is in need of treatment for a
condition selected from the group consisting of: visual impairment, hearing
impairment, pain, epilepsy, Parkinson’s disease, a neurodegenerative disorder,
bowel dysfunction, bladder dysfunction, muscle wasting, stroke, sleep apnea,
diaphragmatic dysfunction, myasthenia gravis, multiple scleroris, neuropathy,

paresis, and paralysis.

A neural prosthesis comprising a release array comprising a plurality of devices

as set forth in claim 1, wherein the devices release a stimulating species.

The neural prosthesis of claim 30, further comprising a biocompatible substrate
layer that provides mechanical support for the devices that comprise the release

array.

The neural prosthesis of claim 30, wherein each device comprises:
means for receiving an activating input; and
means for coupling receipt of the activating input to release of the

stimulating species.

A retinal prosthesis comprising a stimulating array comprising a plurality of

devices as set forth in claim 1.

The retinal prosthesis of claim 33, further comprising a biocompatible substrate
layer that provides mechanical support for the devices that comprise the release

array.

The retinal prosthesis of claim 34, wherein the biocompatible substrate layer is

sufficiently flexible to conform to the curvature of the eye.

The retinal prosthesis of claim 33, wherein each device comprises:
means for receiving incident light; and
means for coupling receipt of the incident light to release of the

stimulating species.
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37.  The retinal prosthesis of claim 33, further comprising:

a light sensitive array electrically connected to the stimulating array for
receiving incident light and generating a signal in response thereto.

38.  The retinal prosthesis of claim 33, further comprising:

an external power source; and
means to receive power from the external power source.

39. A method of treating a subject in need of treatment for visual impairment
comprising implanting the retinal prosthesis of claim 33 into the subject.

40. A method of accumulating a stimulating species inside a neural stimulation
device comprising transporting the stimulating species into the device using
energy obtained from transport of a second species from inside the device to
outside the device down its concentration gradient.

41.  The method of claim 40, wherein the stimulating species is an ion or a
neurotransmitter. V

42.  The method of claim 40, wherein the second species is a proton.

43.  The method of claim 40, wherein a carrier molecule transports the stimulating
species into the device and transports the second species out of the device.
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