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METHOD FOR TREATMENT OF ACQUIRED COGMNITIVE DEFICITS

CROSS REFERENCE TO RELATED APPLICATION
16661} This apphication clairos the benefit of priority from U.S. Provisional Apphication
No. 62/966,287, filed January 27, 2020, the entire contents of which are incorporated

herein by reference.

BACKGROUND

0002} Loss of organized sleep electrophysiology is a charactenistic finding following
severe brain imjury. The return of structured elements of sleep architecture has been
associated with positive prognosis across injury eticlogies, suggesting a role for slesp
dynamics as biomarkers of wakeful neuronal circuit function. Tocreasing evidence
suggests that many patients with disorders of consciousness experience neuronal re-
organization and recovery of large-scale brain function over prolonged time periods. The
presence of sleep architecture, particularly sleep spindles and slow wave sleep (SWS}, has
been found to correlate with prognosis following injury and therefore may be an importang
dimension for understanding and tracking functional improvements. Adams et al. ((fin
Newvrophysiol {20163 127:3086-3092) first reported on the electrogncephalogram (EEG)
sieep characteristics of this patient before and duning approximately five vears of daytimae
central thalamic deep brain stimulahion (CT-DBS), which was initiated for the promotion
of arousal reguiation. Initial findings by Adams et al. (Clin Neurophysiol {2016}
127:3085-3092) showed an increase in slegp spindle frequency and SWS duration
tollowing the onset of CT-DBS treatment.  An uregular intrusion of alpha activity during
SWES was also reported prior to CT-DBS, which seemed to attenuate during CT-DBS
treatment. Tmportanily, these results implicated daytime brain activation as modudator of
sleep architectiure in the severely injured brain.

I6603] At present, there is a lack of therapeutic options for patients who experience
continued cognitive deficits either bevond the sub-acute phase following brain inpuy or in
conjunction with chronic disease or peychiatric disturbance. This therapeutic gap remains
despite growing evidence that {1} cognitive deficiis persist i a significant portion of
patients after even mild traumatic brain injurv, and (2} neuronal circuits can retain an
enchiring capacity for reorgamization and reconstitution of function across the spectrum of

physiological insults ranging from muld to severe structural brain irguries and over decades
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of life. The significance of developing a therapeutic intervention for individuals suffering
from acquired cognitive deficiis lies in the loss of autonomy and functional independence
that dramatically reduces their guality of hife, as well as the substantial economic burden
imposed by the chronic healthcare needs of these 1odividuals. Thus, there 15 a significant
need for treatment methods aimed at restoring neuronal circuits responsible for cognitive

function in patients with acquired cognitive deficits.

SUMMARY OF THE DISCLOSURE

[B084] An aspect of thus disclosure 1s divected to a method for improving a wakeful
function in a subject suffering from an acquired cognitive deficiency, comprising
administering to the subject an effective amount of an upregulator of gamma-aminobutyric
acid B (GABAg) signaling, thereby improving the wakeful function 1u the subject.

16665 In some embodiments, the administering step 1s performed at might,

6686 In some embodiments, the upregulator of GABAg signaling is selected from the
group consisting of baclofen, tiagabine, lesogaberan (AZD3355), 35-39783, zolptdem,
midazolam, and sodium oxybate.

(G687 In some embodiments, the upregulator of GAB AR signaling 1s represented by the

chemucal formula

O

OH.

[GGGR] In some embodiments, the upregulator of GAB AR signaling 15 sodium oxybate
with the following chemical formula:
O™Na’
HO
O

40097 In some embodiments, the upregulaior of GABAgR signaling 1§ represented by the
, ; preg g g P !

chemical formula:
Q
Yoo CH g (CH = O X
wheremn X is H, g pharmaceutically acceptable cation or (C-Cpalkyl, and Y 1s OH, (Cy-

Caratkoxy, (C1-Cy) alkanovioxy or benroyioxy. In some embodiments, Y 1s OH or (Cy-

C,) alkanoyloxy. In some enibodiments, X is Na'.

[
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[6G18] In some embodiments, the upregulator of GABAR signaling comprises electrical
stimulation of corticothalamic/thalamocortical afferents in the subject.

16611} In some embodiments, the acquired cognitive deficiency results from an msult
selected from the group consisting of stroke, toxicological agents, anoxia, ischeria,
nutritional deficiencies, developmental diseases, infectious diseases, neoplastic diseases,
and degenerative diseases.

[38612] In some embodiments, the acquired cogmitive deficiency results from a traumatic
brain injury.

[6613] In some embodiments, the wakeful function is selected from the group consisting
of perceptual awareness, memory, intellect, fearning ability, logic abihity, attention and
executive function.

[6614] In some embodimenis, the method also improves one or more features of sleep
selected from the group consisting of depth of slow wave modulation, frequency of
spindles, REM sleep, and sleep architecture.

[6615] Another aspect of the disclosure 15 divected to a method for improving a wakeful
function in a subject suffering from an acquired cognitive deficiency, comprising
administering 1o the subject an effective amount of an upregulator of GABAp signaling at
might, in combination with administering an antenior-forebram stimulating therapy when
the subject 15 awake, thereby improving the wakeful funciion in the subject.

3816} In some embodiments, the anterior-forebrain stimulating therapy comprises
admunistering a small molecule compound selected from the group consisting of
amantadine hvdrochionde, methyiphenidate, donazepil, noradrenaline, and Ketanune.
(6617 In some embodiments, the anterior-forebrain stinmuating therapy 15 selected from
the group consisting of deep brain stimulation, transcramal direct current stimulation,
optogenetic stimulation, and focused ultrasound.

{6618 In some embodiments, the upregulator of GABAg signaling is selected from the
group consisting of baclofen, tiagabine, lesogaberan (AZD3355), 35-39783, zolptdem,
midazolam, and sodium oxybate.

[6619] In some embodiments, the upregulator of GAB AR signaling 1s represented by the

chemical formula:

o)

OH
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[GG28] In some embodiments, the upregulator of GAB AR signaling 15 sodium oxybate

represented by the chemical formula:

HOWO—Na

O

+

[G621] In some embodiments, the upregulator of GAB AR signaling is represented by the

chemical formula

0O

Yo O g (CH ) g = G QX

wherein X is H, g pharmaceutically aceeptable cation or (C-Cylatkyl, and Y is OH, (Cs-
Cyyalkoxy, {C~-Cy) alkanoyvloxy or benzovioxy. In some embodiments, Y 18 OH or (Cy-
C,) alkanoyloxy. In some embodiments, X is Na'.

(6622 In some embodiments, the upregulator of GABAR signaling comprises electrical
stimnulation of corticothalamic/thalamocortical afferents in the subject.

16623 In some embodiments, the acquired cognitive deficiency results from an msult
selected from the group consisiing of stroke, toxicological agents, anoxia, ischemia,
nutritional deficiencies, developmental diseases, infectious diseases, neoplastic diseases,
and degenerative diseases.

(6624} In some embodiments, the acquired cognitive deficiency results from a traumatic
brain injury.

16625} In some embodiments, the wakeful funchion is selected from the group consisting
of perceptual awareness, memory, jntellect, fearning ability, logic abihity, attention and
executive function.

[3626] In some embodimenis, the method also improves one or more features of sleep
selected frovn the group consisting of depth of slow wave modulation, frequency of

spindles, REM sleep, and sleep architecture.

BRIEF DESCRIPTION OF THE DRAWINGS
[6G27] The patent or application file contains at least one drawing executed in color.
Copies of this patent or patent application publication with color drawing(s) will be

provided by the Office upon request and pavment of the necessary fes,
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[GG2R] FIGS. 1A - 1B, Representative EEG and summary fimeline. {A) Representative
segments of patient subject EEG fracings during non-REM sleep show the presence of
stage two (Ieft panel) and SWS (mmddie, night panels) epochs. A mixed frequency
signature consistent with alpha delta sleep was also observed, (muddle panel), classified
here as a subset of SWE for consistency with combined "SWS-like” states reported in
Adams ef af., (Clin Neurophysiol {20163 127:3086-3092). (B) The patient subject was
studied at five time points over the course of 8.5 years, consisting of one tirne point before,
three during, and one after CT-DBS treatment. Qualitative swmmary of mdividual EEG
states are shown for each tirne point.

[662%] FIGK. 2A -2B. Behavioral exammation scores. {A) Coma Recovery Scale-
Revised (CRS-R} total scores at each time point. Each data point represents a single CRS-
R administration. *, p < 0.03. (B) Corrgsponding CRS-R subscale scores display slight
variations in composition of total CRS-R scores between time points. Each data point
represents a single subscale administration.  Grey rectangles indicate maximum subscale
score range. Data poinds from pre CT-DBS are shown in grey, active CT-DBS in blue,
and post CT-DBS in black.

16036 FIGS, 3A - 3C, EEG power spectrafrom T1, T4 and 15, corresponding o pre-,
active, and post-C'T-DBS condinions. (A} Power spectra calculated from resting awake
FEEG. Arrows indicate changes in peak frequency in the aipha range. * indicates
emergence of a "wicket rhythm” {(~8-13Hz) over the left motor cortex. FC6 and €4 inset
arrows denote increases in peak alpha frequency at tirue pount 4 (B-C) Power spectra
calculated from non-REM stage two (B} and SWS (). Spectral tracings from time point
1 {T1} are represented by grey lines, time pomt 4 {T4) by blue lines, and time point 5 {T5)
by black bines.

[6631] FIGS, 4A - 4B Stage two sleep spindle dyvnamics. Power specira were calculated
for representative stage two sleep EEG segments and values normalized for comparison
across time points. (A} Power in the 9-16 Hz spindle range, plotted according to channel
and tiroe poind. (B) Peak spectral frequency m the 9-16 Hz spindle range. I no speciral
peak was present, spindles were considerad absent and no frequency value was recorded.
Dotted lines represent lefi hemisphere channels and solid lines represent right hemisphere
channels. Individual channels are plotted by color. Grev shading indicates active CT-DBS

fime points.
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[6G32] FIGS. 5A - 5B, Slow wave sieep dvnamics. Power spectra were calculated for
representative SWS segments {including alpha delia sleep) and vahies normalized for
comparison across time points. (&) SWS power in the 0.3-4 Hz delta frequency range,
plotied according to channel and time point. (8) SWS power in the 8-14 Hz alpha
frequency range, plotted according to channel and time point. Dotted lines represent left
hemusphere channels and solid lines represent right hemisphere channels. Individual
channels are plotted by color. Grey color indicates active CT-DBS time points.

0633} FIGS. 6A ~ 68, Proposed mechanism linking CT-DBS and the alleviation of
alpha-delta sleep. An mntegrative hypothesis inking the observed effects of CT-DBS in
our patient subject with anterior forebrain mesociremt function and sleep dynamics. {A)
Anterior forebrain mesocircuit dysfunction in disorders of conscicusness. In severe brain
injury, widespread deafferentation results in functional downregulation of the prefrontal
cortex (PFC) via functional disfacilitation and structural deafferentation of central
thalarmic neuronal populations. Under these conditions, mediurm spiny neurons of the
striatum fail to reach firing threshold, resulting in released inhibition of the globus pallidus
imterna (GP1). Excess firing of the GPt 1s proposed to result in additional inhibition of
central thalaroic components, preventing sullicient thalamocortical output and tilting the
excitatory/inhibitory balance needed for the consistent maintenance of consciousness.
Such reduced activation of the PFC during wake may result in insufficient accumulation of
homeostatic sleep pressure and correspondingly under-activated prefrontal GABAergic
netwaorks during sleep. Failure to iuhibit ventral lirobic structures such as the basal
forebrain would resulf in excess activation of thalamocortical celis and the intrusion of
alpha oscillations during SWS. (B} Restoration of mesocircuit function and alpha-delta
sieep alleviation during CT-DBS. CT-DBS drives thalamocortical output, resulting in
restored wakeful excitation of the PFC. Increased PFC engagement during wakefulness
produces an accunmtation of homeostatic sleep pressure, facilitating the mhibition of
ventral limbic structures during sleep via apregulation of SWS-producing GABAergic
mtemeurons. Without excess thalanmue activation by veniral structures during SWS,
depolarization necessary for alpha-producing high threshold thalamocortical bursting is
not achieved and alpha-delta sleep does not occur,

16634} FIGS. 7A - 7B, Effects of sodium oxybate injection on the sleep-wake cvele of
SBimice. The top panels displav the delta power during the dark (blue; daytime} and

fight (vellow; sleep time} within 24 hours in (A} Non-REM, or (B} Wake mice. The pink
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vertical lines represent the time i which animals received an intraperitoneal injection of
sodium oxvbate (50; 400 mg/Kg) diluted in saline. The bottom panels show the LFP
power spectra obtained from sleep periods and wake periods with and without sodium
oxybate. In(A), the dark blue line represents NREM sleep without sodium oxvbate
admenisiration and the red line represents NREM sieep with sodium oxybate
admunisiration. In (B), the dark blue Hine represents Wake without sodium oxybate
adnmunistration during prior sleep and the red line represents Wake with sodium oxvbate
administration during prior sleep. Application of sodium oxybate during the night resulis
in elevation of delta (1-5Hz) LFP power and imcreases during the subsequent wakeful
period in beta (15-30H2) and gamma (>30H7) LFP. Importantly, consistent with our
theory because of the short haif-life of sodium oxybate these changes in wakeful LFP
power reflect alteration of cortical neuronal properties linked to the increased delta during
sleep induced by sodium oxvbate. Sumularly, the elevation of delia power does not persist

during the wakeful period.
BETAILED DESCRIPTION

Subject

[6G35] In some embodiments, the methods of the instant disclosure are direcied (o a
subject who saffers from an acquired cognitive deficiency.

16636] As used herein, "acquwired cognitive deficiency” refers to subnormal functioning or
a suboptimal functioning in one or more wakeful functions such as perceptual awareness,
memory, intellect, leaming and logic ability, or attention and executive function {working
memory} in a particular individual comparative to other individuals within the same
general age population due to an insult to the individual's brain or in comparison with the
mdividuals prior baseline function. The msult to the mdividual's brain may include, but is
not hmited (o brain injuries, including those produced, at least in part, by stroke, head
trauma {e.g., blast mjury, blunt head trauma, or vussile penetration), toxicological agents
{e.g.. carbon monoxide, arsenic, or thallium), anoxia {e.g., reduced oxvgen levels in the
blood}, 1schemia {e.g.. reduced blood flow), nutritional deficiencies, developmental
diseases, infectious diseases, neoplastic diseases, degenerative diseases, complications
thereof, or other siructural lesions.

16637} These brain injuries frequently manifest themselves in one or more deficits of

wakeful functions including, but not lumied o, affention, intention, working memory,
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logic ability and/or awareness. As used herein, attention refers to the cognitive function
that provides the capacities for selection of mternal or external stinmuli and thoughts,
supports the preparation of intended behaviors {e.g., speeds perceptual judgments and
reaction tiroes), and supports the maintenaoce of sustained cognition ot motor behaviors
{e.g., the focusing of aftention). Intention, as used herein, refers to the mechanism of
response faitures (1., fack of behavioral interaction} which is not due to a perceptual loss
(i.e., miention is the cognitive drive linking sensory-motor integration to behavior).
Intention deficits include failure to move a body part despite intact motor pathways,
awareness, and sensory processing as demonstrated by neurophyvsiological and
neuropsvchological evaluation. Anocther example of a patient's intention deficit s a falure
to inttiate action of anv kind despite evidence of awareness or action produced by
stinmitation. Loss of intention is a disorder of cognitive function, as defined herein, and is
amajor division of the newropsychological disorder of neglect, which may be present in
many patients with cognitive loss following brain injury. Working memory, as used
herein, refers 1o the fast memory procass required for on-line storage and retrieval of
imformation, including processes of holding incoming information in short-term memory
before it can be converted into long-term memory and processes which support the
retrieval of established long-term {episodic) memories. Deficits in awareness relate to
tmpaired perceptual awareness, as described above. Clinical signs of these brain injuries
also include profound hemi-spatial neglect, disorders of motor intention, disorders of
wmpaired awareness of behavioral control, or apathy and cognitive slowing,

[GG38] In a specific embodiment, the acquired cognitive deficiency resulis from a
fraumatic braim injury, i.e., the subject suffers from a trauwrnatic bramn injory. A "traumatic
bran mjury” refers to a brain mmjury caused by a physical blow/roechanical tropact/over-
pressurization impulse/blast ijury, e.g., to the head or body, that results in damage 1o the
brain tissue, vascuiar system, or swrrounding tissue or bone {e.g., the skull}).

[3639] A subject’s wakeful fumctions, including attention, infention, working memory,
and/or awareness funchion, can be evaluaied using standard tests. Standard tesis evaluate
different types of basic cognifive functions and are used to initially screen a patient for a
pattern of deficits. More specific tests can be employed and individualized {0 a patient's
neuropsvchological profile. In practice, the chotee of particular neuropsychological test
batteries depends on the experience of the tester and the normative data available for the

test. This changes as new studies are done and as new testing maierials are tried out and
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compared. For example, suitable comprehensive tests include the Mental Status Exam
{("MSE"} (set forth, for example, in Strub et al., The Menial Siatus Exam in Neurology, 3rd
ed., Philadelphia: Davis (1993), which s hereby incorporated by reference) as well as
broad neuropsychological test batteries, Hike the Halstead-Reitan Neuropsychological Test
Battery {which encompasses memory, aftention, intention, and perception/awareness). In
order {o delineate more narrowly specific deficits of working memory, attention,
perception, etc., more individualized tests can be chosen. For example, a "Shipley-
Hartford scale’ test may be employed to assess cognitive slowing (intelligence); a
"Bender-Gestalt’ fest can be used to assess spatial relations and constructions; Aphasia
screening tests, such as the Boston Thagnosiic Aphasia Examimation or the Western
Aphasia Battery, can detect language dysfunction; and Trials A/B or Memory Assessment
Scales {("MAS") test can be used {0 assess working memory. Further details with regard to
these and other tests for assessing a patient's atlention, intention, working memory, and/or
awareness function can be found in, for example, Berg, "Screening Tests in Chowcal
Neuropsychology.” Chapter 10, pp. 331-363, in Horton et al., eds., The Neuropsychology
Handbook, Vol. 1, Foundations and Assessment, 2nd ed., New York:Springer Publishing
Corpany (1997}, which s hereby incorporated by reference.

63040 1n some embodiments, the subject 1s an animal. The term "animal” includes

mammals, for example, human, hosse, camel, dog, pig

0

cow, and sheep. In a specific

embodiment, the subjectis a human.

Upreguiators of GABAy signaling

6641} An "upregulator of GABAy signaling” 1s a modulator that activates the GABAg
receptor {(GABAgR). Without being bound to a particular theory, it 1S believed that
activation of GABAgR stimulates the opening of K’ channels (e.g., G protein-coupled
mwardly-rectifving potassium chanoels (GIRKs)), which brings the neuron closer to the
equilibrium potential of K'. This reduces the frequency of action potentials which reduces
neurotransmitier release.

[3842] In some embodiments, the upregulator of GABA signaling 1s a small molecule
compound that activates GABAgR. The term "small molecule compound"” herein refers to
small organic chemical compound, generally having a molecular weight of less than 2000

dalions, 1500 daltons, 1000 daltons, 800 daltons, or 600 daltons.
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[3643] In some embodiments, the upregulator of GABAR signaling selected from the
group consisting of baclofen, tiagabine, lesogaberan {AZD3355}, GS8-39783, zolpidem,
midarolam, and sodium oxyvbate.

16044} To some embodiments, the upregulator of GABAg signaling is represented by the
formuia;

8]
OH.

16645 Tn some embodiments, the upregulator of GABAg signaling is sodium oxybate
with the following chemical formula:
—nF
O Na
HO
O

$046] In some embodiments, the upregulaior of GABAg signaling 1§ represented by the
, ; preg g g P !

formula:

@]

Yo CH e (CHp) g O QX

wherein X 13 H, a pharmaceutically acceptable cation or {C~-Cyalkyl, and Y 15 OH, (Cs-
Cyalkoxy, (C-Cy) alkanovioxy or benzovlioxy. In some embodiments, Y 15 OH or (-
) alkanoyloxy. In some embodiments, X is Na'.

[3647] In some embodiments, the upregolator of GABAg signaling 15 a small molecule
compound selected {from the small molecule compounds disclosed 1 U8, Patent No.
5,990,162, which is incorporated herein by reference.

[6648] In some embodiments, the upregidator of GABAg signaling is baclofen representad

by the chenucal formula:
Cl
OH.
H,N

16649} In some embodiments, the upregulator of GABAg signaling is tiagabine

represenied by the chemical formula:

10
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(G650 In some embodiments, the upregulator of GABAR signaling is lesogaberan
{AZD3355) represented by the chemical formula:

O
H

E
HZNJ\/H\OH

86651} In some embodiments, the upregulator of GABAR signaling is (38-3978

o

]
2

represented by the chemical formula:

H
N
T

NO

E ~

\f
/S

2 H
N

T O

8652} In some embodiments, the upregulator of GABAg signaling is zolpidem

represenied by the chemical formula:

T

8653} In some embodiments, the upregulator of GABAR signaling is midazolam

represented by the chemical formula:

i1
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8654} In some embodiments, the upregulator of GABAR signaling is electrical
stimulation of corticothalamic afferents. In some embodiments, electrical stinmdation of

corticothalamic afferents is achieved as described herein below.

Anterior-forebrain Stimulating Therapies

136385] As used herein, the phrase "anterior-forebrain stimulating therapy" rafers to
therapies that activate the anterior-forebrain part of the bram.

0056} In some erubodiments, the anterior-forebrain stimulating therapy is achieved by
electrical stimulation of the anterior-forebrain region of a subject.

{6657 In some embodiments, electrical stinmilation is achieved by electrodes. A variety
of electrodes can be employed for delivering the stimulation. For example, suitable
electrodes include the deep brain stimulation slectrodes used in Katavama,
"Characterization and Modification of Brain Activity with Deep Brain Sunuation in
Patients i a Persistent Vegetative State: Pain-Related Late Positive Component of
Cerebral Evoked Potential,” Pace, 14:116-121 {1991}, which 1s hereby incorporated by
reference, and the Medironic DES 3280 (available from Medtronic, Minneapolis, Minn.},
which has a flexible TEFLON-SILASTIC™ coated, platinum iridium electrodes with 4
contacts, 4 mm tips, 2 mrn, mean tip separation, and an iropedance of 5-7 k@ within the
brain, described 1 Velasco et al, "Electrocortical and Behavioral Responses Produced By
Acuie Electrical Stimulation of the Human Centromedian Thalanuc Nucleus,”

Je

lography and Clinical Newrophysiolocv, 102:461-471 {1997} ("Velasco™}

Flectroencepha
which is hereby incorporated by reference. In some embodiments, the electrode 1s an
implantable muitipolar electrode with either an implantable pulse generator that can be
under patient control or a radiofrequency conirolled device operated by an external
fransmitier. I some embodiments, the maltipolar electrode contacts should allow for
adjustment of frequency {(or "rate"), amplitude, and pulse width within at least the
following respective ranges: about 2-200 Hz, about 0.1-10 Volts, and about 50-300
microseconds. As used in this disclosure, the term "about” refers o £10% of a given
value. Tn some embodiments, the multipolar electrode contacts allow for adjustiment in a
broader range than those recited above, particularly toward higher intensities. Such
electrodes include a Medtronic 3387 electrode {available from Medtronic, Minneapolis,
Minn.} and are described, for example, in Benabid et al., "Chronic Electrical Stimulation
of the Ventrahs Intermedius Nucleus of the Thalarous As a Treatment of Moverment

Dhsorders,” .S Neurosurgery, 84:203-214 (1996), which is hereby incorporaied by

iZ
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reference. In some situations, it may be desirable to use an electrode capable of delivering
pharmacological agenis to the patient's anterior-forebrain.

6658 The electrode can be contacied with the patient's anterior-forebrain by the methods
conventionally emaploved for erabedding or emiplacing electrodes for deep brain electrical
stimuldation in other thalamic nuclei. Such methods are described 1n Tasker et al., "The
Role of the Thalamus 1o Functional Neurosurgery,” Newrosurgery Clinics of Norih
America, 6(1).73-104 (1998) {("Tasker™), which 1s hereby incorporated by reference.
Briefly, the multi-polar electrode or electrodes are introduced via buwrr holes in the skull.
The burr holes are placed based on the particular region of the anterior-forebrain to be
contacied. In some embodiments, prior to the introduction of the implantable multi-polar
electrode(s), a detailed mapping with microelectrode and microstimulation following
standard methods is carried ouf as described in Tasker, which is hereby incorporated by
reference. Briefly, for each subdivision of the anterior-forebrain, a preferred trajeciory of
approach optimizing the safety of entry pourt and maxirnal number of identifiable
physiclogical landmarks in the responses of cell groups encountered along the trajectory
into the desired region or regions of the anterior-forebrain can be identified by one skilled
i the art. This can be done, {or example. by following the methods and catalogued
physiological responses of different human thalamic cell groups describad in Tasker,
which 18 hereby incorporated by reference. Initial mapping of the path for the stimulating
electrode{s) can, therefore, be carried out via a combination of detailed single-unit
recording of receptive field ("RF") properties of the cells encountered along the trajectory,
projective fields ("PF") mapped by microstimulation of the same cell groups, and
compartson with known R¥ and PF responses in the human thalarmus, Simalarly, evoked
potentials can be recorded and, for the anterior-forebrain, have several charactenstic
signatimes 1dentifiable from scalp surface recording as discussed 1 Velasco and Tasker,
which are hereby incorporated by reference. For this mapping, microstimulation, using
tungsien microslectrodes with impedances of roughly 1.5 megachms, every | mm at
threshold of up to 100 microamperes with short trains of 300 Hz pulses of 0.2 millisecond
pulse width are emploved as described 1n Tasker, which is hereby incorporated by
reference. Typically, an on-line data base of RF and PF mnformation along the trajectory
and stereotactic coordinates derived, for exarople, from Schaltenbrand et al | lntroduction
to Stereotaxis with an Atlas of the Human Brain, Stutigari: Thieme (1977}, which is hereby

incorporated by reference, or by compuied mapping technigues, such as those described in
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Tasker et al., "Computer Mapping of Brainstem Sensory Centres in Man," J. Neurosurg,,
44.:458-464 (1976), which s hereby incorporated by reference, can be used, either with or
withoul a magoetic resonance imaging {"MRI") based stereotactic apparatus. To carry out
the above methods a patient would typically reroain conscious with apphication of tocal
anesthesia or mild sedation. However, m cases where a patient is not sufficiently
cooperative to remain conscious during the procedure, the above-described approach can
be modified to allow the operation 1o be comnpleted under general anesthesia.

6659 The electrical stimulation can be continucus, intermitient, or periodic. The range
of stinndation frequencies and intensity of stimulation will depend on several factors:
impedance of the electrode once in the bram, excitation properiies of cells which may
differ within subdivisions of the anterior-forebrain, the type of induced physiclogic
responses sought for a particular patient, and mter-individual variation. While higher
frequency ranges are thought to be preferred, lower frequencies will also be emploved.
Suitable stiroulation frequencies range from about 1 Hz to 1 kHz; from about 10 Hz to
about 500 Hz: and from about 50 Hz to about 250 Hz. In some embodiments. the
stimulation frequency ranges between 1Hr and 1000Hz7, between 10Hz and 500Hz,
between 100Hz and 250H7z, between 200Hz and 350Hz, between 300Hz and 450H7,
between 400Hz and 550Hz, between 500Hz and 650Hz, between 600Hz and 750Hz,
betweean 700Hz and 850Hz, between 800Hz and 950Hz, or between 900Hz and 1000Hzz.
In some embodiments, the frequency of the electrical stimulation is about 1Hz, about
10z, about 30Hz, about 100Hz, about 150Hz, about 200Hz, about 250Hz, about 300Hz,
about 350Hz, about 400Hz, about 450Hz, about 500Hz, about 550Hz, about 600Hz, about
650z, about T00Hz, about 750H 2, about 800Hz, abowut 830Hz, about S00Hz, or aboui
1000Hz,

16068} Typically, the electrode is connected to an insulated conductor which feads to an
external connector plug which 1s removably connected to a mating plug which 1s, in tum,
connected 1o a voliage conirol and pulse generator. The pulse generator produces a
selected pulse train, and the voltage control provides a selected current aruplitude or
voltage to the waves of the pulse train.  In some embodiments, both the voliage control
and pulse generator are under control of a computer microprocessor. The signal pulse
generator should be capable of generating voltage wave trams of any desired form (sine,
square wave, spike, rectangular, triangular, ramp, etc.) in a selectable voltage amplitude in

the range from about 0.1 volis to about 10 volis and at selectable frequencies as set forth
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above. In practice, the pulse train and voltage amplitudes empioyed will be selected on a
trial and error basis by evaluating a patient's response {0 various types and amplitudes of
electrical stimulation over a time course of from about 1 to about 12 months. For
example, after imoplanting the electrode in the patient's anterior-forebrain, stimulation with
& voltage within the range of from about 0.1 to about 10 volts or higher {e g, about 0.1V,
about 0.5V, about 1V, about 1.5V, about 2V, about 2.5V, about 3V, about 3.5V, about 4V,
about 4.5V, about 5V, about 5.5V, about 6V, about 6.5V, about 7V, about 7.8V, about 8V,
about 8.5V, about 9V, about 9.3V, about 10V} | a rate within the range of from about 50 to
about 250 Hr, and a pulse widih within the range of from about S0 (o about SO0
microseconds is applied for from about 8 to about 12 hours a dav. In some embodiments,
the pulse width 1s about 20 microseconds, about 30 microseconds, about 40 microseconds,
about 50 microseconds. about 60 microsaconds, about 70 microseconds, about 80
microseconds, about 90 microseconds, about 100 microseconds, about 150 microseconds,
about 200 pucroseconds, about 250 microseconds, about 300 microssconds, about 350
microseconds, about 400 microseconds, about 450 microseconds, about 500 microseconds.
During and after the implaniation of the electrode, the parameters of the stimudation
{voltage, pulse width, and frequency) are adjusied to optinuze the patient's interactive
behavior. The stimulation parameters can be further optimized by monitoring the patient
clinically, anatomucally, phvsiologically, or metabolically to assess his or her response 1o
the stimulation. For example, the patient can be physiologically examined using
clectroencephalograrn ("EEG"), magnetoencephalogram ("MEG"), or functional magnetic
resonance imaging ("fMR1"). Metabolic evaluation can be carriad owt, for example, using
guantitative fluorodeoxy-glucose postiron emission tomography ("FDG-PET™). In
addition, correlation of induced changes 1o surface electrical brain activity {as measured,
for example, by EEG or MEG) can be correlated with improved function and increased
resting metabolism of a damaged brain regions as identified by FDG-PET. Careful
evaluation of these different mdices of brain function in coryunction with standard
neuralogical and neuropsychological tests can thus be used to optinuze the beneficial
effect of the stiimulation method of the present disclosure,

[6661] In some embodiments, the electrical stimulation is a deep brain stimulation method
taught in US Patent Nos: 5,938,688 and 6,539,263, both of which are incorporated by

reference in their entirety.
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[6662] In some embodiments, the anterior-forebrain stimulating therapy is achiaved by a
treatment selected from the group consisting of deep brain stimulation, transcranial direct
current stimulation, optogenetic stimulation, and focused ultrasound.

16663 Tn some embodiments, the anterior-forebrain stimudating therapy 1s achieved by
administering a small molecule compound selected from the group consisting of
amaniadine hydrochlonde, methviphenidate, donazepil, noradrenaline, and ketamane.
[3864] In some embodiments, the small molecule compound used for anterior-forebraim

stimulating therapy is amantadine hydrochloride represented by the chemical formula:

NH,
R

16665 In some embodiments, the small molecule compound used for anterior-forebrain

stimulating therapy 1s methviphenidate represented by the chemucal formula:

-~
NH ©

[3666] In some embodiments, the small molecule compound used for anterior-forebrain

stimulating therapy is donazepil represented by the chemical formuda:

o]

0
"0
0
E

(G667 In some embodiments, the small molecule compound used for anterior-forebrain
stimulating therapy is noradrenaline {norepinephrine} represented by the chemucal

formula:
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OH
HO NH2

HO

16668 In some embodiments, the small molecule compound used for anterior-forebrain

stimulating therapy 1s ketamine represented by the chemical formuila;

Methaeds for Improving a Wakeful Function in a Subject Suffering from an Acguired
Cognitive Deficiency

(6669 This disclosure is premised, in part, by a recognifion uniquely provided by the
present inventors that GABAergic upregulation has a bidirectional carry-over effect
between sieep and wakeful states. Upregulation of frontocortical GABAergic circuits
during wakefulness resulied in the improvement of sleep architecture, and upregulation of
GABAergic circuits during sleep resulted in the iroproverment or recovery of wakelul
frontocortical function. Thus, activation of (GAB Aergic circuits in a state-dependent
manner exerts a 24 hour cyclical influence over organized neuronal function. Therefore,
according to one aspect of thig disclosure, in a subject suffering from acquired cognitive
deficiency, wakeful cognition can be iraproved by upregulating GABAg signaling during
sleep {e.g, by administering a modulator before and/or during sleep that upregulates
GABAg signaling).  According to another aspect, in a subject suffering from acquired
cognitive deficiency, wakeful cognition can be improved by upregulating GABAg
signaling during sleep {e.g., by administering a modulator before and/or during sleep that
upreguiates GABAg signaling}, in combination with upregulation of GABAergic signaling
during wakeflulness. While imaproving wakeful functions 1o a subject having acquired
cognitive deficiency, the present freatment approach, 1.e., upregulation GABAg signaling
during sleep alone or in combination with upregulation of GABAergic signaling during
wakefulness, also improves sleep physiology in the subject inchuding improvement of
normal sleep features (e.g., increasing the depth of slow wave modulation, icreasing

frequency of spindles, restoration of REM, and normalization of sleep architecture and
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circadian rhythmicity), as well as remediation of abnormal sleep features (e.g,, ehiminating

alpha-delta sleep patiern).

Admiinistration of an wpregulator of GABAg signaling

16678] An aspect of this disclosure is direcied to a method for improving a wakeful
function in a subject suffering from an acquired cognitive deficiency, comprnsing
adminisiering to the subject an effective amount of an upregulaior of GABAg sighaling as
described herein, thereby improving the wakeful funchion in the subject. In soroe
embodiments, the wakeful fimction is selected from the group consisting of perceptual
awareness, memory, intellect, learning ability, logic ability, attention and executive
function.

16671 Tn some embodiments, the admirustening step 1s performed at might. In some
embodiments, the administering step is performed when the subject is asleep. In some
embodiments, the administering step 1s performed about two hours, oneg and a half hours,
one hour, half an hour, 15 minutes, ten minuies, or 5 minutes before subject falls asleep.
In some embodiments, an upregulator of GAB Ay signaling is adnunistered internutiently
every hour, every two hours, every three hours, every six hours or every twelve hours, as
appropriate, while the subject s asleep or between bouts of sleep.

16672} To some embodiments, an upregulator of GABAg signaling 15 adnunistered to a
subject in need thereof every day. In some embodiments, an upregulator of GABAg
signaling is admimstered intermittently every 2, 3, 4, 5, or 6 days, or every week, every 2,
3, or 4 weeks, as appropriate.

[GG73] In some embodiments, the upregulator of GABAR signaling 5 a small molecule
compound selected from the group consisting of baclofen, tiagabine, lesogaberan
{AZD3358y, GR-39783, zolpidem, midazolam, and sodium oxybate.

16674} To some embodiments, an upregulator of GABAg signaling 15 adnunistered to a
subject at a dose between 0.2mg/kg and 300 mg/kg, depending on the particular compound
used and the route of administration chosen. In other embodiments, an apregulator of
GABAg signaling 15 adnmunistered at a dose about 0. 2mg/kg, 0 Smg'ke, 8mgkg, 10mgkg,
20me/kg, 30mg/kg, 40mg/kg, S0mg/ke, 60mgke, 7T0mg/ke, 80mgkg, 90me/ky,
100mg/ke, 150me/kg, 175me/kg, 200mg/ke, 250 me/kg, 275mg/ke or 300mg/kg.

[6675] In some embodiments, an upregulator of GABAg signaling disclosed herein can be
admimstered by any of the conventional routes of adroinustration, including but not limated

to oral, nasal, sublingual, buccal, or parenteral (including e g, subcutaneous,
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intramuscular, transcutaneous, intradermal, intraperitoneal, intraocular, and indravenous)
route. In some embodiments, an upregulator of GABAg signaling ts administered in
combination with a pharmaceutically acceptable camier. In some embodiments, an
upregulator of GABAg signaling s adrurustered by inhalation. In sorse embodiments, an
upregulator of GABAg signaling is administered by means of a transdermal patch.

16876} In some embodiments, the upregulator of GABAg signaling is elecinical
stumulation of corticothalamic afferents.

[GG77] In some embodiments, corticothalamic afferents are electrically siimulated n a
subject in need thereof every day. In some embodiments, corticothalamic afferents are
electrically stimulated in a subiect in need thereof intermitiently every 2, 3, 4, 3, or 6 days,
or every week, every 2, 3, or 4 weeks, ag appropriate. In some embodiments,
corticothalamic/thalamocortical afferents are electrically stimulated in the subject
mtermittenily every hour, every two hours, every three hours, every six hours or every
twelve hours, as appropriate, while the subject is asleep.

[GG78] In some embodiments, the acquired cognitive deficiency results from an insul
selected from the group consisting of stroke, toxicological agents, anoxia, ischemia,
nutritional deficiencies, developmental diseases, infectious diseases, neoplastic diseases,
and degenerative diseases

16679 In some embodimenis, the acquired cognitive deficiency results from a trauvmatic
brain impury. In some embodiments, the subject does not suffer from daytime sleepiness or
sieep fragmentation. In some embodiments, the subject has normal REM sleep before the
therapy.

(6688 In some embodiments, the method also improves one or more features of sleep
selected from the group consisting of depth of slow wave modulation, frequency of
spindles, REM sleep, circadian thythimicity, and sleep architecture. In some embodiments,
the method improves the depth of slow wave modulation during sleep. In some
embodiments, the method increases the frequency of spindles (also calied "sleep spindles”,
"sigima bands" or "sigma waves"). In some embodiments, the method causes reesmergence
of REM sleep. In some embodiments, the method tmproves sleep architecture, meaning

that the subject has longer uninterrupied sleep and longer deep sleep during the mght.

[668%] Another aspect of the disclosure is directed to use of an upregulator of GABAg
signaling 1o production of a medicament for improving a waketul function in a subject

suffering from an acquired cognitive deficiency.
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[GG82] Yet another aspect of the disclosure is directed to an upregulator of GABAg
signaling for use in improving a wakeful function in a subject suffering from an acquired

cognitive deficiency.

Combination Therapy

16683] Another aspect of this disclosure 1s directed 1o a combination therapy of an
upreguiator of GABAg signaling and an anterior-forebrain stinmlating therapy for
wmproving a wakeful function in a subject suffering from an acquired cognitive deficiency.
In some embodiments, the method comprisas administering to the subject an effective
amount of an upregulator of GABAg signaling {as described herein) at night, in
combination with admunmstering an anterior-forebrain stimulating therapy when the sabject
is awake, therehy improving the waketul function in the subject.

66:84] Tn some embodiments, an upregulator of GAB Ay signaling administerad at night.
In some embodiments, an upregulator of GABAg signaling adwministered when the subject
1s asleep. In some embodiments, an upregulator of GABAR signaling 1s administered
about two hours, one and a half hours, one hour, half an hour, 15 nunutes, ten minutes, or
5 minutes before subject falls asleep.

{6685 Tn some embodiments, an anterior-forebrain stimulating therapy 1s administered
during the day. In some embodiments, an anderior-forebrain stimulating therapy 18
administered when the subject 15 awake. In some embodiments, an anterior-forebrain
stinmitating therapy is admimistered about three hours, four hours, five hours, six hours,
seven hours, or tert hours before subject falls asleep.

[GG86] In some embodiments, the upregulator of GABAR signaling 5 a small molecule
compound selected from the group consisting of baclofen, tiagabine, lesogaberan
{AZD3358y, GR-39783, zolpidem, midazolam, and sodium oxybate.

16087} To some embodiments, an upregulator of GABAg signaling 15 adnunistered to a
subject at a dose between 0.2mg/kg and 300 mg/kg, depending on the particular compound
used and the route of administration chosen. In other embodiments, an apregulator of
GABAg signaling 15 adnunistered at a dose about 0.2mg/kg, 0 Smg'ke. 8mg/kg, 10mgkg.
20me/kg, 30mg/kg, 40mg/kg, S0mg/ke, 60mgke, 7T0mg/ke, 80mgkg, 90me/ky,
100mg/ke, 150me/kg, 175me/kg, 200mg/ke, 250 me/kg, 275mg/ke or 300mg/kg.

[6688] In some embodiments, an upregulator of GABAg signaling disclosed herein can be
admimstered by any of the conventional routes of adroinustration, including but not limated

to oral, nasal, sublingual, buccal, or parenteral (including e g, subcutaneous,
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intramuscular, transcutaneous, intradermal, intraperitoneal, intraocular, and intravenous)
route. In some embodiments, an upregulator of GABAg signaling s administered in
combination with a pharmaceutically acceptable carrier. In some ernbodirvents, an
upregulator of GABAg signaling s admirustered by inhalation. In sorse embodiments, an
upreguiator of GABAg signaling 15 adminustered by means of a transdermal patch.

{30689 In some embodiments, the upregolator of GABAg signaling 15 elecirical
stumulation of corticothalamic/thalamocortical afferents.

[G6%0] In some embodiments, the anterior-forebrain stimulating therapy is achiaved by a
divect stimulation method selected {rom the group consisting of deep brain stimulation,
transcramal divect current stimulation, optogenetic stimudation, and focused ultrasound.
[636391] In some embodiments, the anterior-forebrain stimulating therapy comprises
administering a small molecule compound selected from the group consisting of
amaniadine hydrochloride, methyiphenidate, donazepl, noradrenaline, and ketamine, as
described heremn.

[3692] In some embodiments, a small molecule compound for the amterior-forebrain
stimulating therapy is administered {0 a subject at a dose between & 2mg/kg and 300
mg/kg, depending on the particular compound used and the route of administration
chosen. In other embodiments, a small molecule compound for the anterior-forebrain
stimulating therapy is adminmistered at a dose about 0.2mg/kg, 0.5mg/ke, Smg/ke,
0ome/kg, 20mg/kg, 30mg/ke, 40mg/ke, SOmg/ke, 60me/kg, 70me/ke, 80mg/kg, 90mgke,
100mg/kg, 150mg/kg, 175mg/ke, 200mg/ke, 250 mg/kg, 275mg/kg or 300mg/kg.

[G693] In some embodiments, a smali molecule compound for the amterior-forebrain
stimulating therapy disclosed herein can be administered by any of the conventional routes
of administration, including but not livuted to oral, nasal, or parenteral (including e.g.,
subcutaneous, intramuscular, franscutaneous, intradermal, intraperitoneal, intraocular, and
infravenous} route. In some embodiments, a small molecule compound for the anterior-
forebrain stimulating therapy 1s administered in combination with a pharmaceutically
acceptable carner. In some embodiments, a stoall molecule compound for the antenor-
forebrain stimulating therapy is admuinistered by inhalation. In some embodiments, a
small molecule compound for the antertor-forebrain stimulating therapy is adnunistered by
means of a transdermal patch,

16094} In some embodiments, an upregulator of GAB Ag signaling and an anterior-

forebrain stimulating therapy are administered to a subject in need thereof every day. In
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some embodiments, an upregulator of GABAj signaling and an anterior-forebrain
stimulating therapy are adminisiered intermitiently every 2, 3, 4, 5, or 6 days, of every
week, every 2, 3, or 4 weeks, as appropriate. To each admirustration schedule, the
upregulator of GABAg signaling s adrurustered at might at most one hour before sleep or
when the subject is asieep, and an anterior-forebrain stimulating therapy administered
when the subject is awake.

[B095] In some embodiments, the subject suffers from atravmatic brain injury. In some
embodiments, the subject does not suffer from daviime sleepiness or sleep fragmentation,
In some embodiments, the subject has normal REM sleep before the therapy.

[6686] In some embodiments, the method also improves one or more features of sleep
selected from the group consisting of depth of slow wave modulation, frequency of
spindies, REM sleep, circadian rhythmicity, and sleep architecture. In some embodiments,
the method improves the depth of slow wave modulation during sleep. In some
embodiments, the method increases the frequency of spindles {(also calied "sleep spindles”,
"sigima bands" or "sigma waves"}. In some embodiments, the method causes reemergence
of REM sleep. In some embodiments, the method improves sleep architecture, meaning

that the subject has longer ununterrupted sleep and longer deep sleep during the might.

166971 Another aspect of the disclosure 1s directed to use of an upregulator of GABAg
signaling and an anteror-forebrain stimulating therapy in production of a medicament for
improving a wakeful function i a subject suffering from an acquired cognitive deficiency.
[B0%8] Vet another aspect of the disclosure is direcied to an upregulator of GABAg
signaling and an antenior-forebrain stimulating therapy for use in improving a wakeful
function in a subject suffering from an acquired cognitive deficiency.

[668%] Unless defined otherwise, all technical and scientific terms used herein have the
same meaning as conwoonly understood by one skilled in the art to which this invention
belongs. Although any methods and materials similar or equivalent to those described
herein can also be used in the practice or testing of the present invention, the preferred
methods and matenials are now described. All publications mentioned heremn are
incorporated herein by reference to disclose and describe the methods and/or materials in
connection with which the publications are cited.

16160} The specific examples hsted below are only Hlustrative and by no means

hmiting.
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EXAMPLES
Esxample 1

§. Materials and Methods

Patiens history

[616%]  Patient subject is a 48-year-old man who suffered a severe brain injury as the
result of a motor vehicle accident at the age of 17. The injury pattern is characterized by a
sroall left thalamic hemorrhage, as well as diffuse axonal 1njury with extensive atrophy of
the left hemisphere. Behavioral presentation has remained consistent with a diagnosis of

minimally conscious state since the time of injury.

Data Collection & Timeline

163627 The patient subject was studied longitudinally at five time points (T1-T5) over
the course of 4.5 vears (FI{z. 1B). Fach study consisted of a 24-72 hour inpatient
admssion (T1 at New York Presbyterian Hospital, New York, USA; T2-T5 at Rockefeller
Umniversity Hospital, New York, USA} under IRB approvals from Weill Cornell Medicine
and Rockefeller University, Wiritten informed counsent was obtained from the patient’s
surrogate for study participation, data collection and publication. During each inpatient
study, behavioral responsiveness was quantified according o the Coma Recovery Scale-
Revised (CRS-R} (17) at feast once per dav. Overnight video-EEG was collected with
coliodion-pasted electrodes (30 electrodes at T1; 37 electrodes at T2-T3) placed according
to the mternational 10-20 system. Signals were recorded using the Natus XL TEK system
(San Carlos, CA) at impedances <5 k& Timwe point one oceurred at 21 years S months
post mjury. The patient subject subsequently underwent surgery for the implaniation of
bilateral central thalamic deep brain stimulation electrodes {chinical trial methods are
described briefly below, as well as i detatl in Schiff et al., 2007 (Nanure (2007} 448:.600-
603Y). Study time points two through four were concurrent with daviime central thalanuce
deep brain stimulation (CT-DBS) (T2: 23 vears 3 months, T3: 24 vears 11 months, and
T4: 26 vears 3 months post injury, respactively). Time point five cccwrred approximately
one vear following CT-DBS discontinuation secondary to battery depletion (T5: 30 yvears
(¢ months post injury).

[G163] Implantation of deep brain stimulation electrode leads was aided by
microelectrode recordings from the sensory relay nucleus of the thalamus on both the right

and lefi heroispheres. Using electrophysiological tocalization of the sensory nucleus as
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known, the lateral wing of the central lateral nucleus was targeted using the Morel atlas
{Morel A et al, J Comp Newrol., (1997) 387.388-630} by dead reckoning. Following
implantation, CT-DBS was adnunisiered on a blocked 12 hour ON/OFF cycle (ON: 6AM-
GPM/OFFE: 6PM-6AM) over the course of approximately 7 V2 vears. During this time, a
wide range of elecirode contact geometries, stimulation intensities, and frequencies of
stimnufation were emploved. Briefly, following extensive tifration testing of stimulation
frequency and ntensity, an optiroal geometry was identified tor each electrode contact
based on apparent arousal effects and limutations of visible side effects. The left electrode
was stimulated in bipolar mode with the lowest contact chosen as cathode and highest
contact chosen as anode; the right electrode was stimulated in wonopolar mode with two
cathodes, placed at the lowest two contacts. During a 6-month crossover phase,
stinmitation af these contacts occwrred for 12 hours each day using a 90-microsecond pulse
width, 130 Hz stinudation frequency, and 4V intensity for each electrode. Following the
crossover phase, a range of varving frequencies and miensities were used including a one-
year period of stimulation at each of 175 Hz and 100 Hz. For the majority of the 702 years

of CT-DBS exposwre stinuniation occurred at 100Hz with other parameters held constant.
Pata Analysis

EEG Processing

[3164]  For estimates of wakeful brain dynamics, periods of resting eves open awake
states were identified by video record and corresponding EEG was manually cleanad for
the removal of eye blink and movement artifacts.

{3185}  Sleep analyses included nighttime sleep EEG collected between the hours of
8PM and 6AM, manually cleaned for movement artifacts and verified eves-closed
according to synchronous video record. Standard sleep scoring criteria were used o
classify segments as stage two or slow wave sleep (Tatum WO, Neurodiagn J., {2016}
£6:285-293). Briefly, the panent subject was considered 1o be i stage two sleep if the
EEG record displayed k-complexes and/or 9-16 Hz spindle-like formations across
frontocentral channels. Slow wave sleep was classified by large polvmorphic defta (<
4H7) waves present over at feast 20% of a 30-second epoch. The observation of an
additional and constant 8-14 Hz oscillation overniding classic SWS characterisiics was

considered alpha-delta sleep. To maintain consistency with the previous report by Adams
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et al. (Chin Newrophysiol (2016) 127:3086-3092), alpha-delta sieep was scored under the

categorization of SWS.

Peower spectral estimution

16166] Raw EEG was segmented into 30-35 representative epochs for awake, stage two
sleep, and SWS states respectively. Multitaper power spectral estimates were calculated
separately for each state (Thomson B | Proc JEEE (1982) 7(:1055-1096) with
implerentation of Hjorth Laplacian montaging from the MATLAB chrooux toolbox
(Bokil H. et al, J Newrasci Methods, (20103 192:146-151). After spectral calculation, six
frontocentral channels (F3, F4, FU3, FC6, €3, C4) were used for longitudinal comparison
to maintain consistency with Adams et al. (Clin Newrophivsiol (2016} 127.3086-30923,
16167  Forlongitudinal comparisons of spectral peak sizes during stage two and SWS
stages, calculated specira were normalized according to methods outlined in Gotiselig et
al., {Brain (2002 125:373-383). Briefly, a power law function was fit to each spectram in
the 5-6 Hz and 17-18 Hz frequency ranges for stage two sleep, or 4-6 Hz and 23-24 He
frequency ranges for SWS. Frequency ranges for normalization were chosen based on
optimal fitting of the power law function to the underlying shape of the power spectrum
across channels, excluding frequency bins of interest to avoid {flattening of relevant
spectral features. Absolute power of the fitted spectrum was subtracted from the
calculated spectrum and resulting values were integrated across frequency bins of interest,
By subtracting the best-fit underlying spectral shape, arbitrary differences in background
power bias between visiis were removed, allowing for estimation of maguitude change 1o
relevant spectral features.

[6168] Dominant spindle frequency was determined from normalized stage two power
spectra using a handcrafted manual click program to determine the center frequency of the
largest spectral peak in the 9-16 Hz spindle range. Briefly, the spindle peak for each
channel was visually identified from the normalized power spectrum and a quadratic
polynomial was fif to the identified peak to determune the local power maxima and
corresponding dominant spindle frequency. If no spindle peak was present no value was

recorded.
Statistics
161697  Analvzed vanables were CRS-R total score, stage two sleep spindle power (9-16

Hz}y and peak spindle frequency, SWS delta power (0.5-4 Hz), and SWS alpha power (8-
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i4 Hz). Time periods for comparison were grouped into three conditions reflecting inutial
pre-stinmilation baseline, the active period of CT-DBS, and the post-withdrawal of
stimulation phase (PreTVActive T2-T4/Post: TS). An analvsis of vanance (ANOVA) was
performed for each variable to identify changes across CT-DBS condition. For stage two
and SWS variables, ANOV A factors included CT-DBS condition and hemisphere. To
wdentify any changes within the active CT-DBS condition, a separate ANOV A was
conducted for T2-T4 within each variable. Post-hoc compansons were conducied using

Tukev's HSI) at a significance level of p < (.05,

Hi. Resulis

(6118 In a continuing study of one minimally conscious siate patient studied over the
course of approxiumaltely 8% vears, the inventors sought o 1ovestigate whether changes in
daytime brain activation induced bv central thalamic deep bramn stimulation (CT-DBS)
mfluenced sleep electrophysiology. In this patient subject, the inventors previously
reported significant improvements in sleep electrophysiology during 5% vears of CT-DBS
treatment, including increased sleep spindle frequency and SWS delta power. The
iventors herein present novel findings that many of these improvements in sleep
electrophysiclogy regress following CT-DBS discontinuation; these regressions in sleep
features correlate with a sigruficant decrease in behavioral responsiveness. The mvertors
also observe the re-emergence of alpha-delta sleep, which had been previously suppressed
by daytime CT-DBS in this patient subject. Importantly, CT-DBS was only active during
the daytime and bhas been proposed to mediate recovery of consciousness by driving
gynapiic activity across frontostriatal systems through the enhancement of thalamocortical
output. Accordingly, the improvement of sleep dynamics during davtime CT-DBS and
their subsequent regression following CT-DBS discontinuation implicates wakeful
synaptic activity as a robust moodulator of sleep electrophysiology. The inventors nterpret
these findings in the context of the "synapiic homeostasis hypothesis”", whereby we
propose that davtime upregulation of thalamocortical output in the severely injured brain
may facilitate organized frontocortical circuit activation and vield net synaptic poteniiation
during wakefulness, providing a homeostatic drive that reconstitutes sleep dynamics over
fime. Furthermore, the inventors consider common large-scale natwork dynamics across
several newropsychiatric disorders in which alpha-delta sleep has been documented,
atlowing us to formulate a novel mechanistic framework for alpha-delta sleep generation

The inveniors conclude that the bi-directional modulation of sleep elactrophysiology by
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daytime thalamocortical activity in the severaly injured brain: 1) emphasizes the cyclical
carry-over effects of state-dependent circuit activation on large-scale bramn dynamics, and
23 turther imphcates sleep electrophysiology as a sensitive indicator of wakeful bramn
activation and covert functional recovery in the severely injured brain.

[611%] Here, the inventors report on distinct changes observed approximately one year
after the discontinuation of CT-DBS treatment. The inventors find ongoing plasticity in
multiple physiological aspects of sleep, providing important insight into the network-level
dynamics that can be induced by daytime arousal regulation in the severely mjured brain.
Most notably, in the present study the mventors identify a regression of the previously
noted improvements in sleep dynamics seen over cowrse of CT-DBS reatment. A return
of the atypical SWS alpha intrusion irnitially reported by Adams et al. as "muxed state” is
evaluated here in the context of the previcusiy documented phenomenon "alpha-delta
sleep” (Adams et al., Clin Newrophysiol (2016} 127.3086-3092). The inventors discuss
the findings 10 the context of neuronal circutt mechamsms that may organize the
improvement of sleep dvnamics dwring davtime CT-DBS in the severely injured braim, as
well as those that may undertie functional regression with the withdrawal of CT-DBS
treatment. Finally, the inverdors explore the role of alpha-delta sleep across
pathophysiologies of neuropsychiatric disorders and propose a mechanistic explanation for
alpha-delia slesp generation.

Visual FEG Features

10112} FIG 1A provides a qualuative sumamary of changes i EEG architecture over the
course of study. Most notable was the observation at T1 of an additional sleep signature
consisting of high voltage, low frequency (< 2Hz) activity exhibiting an overniding mid-
frequency (8-14 Hz) component (F1G. 1A, middle panel). This signature closely
resembles alpha-delia sleep, characterized by Haurt and Hawkins (Fleciroencephalogr
Ciin Neurophysiol {1973), 34:233-237) as "a mixture of 3-20% delta waves (>75 uV, 0.5-
2 ¢/sec) combined with relatively large amplitude, alpha-like rhythms (7-10 ¢/secy™.
Alpha-delta sleep was prominent before CT-DBS treatment (T1), waned during active C1-
DBS (12-4), and re-emerged following discontinuation of CT-DBS {T5). Inversely,
changes in healthy sleep architecture during CT-DBS treatment included the normalization
of stage two sleep spindles, SWS, and awake alpha rhythims, as well as the emergence of
REM sleep. Each of these healthy features demonstrated qualitative decline following

CT-DBS discontinuation (FIG. 1B}
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Belhavioral Examination

(6113} The CRS-R was administerad at least once daily during each time point. A one-
way ANOV A showed a significant effect of CT-DBS condition {pre, active, post) [F(Z,
21y=5.55, p= 0116}, such that total CRS-R scores were significantly lower after C1-
D3B8 cessation (M=9.0, SD=1.0) than either before CT-DBS (M=11.8, 5D=1.6, p= .011)
or during active CT-DBS (M=11.8, SD=1.1, p = 016} (FIG. 2A). Although this reduction
n CRS-R score was statistically sigoificant, the patient subject remained within the
diagnostic classification of minimally conscious state throughout the course of study.
There was no change in CRS-R scores between active CT-DBS time pomnis,

[6114] CRS-R subscale scores were also compared for a detailed view of composite
CRS-R score changes. Analysis of variance was not performed due to the categorical
nature of subscale classifications. Subscale scores varied shghtly across time poinis, with
the exception of the communication subscale, for which the patient subject received a
score of 0 at each examunation (FIG. 2B). Altogether, although CT-DBS did not produce
an increase in CRS-R scores, the withdrawal of CT-DBS correlated with a sigoificant

reduction in responsiveness at T5.

Peower spectra duving wake, stage 2, and SW§

[6115] Power specira from T1, T4, and T35 were overlaid for a qualitative analysis of
spectral shape before, during, and after CT-DBS, respectively. Awake power spectra
showed small local changes but few global changes over time {(FI{G. 3A). In the alpha
range, FCO imtially demonsirated a spectral peak at ~8-9Hz which reduced in power but
increased in frequency to ~9-10 Hz by T4 (FIG. 3A, FC6 inset arrow). Following
discontinuation of CT-DBS at TS, the FC6 power spectrum largely flattened and showed
no clear peak within the alpha range (FIG. 3A, FC6 inset}). A simular awake alpha
modulation was present in C4 with a less prominent increase i alpha frequency from ~8
Hz at T1 10 ~9Hz at T4 (FIG. 3A, C4 inset arrow} and a complete flattening at 15 (FIG.
3A, Cdinset). Additional examination of panietal and occipial channels during wakeful
perieds also revealed increases mn alpha frequency at T4 with shight reductions at T35,
Channel C3 uniquely showed prominent electrophysiological change after CT-DBS was
discontinuad with the emergence of a clear spectral peak in the beta frequency range at
~12H7 during TS {FIG. 3A, C3, astenisk).

[6116] In contrast to the vanable results observed in the patient subject’s awake EEG,

spectral analysis of siage two sleep showed robust global changes over time. Power

28



WO 2021/154767 PCT/US2021/015155

spectra were characterized by an increased peak frequency m the sleep spindle range from
T1 to T4 across all channels (FIG. 3B). Following CT-DBS discontinuation at T3, power
in the spindle range disappeared entirely in all channels except C3. At T3, C3 showed a
continued increase in peak spindle frequency, albeit displaying a smaller and less define
spectral peak (FIG. 3B, C3 inset arrow). These findings are consistent with the
observation of sleep spindle fragmentation across the majonty of EEG channels following
CT-DBS discontinuation,

[G117] SWS power specira also demonsirated global changes over time, most notably
characterized by an intrusion of 8-14 Hz power across channels prior to CT-DBS
treatment at T1, corresponding to the presence of alpha-delta sleep (FIG. 3C). The §-14
Hz alpha-delta sleep frequency signature was absent in all channels during active CT-DBS
treatment at T4, only {o re-emerge following CT-DBS discontinuation at T5. Re-
emergence of alpha-delta sleep at TS5 showed increased peak frequency in the alpha range

across all except for the two frontal channels (F3 and F4).

Relationship bevween sleep dynamics and CT-DARY

[6118] For staiistical comparison, daia were collapsad into three groups: "Pre CT-DBR"
{T1), "Active CT-DBS" (T2-T4), and "Post CT-DBS" (T3}, Global {eature measurements
were compared across and within CT-DBS conditions for a quantitative analysis of the

effects of CT-DBS treatment and subsequent cessation on BERG sleep dynamics.

Stage two slecp spindles

[3119] Normalized stage two power speciral calculations were used to quantify changes
n spindle {(9-16 Hz) power over tirne. A two-way ANOV A with factors CT-DBS {(pre,
active, posty and hemisphere (lefi, right) showed greater spindle power in the left
hemisphere [F(13 = 6,483, p = 01771, as well as a lnghly significant main effect of {T-
DBS condition [F(2) = 20411, p < .0001]. Post-hoc tests identified a reduction in spmdle
power post CT-DBS compared to both pre and active U'T-DBS conditions, p < .001 and p
<0001, respectively (FIG. 4A, Table 1) Spindle power remained consistent across the
active CT-DBS condition, with the exception of a slight increase in the left hemisphere at
T4 compared to T2, p = 0438

6128} To quanuty changes in spindle frequency, we first removed the post CT-DBS
condition (T3} from analvses due to fack of spectral peak 1o the spindle range in five of the

six channels (see FIG. 3B). A two-way ANOV A with factors CT-DBS (pre, active) and
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henusphere (lefi, right) demonstrated significantly faster spindle frequency in both
hemispheres during active CT-DBS than before CT-DBS treatment [F(1} =26.920, p <
00011 (FIG. 4B, Table 1), Spindie frequency vaned within active CT-DBS tune points
[F(2)=4.15%, p = .0425], such that there was a significant slowmg from T3 t0o T4, p=
0347, with frequency at T4 consistent with peak spindle frequency at T2.

Table 1. Average sleep varntables calculated from EEG power spectral estimates

Stage Two

Stage Two Spindle SWS SW§
CT-DBS Spindle Frequency Delta Alpha
Condition  Power {(dB) (Hz) Power (dB) Power {dB}
302.62 %
Pre 1()8;2 Q&0+ 035 232642208 23204x17.08
Left ]
Hei;is Active AIOLE T heoioas UMY 08041817
- /3 b eecall § J02 ¥y Reyag=s S
p AGk 450,04 & 83.29
here
106,76 + 4530 +
11.70% 293,66 + 45,
Post 19,86 i1, 2335 293.66 4+ 4537
P SBIE 9004017 27304375 18490774
e 10.64 AN =R Y N ) L DU I LB SR AV = = |
Right . 25680 9139+ -
Hemisp Active 1066+ 0.64 o Q8. 10+ 28.03
31.20 63.70
here
, e , i 4610 } o
Past 7691 £ 820 NA o 216,06 £ 2562
2335

*Channel C3 only

SWY defta power

[G121] Delta(0.5-4 Hr) power was quantified from normalized SWS power specira as
an indicator of healthy SWS electrophysiology. A two-way analysis of vanance with
factors CT-DBBS (pre, active, posi} and hemisphere (feft, right) showed a global effect of
CT-DBS [F(2) = 3.932, p = .(33] but not hemisphere, such that SWS delta power
significantly increased from pre to active CT-DBS conditions, p = 0472 (FIG. 5A, Table
1}. During active CT-DBS, delta power was sigmificantly greater at T4 than T2 and T3, p
< 001 and p = 001, respectively. Despite an empirical reduction in delta power from T4
to T3, statistical analyses yielded no difference between active and post CT-DRS

conditions, p = 0.186.
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SWE alpha power

[6122] Alpha (8-14 Hz) power during SWS was quantified as a marker of alpha-delia
sleep expression. A two-way ANOV A with factors CT-DBS (pre, active, post) and
hemisphere (left, right) vielded a lnghly sigrificant CT-DBS by hernisphere interaction
{F(2)= 5657, p= 00971} Post hoc testing showed that global alpha power was reduced
from pre to active CT-DBS conditions, p <001, followed by a sigmficant rebound from
active to post CT-DBS conditions, p < .001. This rebound was larger in the left than the
right hemisphere, such that SWS alpha power did not differ between hemispheres during
pre or active CT-DBS conditions, but was greater in the left hemisphere following CT-
DBS withdrawal, p= Q10 (FIG. 5B, Table 1), SWS alpha power also differed within
active CT-DBS time poinis [F(2) = 13.329, p < 0011, such that it was significantly
reduced from T2 to T3, p = .001, and remained suppressed at T4 compared to T2, p=
(.003.

Fii, Discussion

6123} In this longitudinal study of a single patient subject in chronic minimally
conscious state, the inventors report marked regression of slesp dvnamics following the
discontinuation of CT-DBS. In this patient subject, Adams et al. (Clin Newrophvsiol
{2016) 127:3086-3092) previously demonstrated that davtime CT-DBS (6 AM-6PM) over
a five year period was associated with the normalization of sleep architecture and
dvnamics; specific changes included increased spindle frequency during stage two sleep,
mereased sustained SWS, and the re-emergence of REM sleep. Presently, the mventors
show regression of each of these improvementis observed at one vear after {T-DBS
discontinuation (see FIG. 1B for a schematic summary} and in temporal correlation with a
significant reduciion in behavioral responsiveness (FIG. 2}, Durnng stage two sleep the
mventors wentify a loss of sleep spindles alongside a reduction in spectral power in the
spindle range (FIGS. 3B, 4A-4B}. The inventors also find a reversion of SWS delta power
to pre~-CT-DBS levels (FIGS. 3C & 5A), and no instances of REM sleep. Importantly, the
mventors observe the re-emergence of a SWS-like frequency signature that had previously
been suppressed by davtime CT-DBS (FI(:. 5B). This frequency signatiwe closely
resembles the “alpha-delta sleep’ pattern that has been identified across several
neuropsvchiatric conditions, leading us to re~charactenize this phenomenon as alpha-delta
sleep arising within the severely imjured bramn. In summary, reduced behavioral

responsiveness after {T-DBS discontinuation was associated with the abolishment of
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stage two sleep spindles, marked downregulation of SWS delta power, and the return of
alpha-delta sieep. In the following sections the inventors discuss: 1} the proposed
mechanism of sleep modulation by daviime CT-DBS in the severely ingured brain and
implications for sleep dynaroics as an mdicator of wakeful engagement, 2) altered network
dvnamics that may underlie aipha-delta sleep expression in the severely injured brain, and
3} anovel mechamstic framework {or alpha-delta sleep generation across

pathophysiologies.

1. Restoration of frontostriatal activation by CT-DBSN may drive sieep changes in the
severely injured brain

16124} The rationale for using CT-DBS wn minimally conscious state patients is two-
fold: 1) the central thalamus has widespread innervation of frontal cortical and basal
ganglia regions and plavs a crucial role in maintaining arousal regulation during wakeful
states, 2} multi-focal deafferentation s a characieristic injury patlern in severe bram
mjuries and 1s known to functionally and stracturally disfacilitate central thalamic
neuronal populations. The upregulation of central thalamic neurons via CT-DBS is
therefore expected to re-gstablish frontostriatal neuronal firing rates, thereby restoring the
frontocortical regolation of sustained waking arcusal needed to support organized
hehavior. Studies of CT-DBS n another post-traumatic nuntmally conscious state patient
provided proof-of-concept that regtoration of sustained frontocortical activity correlates
with improvements in organized behavior. Increased neuronal activity in the frontal
cortices produced by CT-DBS was associated with heightened arousal, recovery of speech,
restored executive motor condrol over one limb, and improved feeding behaviors. While
CT-DBS in our patient subject failed to produce chinically measurable behavioral
improvement, it did produce robust timprovements in sleep electrophysiology. The
mventors proposed that these sustained changes in network dyonanucs visible durning sleep
were the resuit of daytime activation of frontostriatal systems by CT-DBS, which allowed
tor organized nearonal activity i intact but functionally downregulated frontostriatal
networks.

[G128] Here, the inventors show that CT-DBS cessation temporally correlated with
significant regressions in sleep electrophysiology and behavioral responsiveness,
providing strong support for the hypothesis that CT-DBS modulates sieep
electrophysiology via upregulation of daytime frontostriatal activation and systems-level

engagement. Modulation of sleep dynamics in response to diurnal neuronal activity has
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been well described in both animal and human studies. Across species, progressive
wakefuiness is associated with increased cortical excitability, increased neuronal firing
rates, and increased extragynaptic glutamaie levels. Subsequent non-REM sleep episodes
are characterized by an nitial maintenance of high neuronal firing rates, increased cortical
synchrony, and upregulated slow wave activity in regions corresponding to increased
neuronal activation during wakefulness., Successive non-REM sleep episodes show a
progressive dechine in each of these features. Accounting for these sleep-wake dyvnarnics,
growing evidence indicates that wakefulness creaies a net increase in svnaptic sirengths
that requires sleep processes for renormalization; a concept known as the "synaplic
homeosiasis hypothesis™ (SHY ). Importantly, sustained high firing raies alone, such as
those produced by CT-DBS, are insufficient to produce the changes in SWS observed
here. Rather, SWS changes are more hikely to result from system-level wakeful
engagement with the environment that results in synaptic potentiation. The SHY therefore
predicts that the marked improvements in sleep electrophysiology seen in our patient
subject during CT-D8S reflect fundamental changes in synaptic potentiation occurring
during wakefulness. Further supporting this inference, daytime CT-DBS is known {0
upregulate the long-term potentiation (LTP)-related immediate early gene #1268 within
neocortex. Similar gene expression patierns are expressed during periods of REM sleep
following wakeful LTP; rodent studies have implicated these REM periods ag instrumental
i the consolidation of CT-DBS-induced learning. Accordingly, the selective appearance
of REM sleep with CT-DBS 1o our patient subject hikely reflects changes mn LTP-related
gene expression induced by the daily 12-hour CT-DBS periods. Taken together, the
fventors' findings suggest that the restoration of both non-REM sleep architecture and
REM sleep episodes during CT-DBS way provide an indirect marker of meaningful
daytime engagement across a range of sensory and associative processing systems within
the forebrain.

01261 The finding that improvements in sleep electrophyvsiology are lost following
withdrawal of CT-DBS suggests further that this process can he reversed. Specifically,
sub-threshold wakeful activation may insufficiently engage organized neuronal dynamics
needed for synaptic potentiation. Under-activated networks would therefore fail to
produce the homeostatic sleep pressure necessary for large-scale neuronal svnchromzation
and synaphic scaling during sleep. This general mechanism has precedence in the healthv

brain. Following periods of arm immobilization, healthy individuals demonstrate
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tocalized wakeful synaptic deprassion and reductions in sleep slow wave activity over
contrafateral sensorimotor cortex. In the deafferented brain, the reduction of
thalamocortical outflow associated with CT-DBS discontinuation would be expecied o
result in decreased cortical activation and synaptic depression, culmunatingin a
progressive loss of wakeful frontocortical excitability and diminished homeuostatic sleep-
wake processes over {ime. The reduced behavioral responsiveness and degradation of
organized sleep architecture atter CT-DBS withdrawal at TS supporis this inference.
Collectively, these observations raise the possibility that restoration of synaptic
homeostasis dusing slesp may be a process that 1s re-engaged n the severely injured brain
only after sufficient increases in large-scale organized neuronal firing patierns emerge
across the cerebral cortex to produce a net increase in synaptic strength during
wakefulness. Such reinstatement of large-scale natwork engagement, including both
glutamatergic svnaptic potentiaiion and GABAergic firing rates, provides a testable
mecharusm for the observed changes n sleep architecture with CT-DBS.

[G127] As an exception to the observed global regressions following CT-DRS
discontinuation, channel C3 displayed retained sleep spindles and improvements in SWS
delta power at T3 (FIGS. 3B-3C), as well as the emergence of high frequency beta and
healthy "My’ or “wicket” thythms (~8-13H7r) during wake (57,58} (F1G. 3A). Of note,
although this patient subject was unable to comwmmumicate, he retained a high-level of
emgtional responsiveness consistent with his sense of humor prior to the inpury. These
unigue dynamics underscore the structural preservation of the patient subject’s left
temporal cortex as well as venify the functional preservation of his left temporal language
processing capabilities. Mechamstically, continued improvements in cortical regions
underlying €3 may have resulted from local restructuring as the result of restored neuronal
activation across relatively preserved cortical substrate during CT-DBS. Such changes
would not be unprecedented; Thengone and colleagues {85¢i Trans! Med (2016} 8:368re5-
368reS) recently demonstrated promiment changes in structural connectivity emanaling
from Broca’s area following implementation of assistive communication technology ina
minimally conscious state patient. This independent EEG pattern exhibited by a localized
brain region in our patient subject underscores the impact that upregulated nevwronal
activation can have on the recovery of functional circuitry 1o structurally intact braim

regions.
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2. An underactive pre-fronfal cortex may permit veniral limbic over-activation, resulting
in alpha-delia sleep

16128] Perhaps the roost novel and interesting finding observed here 15 the muxing of
alpha and delta rhythms during sleep, originally reporied by Adams et al (2016} and
identified here as alpha-delta sleep. Although the functional role and underlying circuit
mechanisms of alpha-~delia sleep have remained elusive, the phenomenon has been
reported in a variety of conditions including fibromyalgia/chroruc fatigue, rheumatoid
arthritis, schizophrenia, major depressive disorder with implications for suicidality,
anxiety, and in healthy individuals with induced pain and/or arousal during slegp. To the
best of the inventors' knowledge, this is the fivst report of alpha-delta sleep in the severely
injured brain. The persistence of the alpha-delta sleep phenotype across a range of
neurological conditions, and now severe brain injury, invites us io consider a common
underlving mechanmism,

[3129] The imventors observe that the conditions in which alpha-delta sleep is reported
fall into two mechanistic categories: 1} those characterized by a primary pathology of
cerebral hypofrontality or 2} those characterized by a primary upregulation of ventral
himbic activation. Both mechanisms resulf in an increase in himbic svstem activity during
sleep, either via under-activation of the descending corticothalamuc pathway needed fo
drive homeosiatic sleep pressure or an overactivation of the ascending pathways that
mainiain wakefulness. Accordingly, the inventors hypothesize that the appearance of
alpha-delia sleep 1s indicative of a falure of the prefrontal cortex to sufficiently iuhibit
excitatory output from ventral structures to the thalamus during the shift into synchromized
cortical activity for SWS (FIG. 6). Specifically, the inventors identify the basal forebrain
as a likely generator of thalaric depolanzation in alpha-delta sleep due to its cholinergie
projections to the thalamus. Support for this mechanism is provided by simulation and in
vitro studies of both alpha oscillations and alpha-delia sleep expression. Regarding aipha
production by basal forebrain cholinergic projections, the activation of muscarinic
acetylcholine receptors on reticular nucley, thalamocortical, and high-threshold
thalamocortical cells, as well as on somatosensory and visual thalamic nuclei, has been
evidenced to produce alpha oscillations in thalamic models and cat in vifro shice
recordings, respectively. Conversely, foliow-up in vifro studies show that direct thalamic
application of a muscarinic acetyicholine recepior antagonist reduces high-threshold

thalamocortical cell bursting, and in turn thalamic and cortical alpha power. Additional
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simulation studies demonstrate that alpha-delta sleep generation may originate in aberrant
thalamic depolanization during SWS, specifically of “high-threshold” thalamocortical cells
that serve as the putative generators of awake alpha.

16138]  Critically, the novel finding that alpha-delta sleep 15 modulated by CT-DBS lends
strong support to the validity of this prefrontal-ventral dysfunction model of alpha-delta
sleep generation (see FIG. 6 schematic). In the patient subject, CT-DBS restored bulk
activation of the frontal cortices during the day, hikely facilitating the reinstatement of top-
down limhic inhibition and driving activity-dependent increases in homeostatic slesp
pressure. This increase in frontocortical GABAergic tone would be expected 1o carry over
mto sleep via sustained alterations of GABAergic firing rates and the mutual reinsiaternent
of synchronous cortical slow wave activity needed for synaptic scaling (see Allada, Cirells,
& Sehgal, 2017 for a detailed review). With proper inhibition of ventral limbic structures
by the fronial cortex during SWS, there would be munimal excess corticothalamic
exctiation and therefore attenuation of the alpha-~delta sleep phenotvpe (72}, In our patient
subject, when CT-DBS was eventually discontinued, davtime frontocortical network
activation was reduced, likely resulting in a gradual lifting of frontal mhibition over limbic

structures during SWS and the observed re-emergence of alpha-delta sleep.

3. Restoring frontocortical GABAergic tone reduces alpha-delta sicep
[613%] The prefrontal-ventral dvsfunction model of alpha-delta sleep provides a
consistent mechanism across several conditions in which alpha-delta sleep has been
documented. Patients with fibromvalgia demonstrate reduced gray matter volume of the
frontal cortex alongside increased structural connectivity of the amygdala. Schizophrenia
is associated with prefrontial GABAergic deficits and thalamocortical hypoconnectivity.
Major depression is characterized by prefrontal gray matier reductions and GABAergic
mterneuron deficits, as well as ventral hypermetabolism that persists from wakefulness
into non-REM sleep. Individuals with anxiety and PTSI demonstrate reduced prefrontal
regulation of the amygdala, which is present in both fear conditions and resting states.

The high prevalence of sleep disturbances i PTSD suggests that prefrontal-amygdala
dysfunction persists into sleep states as well. Together, these commonalities suggest that
alpha-delta sleep dynamics may be indicative of the presence and/or severity of prefrontal-
ventral dysregudation across behavioral diagnoses.

16132} In support of the generalizability of this roodel, the alleviation of frontal

GABAergic deficits by gamma hyvdroxybutyrate (GHB/sodium oxvbate} has been found to
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suppress alpha-delia sleep in several conditions. GHB 15 an activity~-dependent
neurotransnutter svnthesized within GABAergic intemeurons. Importantly, these GHB-
containing interneurons play a critical role in the endogenous regulation of sleep-wake
cveles by inhibiting cholinergic structures such as the basal forebraimn. At exogenous
doses, GHB exerts inhubitory effects by directly binding GABA-B receptors; a necessary
step for the homeostatic modulation of firing rates.  Accordingly, the demonsirated
suppression of alpha-delta sleep and dose-dependent upregulation of SWS by GHB likely
occurs through a GABA-B recepior-mediated process analogous 1o both the endogenous
production of homeostatic sleep pressure through normal wakeful activity and the
exogenous driving of organized frontocortical networks with CT-DBS. The inventors
suggest that these findings underscore the bi-directional carry-over effects of GABAergic
upregulation between sleep and wakeful states. In the patient subject, upregulation of
frontocortical GAB Aergic circutls during wakefulness resulted in the recovery of slesp
architecture. Accordingly, the inventors emphasize the notion that state-dependent
activation of (FAB Aergic circuits exerts a 24-hour cyclical influence over organized

neuronal function.

Example 2. Effects of Sodium Oxybate on Secondary Blast Injury Brain Damage
16133] The mventors inflicted a secondary-blast injury {SB1} to mice targeting the
antertor forebrain mesocircuit, which corresponds to the frontal/prefrontalcortical-pallidal
thalamocortical loop systems.

[3134] The mventors examined animals’ sleep-wake ¢ycle before, after the SBI, and
while injecting sodiurn oxybate (400 mg/Kg: FIG. 7TA-TB). Local field potentials (LFPs)
were recorded from the frontal area and neck-EMG activity to detect and exiract the
different sleep/wake cycle components—Non-REM, REM, and Wake state. The inventors
exanuned the whole range of biological LFP frequencies betore and after sodium oxyhate
injection by calculating power speciral density using Thomson’s multi-taper method
implemented using the Chronux tool box from MATLAB.

[3138] The mventors mainly observed an increase n the delta oscillations (1-4 Hzy in
the Non-REM when the drug was injected right before the sleep time (3 pio), remaining
stable for hours. Before the injury, the delia power remains stable during Non-REM,
suggesting that sodium oxvbate restores the steady-state of delta power. In contrast, the

mventors observed higher beta (20-40 Hz) and garoma (540 Hz) frequencies during the
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wake state post-sodium oxvhate injection when they calculated the wake power spectra,
suggesting a more aroused cortical state.

16136] Anncrease in beta and ganwoa frequency power s associated with the recovery
of coraplex behaviors in a wakeful rodent state and 1 humans. Thus, application of
sodium oxvbate during the might results in elevation of delta (1-4Hz) LFP power and
mereases during the subsequent wakeful period in beta (20-40H7) and gamma (>40H )
LFP. Iportantly, this 1s consistent with our theory because of the short half-life of
soditim oxvhate: these changes in wakeful LFP power reflect alteration of cortical
neuronal properties hinked to the increased delta during sleep induced by sodiom oxybate.

Simlarly, the elevation of delta power does not persist daring the wakeful period.
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WHAT IS CLAIMED IS:

1. A method for improving a wakeful function in a subject suffering from an acguired
cognitive deficiency, comprising adiminisiering to the subject an effective amount of an

upregulator of GABAg signaling, thereby tmproving the wakeful function in the subject.

2. The method of claim 1, wherein the admirustering step is performed at rught.
3. The method of claim 1 or 2, wherein the upregulator of GABAg signaling is

selected from the group consisting of baclofen, tiagabine, lesogaberan (AZD3355), GS-
39783, zolpidem, midazolam, and sodium oxybate.
4. The roethod of claim 1 or 2, wherein the upregulator of GABAg signaling 15

represented by the chenucal formula:

O
HO\/\)J\
OH,
5. The method of claim 1 or 2, wherein the upregulator of GABAp signaling is

sodium oxvbate with the following chemical formula;

HOWO_NB

)

-+

6. The method of claim 1 or 2, wherein the upregulator of GABAg signaling is

represented by the chemical formula:
O

Y= CHy={(CHy);~—C—— 0¥

wherein X is H, a pharmaceutically acceptable cation or {{)-Cyalkvl, and Y 1s OH, (C;-

Calaltkoxy, (€ -Cy) alkanovioxy or benzoyloxy.

7. The method of claim 6, wherein Y i1s OH or (C-Cy} alkanovioxy.
&. The method of ¢claim 6, wherein X is Na'.
9. The method of claim 1 or 2, wherein the upregulator of GABAg signaling

comprises electrical stimulation of corticothalamic afferents in the subject.
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10, The method according to anv one of claims 1-9, wherein the acquired cogritive
defictency results from an insult selected from the group consisting of stroke, toxicological
agents, anoxia, ischemia, nuirtional deficiencies, developmental diseases, mfeciious

diseases, neoplasiic diseases, and degenerative diseases.

11, The method according to any one of claims 1-9, wherein the acquired cognitive

defictency results from a traumatic brain injury.

i2.  The method according to any one of claims 1-11, wherein the wakeful function is
selected frovo the group consisting of perceptual awareness, memory, intellect, learning

ability, logic ability, attention and executive function,

13, The method according to any one of claims 1-12, wherein the method also
fmproves one or more features of sleep selected from the group consisting of depth of slow
wave modulation, frequency of spindles, REM sleep, circadian thyvthmicity, and sleep

architecture,

14. A method for improving a wakeful function in a subject suffening from an acquired
cognitive deficiency, comprising administering {o the subject an effective amount of an
upregulator of GABAg signaling at rught, 1o combination with adnunistering an anterior-
forebrain stimulating therapy when the subject is awake, thereby improving the wakeful

function in the subject.

15, The method of claim 14, wherein the anterior-forebrain stimulating therapy
comprises adrinistering a small molecule compound selected from the group consisting of

amantadine hydrochioride, methyiphenidate, donazepil, noradrenaline, and ketamine.

i6. The method of claim 14, wherein the anterior-forebrain stimulating therapy is
selected froro the group consisting of deep brain stiroulation, transcranial direct current

sturulation, opiogenetic stinmlation, and focused ultrasound.

17.  The method according to any one of claims 14-16, wherein the upregulator of
GABAg signaling is selected from the group consisting of baclofen, tiagabine, lesogaberan
{AZD3355), (G8-39783, zolpidem, midazolam, and sodium oxybate.

18, The method according to anv one of claims 14-16, wherein the upregulator of

GABAg signaling 1s represented by the chemical formula:
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O
OH
19, The method according to anv one of claims 14-16, wherein the upregulator of

GABAg signaling is sodium oxybate represented by the chemucal formula:

HOWO*Na

O

+

20, The method according to any one of claims 14-16, wherein the upregulator of

GABAg signaling is represented by the chemical formula

Q

Yo CH == (CH ) == O Q=X

wherein X is H, a pharmaceutically acceptable cation or {{)-Cyalkvl, and Y 1s OH, (C;-

Cyyalkoxy, (C-Cy) alkanovioxy or benzoyloxy.

21, The method of claim 20, wherein Y is OH or (C1-Cy) alkanoyloxy.
2Z2. The method of claim 20, wherein X is Na '
23, The method according to any one of claims 14-16, wherein the upregulator of

GABAg signaling comprises elecirical stimulation of corticothalamic/thalamocortical

afferents in the subject.

24 The roethod according to any one of claims 14-23, wherewn the acquired coguoitive
deficiency deficiency resulis from an insult selected from the group consisting of stroke,
toxicological agents, anoxia, ischemia, mutritional deficiencies, developmental diseases,

miectious diseases, neoplastic diseases, and degenerative diseases.

25.  The method according to any one of clairos 14-23, wherein the acquired cognitive
deficiency results from a traumatic brain injury.

26.  The method according to any one of clatms 14-25, wherein the wakeful fimction is
selecied from the group consisting of perceptual awareness, memory, intellect, learning

ability, logic ability, attention and executive fumetion,
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27 The method according to any one of claims 14-26, wherein the method also
improves one or more features of sleep selected from the group consisting of depth of slow
wave modulation, frequency of spindles, REM sleep, circadian thyvthmicity, and sleep

architecture,
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This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be searched, the appropriate additional search fees must be paid.

Group I+: Claims 1-9, and 14-23 directed to a method for improving a wakeful function in a subject suffering from an acquired cognitive
deficiency, comprising administering to the subject an effective amount of an upregulator of GABAB signaling, thereby improving the
wakeful function in the subject. The upregulator will be searched to the extent that it encompasses the upregulator of GABAB signaling,
wherein the upregulator of GABAB signaling is baclofen in claim 3. it is believed that claims 1-2, 3(in part), 9, 14-16, 17(in part), and 23
read on this first named invention, and thus these claims will be searched without fee. Applicant is invited to elect additional upregulators
of claim 1, wherein each additional upregulator elected will require one additional invention fee. Applicants must specify the claims that
encompass any additionally elected upregulator. Applicants must further indicate, if applicable, the claims which encompass the first
named invention, if different than what was indicated above for this group. Failure to clearly identify how any paid additional invention
fees are to be applied to the '+' group(s) will result in only the first claimed invention to be searched. Additionally, an exemplary election
wherein different actual variables are selected is suggested. An exemplary election would be the upregulator of GABAB signaling is
zolpidem in claim 3. (i.e., claims 1-2, 3(in part), 8, 14-16, 17(in part), and 23).

The group of inventions listed above do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the foliowing reasons:

Special Technical Features:

Group I+ includes the technical feature of a unique upregulator of GABAB signaling, containing the same, which is not required by any
other invention of Group I+.

Common technical features:

The inventions of Group I+ share the technical feature of a method for improving a wakeful function in a subject suffering from an
acquired cognitive deficiency, comprising administering to the subject an effective amount of an upregulator of GABAB signaling,
thereby improving the wakeful function in the subject containing the same.

These shared technical features, however, do not provide a contribution over the prior art, as being obvious over US 2006/0089335 A1
to Liu et al. (hereinafter 'Liu'). Liu teaches a method for improving a wakeful function (para[0170] "Accordingly, the invention provides a
method of treating memory impairment”) in a subject suffering from a cognitive deficiency (para[0170] "(i) providing a subject at risk of or
suffering from a condition associated with memory impairment, dementia, or cognitive deficit"), comprising administering to the subject
an effective amount of an upregulator of GABAB signaling (para[0170] "(ii) administering to the subject any of the inventive compositions
discussed above", para[0120] "The invention therefore provides a method of enhancing cognitive function in a subject comprising the
step of administering a composition comprising a compound that activates GABAB receptors to the subject”), thereby improving the
wakeful function in the subject (para{0170] “The compositions may be administered for short periods of time such as days or a few
weeks, e.g., to provide short term enhancement of learning ability or memory"), but does not teach wherein the cognitive deficiency is an
acquired cognitive deficiency. However, it would have been obvious to one of ordinary skill in the art to be motivated to apply the method
to the subject suffering from an acquired cognitive deficiency by routine experimentation, in order to examine the efficacy of the method
toward various types of cognitive deficiency.

As said compound and compositions were known in the art at the time of the invention, these cannot be considered special technical
features that would otherwise unify the inventions of Groups I+. The inventions of Group |+ thus lack unity under PCT Rule 13.

Note Re: Iltem 4: claims 10-13, and 24-27 are determined unsearchable because they are not drafted in accordance with the second and
third sentences of Rule 6.4(a).

Claims 1, 14: The term wakeful function is lacking clarity. To complete this ISR, wakeful function is interpreted as defined in
Specification; para{0013] In some embodiments, the wakeful function is selected from the group consisting of perceptual awareness,
memory, intellect, learning ability, logic ability, attention and executive function.
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