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FIG. 6D

FIG. 6C

FIG. 6B
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FIG. 12C
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OPTICALLY-CONTROLLED CNS
DYSKFUNCTION

CROSS REFERENCE TO RELATED
APPLICATION

[0001] This application 1s a continuation of U.S. patent
application Ser. No. 13/882,719, filed Jul. 29, 2013, now

U.S. Pat. No. 8,932,562, which 1s a national stage filing
under 35 U.S.C. § 371 of PCT/US2011/059298, filed Now.
4, 2011, which claims the priority benefit of U.S. provisional
application Ser. No. 61/410,748 filed on Nov. 5, 2010, and
61/464,806 filed on Mar. 8, 2011, the contents of each of

which are incorporated herein by reference in their entirety.

BACKGROUND OF THE INVENTION

[0002] Anxiety 1s a sustained state of heightened appre-
hension 1n the absence of immediate threat, which 1n disease
states becomes severely debilitating. Anxiety disorders rep-
resent the most common of the psychiatric diseases (with
28% lifetime prevalence), and have been linked to the
ctiology of major depression and substance abuse. While the
amygdala, a brain region important for emotional process-
ing, has long been hypothesized to play a role 1n anxiety, the
neural mechanisms which control and mediate anxiety have
yet to be 1dentified. Despite the high prevalence and severity
of anxiety disorders, the corresponding neural circuit sub-
strates are poorly understood, impeding the development of
sate and eflective treatments. Available treatments tend to be
inconsistently eflective or, in the case of benzodiazepines,
addictive and linked to significant side eflects including
sedation and respiratory suppression that can cause cogni-
tive impairment and death. A deeper understanding of anxi-
ety control mechanisms in the mammalian brain 1s necessary
to develop more eflicient treatments that have fewer side-
ellects. Of particular mterest and novelty would be the
possibility of recruiting native pathways for anxiolysis.

SUMMARY OF THE INVENTION

[0003] Provided herein i1s an animal comprising a light-
responsive opsin expressed 1n glutamatergic pyramidal neu-
rons of the basolateral amygdala (BLA), wherein the selec-
tive 1llumination of the opsin 1n the BLA-Cel induces
anxiety or alleviates anxiety of the animal.

[0004] Provided herein is an animal comprising a light-
responsive opsin expressed 1n glutamatergic pyramidal neu-
rons of the BLA, wherein the opsin is an opsin which
induces hyperpolarization by light, and wherein the selective
illumination of the opsin in the BLA-CeL induces anxiety of
the amimal. In some embodiments, the opsin 1s NpHR, BR,
AR, or GtR3. In some embodiments, the NpHR comprises
the amino acid sequence of SEQ ID NO:1, 2, or 3. In some
embodiments, the animal further comprises a second light-
responsive opsin expressed 1n glutamatergic pyramidal neu-
rons of the BLA, wherein the second opsin 1s an opsin that
induces depolarization by light, and wherein the selective
illumination of the second opsin in the BLA-CeL reduces
anxiety of the animal. In some embodiments, the second
opsin 1s ChR2, VChRI1, or DChR. In some embodiments, the
second opsin 15 a C1V1 chimeric protein comprising the
amino acid sequence of SEQ ID NO:8, 9, 10, or 11. In some
embodiments, the second opsin comprises the amino acid
sequence of SEQ ID NO:6 or 7.
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[0005] Provided herein i1s an animal comprising a light-
responsive opsin expressed in the glutamatergic pyramidal
neurons of the BLA, wherein the opsin 1s an opsin that
induces depolarization by light, and wherein the selective
illumination of the opsin in the BLA-CeL reduces anxiety of
the amimal. In some embodiments, the opsin 1s ChR2,
VChR1, or DChR. In some embodiments, the opsin 1s a
C1V1 chimeric protein comprising the amino acid sequence
of SEQ ID NO:8, 9, 10, or 11. In some embodiments, the
opsin comprises the amino acid sequence of SEQ ID NO:6
or 7.

[0006] Also provided herein 1s a vector for delivering a
nucleic acid to glutamatergic pyramidal neurons of the BLA
in an individual, wherein the vector comprises the nucleic
acid encoding a light-responsive opsin and the nucleic acid
1s operably linked to a promoter that controls the specific
expression ol the opsin in the glutamatergic pyramidal
neurons. In some embodiments, the promoter 1s a CaMKlIla
promoter. In some embodiments, the vector 1s an AAV
vector. In some embodiments, the opsin 1s an opsin that
induces depolarization by light, and wherein selective 1llu-
mination of the opsin in the BLA-CeL alleviates anxiety. In
some embodiments, the opsin that induces depolarization by
light 1s ChR2, VChR1, or DChR. In some embodiments, the
opsin 1s a C1V1 chimeric protein comprising the amino acid
sequence of SEQ ID NO:8, 9, 10, or 11. In some embodi-
ments, the opsin comprises the amino acid sequence of SEQ)
ID NO:6 or 7. In some embodiments, the opsin 1s an opsin
that induces hyperpolarization by light, and wherein selec-
tive illumination of the opsin 1n the BLA-CeL and induces
anxiety. In some embodiments, the opsin that induces hyper-
polarization by light 1s NpHR, BR, AR, or GtR3. In some
embodiments, the NpHR comprises the amino acid sequence

of SEQ ID NO:1, 2, or 3. In some embodiments, the
individual 1s a mouse or a rat. In some embodiments, the

individual 1s a human.

[0007] Also provided here 1s a method of delivering a
nucleic acid to glutamatergic pyramidal neurons of the BLA
in an mdividual, comprising administering to the imndividual
an eflective amount of a vector comprising a nucleic acid
encoding a light-responsive opsin and the nucleic acid 1s
operably linked to a promoter that controls the specific
expression ol the opsin in the glutamatergic pyramidal
neurons. In some embodiments, the promoter 1s a CaMKIIc.
promoter. In some embodiments, the vector 1s an AAV
vector. In some embodiments, the opsin 1s an opsin that
induces depolarization by light, and wherein selective 1llu-
mination of the opsin 1n the BLA-CeL alleviates anxiety. In
some embodiments, the opsin that induces depolarization by
light 1s ChR2, VChR1, or DChR. In some embodiments, the
opsin 1s a C1V1 chimeric protein comprising the amino acid
sequence of SEQ ID NO:8, 9, 10, or 11. In some embodi-
ments, the opsin comprises the amino acid sequence of SEQ
ID NO:6 or 7. In some embodiments, the opsin 1s an opsin
that induces hyperpolarization by light, and wherein selec-
tive 1llumination of the opsin 1n the BLA-CelL and induces
anxiety. In some embodiments, the opsin that induces hyper-
polarization by light 1s NpHR, BR, AR, or GtR3. In some
embodiments, the NpHR comprises the amino acid sequence
of SEQ ID NO:1, 2, or 3. In some embodiments, the
individual 1s a mouse or a rat. In some embodiments, the
individual 1s a human.

[0008] Also provided herein 1s a coronal brain tissue slice
comprising BLA, CeL, and CeM, wherein a light-responsive
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opsin 1s expressed 1n the glutamatergic pyramidal neurons of
the BLA. In some embodiments, the opsin 1s an opsin that
induces depolarization by light. In some embodiments, the
opsin that induces depolarization by light 1s ChR2, VChRI1,
or DChR. In some embodiments, the opsin 1s a C1V1
chimeric protein comprising the amino acid sequence of
SEQ ID NO:8, 9, 10, or 11. In some embodiments, the opsin
comprises the amino acid sequence of SEQ ID NO:6 or 7.
In some embodiments, the opsin 1s an opsin that mduces
hyperpolarization by light. In some embodiments, the opsin
that induces hyperpolarization by light 1s NpHR, BR, AR, or
GtR3. In some embodiments, the NpHR comprises the
amino acid sequence of SEQ ID NO:1, 2, or 3. In some
embodiments, the tissue 1s a mouse or a rat tissue.

[0009] Also provided herein 1s a method for screening for
a compound that alleviates anxiety, comprising (a) admin-
istering a compound to an animal having anxiety induced by
selectively 1llumination of an opsin expressed in the gluta-
matergic pyramidal neurons of the BLA, wherein the animal
comprises a light-responsive opsin expressed in the gluta-
matergic pyramidal neurons of the BLA, wherein the opsin
1s an opsin that induces hyperpolarization by light; and (b)
determining the anxiety level of the amimal, wherein a
reduction of the anxiety level indicates that the compound
may be eflective 1n treating anxiety. In some embodiments,
the opsin1s NpHR, BR, AR, or GtR3. In some embodiments,
the NpHR comprises the amino acid sequence of SEQ ID
NO:1, 2, or 3.

[0010] Also provided herein 1s a method for alleviating
anxiety 1n an individual, comprising: (a) administering to the
individual an eflective amount of a vector comprising a
nucleic acid encoding a light-responsive opsin and the
nucleic acid 1s operably linked to a promoter that controls
the specific expression of the opsin 1 the glutamatergic
pyramidal neurons of the BLA, wherein the opsin 1s
expressed in the glutamatergic pyramidal neurons of the
BLA, wherein the opsin 1s an opsin that induces depolar-
ization by light; and (b) selectively illuminating the opsin 1n
the glutamatergic pyramidal neurons in the BLA-CeL to
alleviate anxiety. In some embodiments, the promoter 1s a
CaMKIIa promoter. In some embodiments, the vector 1s an
AAV vector. In some embodiments, the opsin 1s ChR2,
VChR1, or DChR. In some embodiments, the opsin 1s a
C1V1 chimeric protein comprising the amino acid sequence
of SEQ ID NO:8, 9, 10, or 11. In some embodiments, the
opsin comprises the amino acid sequence of SEQ ID NO:6
or 7.

[0011] Also provided herein 1s a method for inducing
anxiety 1n an individual, comprising: (a) administering to the
individual an eflective amount of a vector comprising a
nucleic acid encoding an opsin and the nucleic acid 1s
operably linked to a promoter that controls the specific
expression of the opsin i the glutamatergic pyramidal
neurons ol the BLA, wherein the opsin 1s expressed in the
glutamatergic pyramidal neurons, wherein the opsin 1s an
opsin that induces hyperpolarization by light; and (b) selec-
tively illuminating the opsin 1n the glutamatergic pyramidal
neurons 1n the BLA-CeL to induce anxiety. In some embodi-
ments, the promoter 1s a CaMKlIlo promoter. In some
embodiments, the vector 1s an AAV vector. In some embodi-
ments, the opsin 1s NpHR, BR, AR, or GtR3. In some
embodiments, the NpHR comprises the amino acid sequence
of SEQ ID NO:1, 2, or 3.
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[0012] It 1s to be understood that one, some, or all of the
properties of the various embodiments described herein may
be combined to form other embodiments of the present
invention. These and other aspects of the invention will
become apparent to one of skill in the art.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] Various example embodiments may be more com-
pletely understood 1n consideration of the following descrip-
tion and the accompanying drawings, in which:

[0014] FIG. 1 shows a system for providing optogenetic

targeting of specific projections of the brain, consistent with
an embodiment of the present disclosure; and

[0015] FIG. 2 shows a flow diagram for use of an anxiety-
based circuit model, consistent with an embodiment of the
present disclosure.

[0016] FIGS. 3A-3K show that projection-specific excita-
tion of BLA terminals in the CeA induced acute reversible
anxiolysis. FIG. 3A: All mice were singly-housed in a
high-stress environment for at least 1 week prior to behav-
ioral manipulations and receive 5-ms light pulses at 20 Hz
for all light on conditions. Mice 1n the ChR2:BLA-CeA
group received viral transduction of ChR2 1in BLA neurons
under the CaMKII promoter and were implanted with a
beveled cannula shielding light away from BLA somata to
allow selective 1llumination of BLLA terminals in the CeA,
while control groups either received a virus including fluo-
rophore only (EYFP:BLA-CeA group) or a light fiber
directed to 1lluminate BLA somata (ChR2:BLLA Somata
group). FIG. 3B-3C: Mice 1n the ChR2:BLA-CeA group
(n=8) received selective illumination of BLA terminals 1n
the CeA during the light on epoch during the elevated plus
maze, as seen 1n this ChR2:BLA-CeA representative path
FIG. 3B, which induced a 5-1fold increase in open arm time
during the light on epoch relative to the light off epochs and
EYFP:BLA-CeA (n=9) and ChR2:BL A Somata (n=7) con-
trols FIG. 3C, as well as a significant increase in the
probability of entering the open arm (see 1nset). F1G. 3D-3F:
Mice 1n the ChR2:BLA-CeA group also showed an increase
in the time spent in the center of the open field chamber, as
seen 1n this representative trace (FIG. 3D), during light on
epochs relative to light off epochs and EYFP:BLA-CeA and
ChR2:BLA Somata controls FIG. 3E, but did not show a
significant change in locomotor activity during light on
epochs (FIG. 3F). FIG. 3G: Confocal image of a coronal
slice showing the CeA and BL A regions from a mouse 1n the
ChR2:BLA-CeA group wherein 125 umx125 um squares
indicate regions used for quantification. FIG. 3D-3H:
Expanded regions are arranged in rows by group and in
columns by brain region. FIG. 3I-3K: Percent of EYFP-
positive and c-fos-positive neurons of all DAPI-1dentified
cells for all groups, by region. Numbers of counted per
group and region are indicated in legends. None of the
regions examined showed detectable differences 1n the pro-
portion of EYFP-positive cells among groups. FIG. 31:
Proportion of BLA neurons that were EYFP-positive or
c-los-positive. The ChR2:BL A Somata group had a signifi-
cantly higher proportion of c-fos-positive BLA neurons
(F,5=10.12, p<0.01) relative to ChR2:BLA-CeA (p<0.01)
or EYFP:BLA-CeA (p<t0.05) groups. FIG. 3J: The ChR2:
BLA-CeA group had a significantly higher proportion of
c-fos-positive cells 1n the CeL relative to the EYFP:BLA-
CeA group (p<0.05), but not the ChR2:BLA Somata group.
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FIG. 3K:Summary data for CeM neurons show no detect-
able differences among groups.

[0017] FIGS. 4A-4F show projection-specific excitation
of BLA terminals 1n the CeA activates Cel. neurons and
clicits feed-forward inhibition of CeM neurons. FIG. 4A:
Live two-photon 1mages of representative light-responsive
BLA, CeLL and CeM cells all imaged from the same slice,
overlaid on a brightfield image. FIG. 4B-4F: Schematics of
the recording and illumination sites for the associated rep-
resentative current-clamp traces (V,_=~70 mV). FIG. 4B:
Representative trace from a BLA pyramidal neuron express-
ing ChR2, all BLA neurons expressing ChR2 1n the BLA
spiked for every 5 ms pulse (n=4). FIG. 4C: Representative
trace from a CeL neuron in the terminal field of BLA
projection neurons, showing both sub-threshold and supra-
threshold excitatory responses to light-stimulation (n=16).
Inset left, population summary of mean probability of spik-
ing for each pulse 1n a 40-pulse train at 20 Hz, dotted lines
indicate SEM. Inset right, frequency histogram showing
individual cell spiking fidelity for 5 ms light pulses delivered
at 20 Hz, y-axis 1s the number of cells per each 5% bin. FIG.
4D: Si1x sweeps from a CeM neuron spiking in response to
a current step (~60 pA; indicated 1n black) and inhibition of
spiking upon 20 Hz i1llumination of BLA terminals in the
CeL. Inset, spike frequency was significantly reduced during
light stimulation of CeL. neurons (n=4). FIG. 4E-4F: Upon
broad illumination of the CeM, voltage-clamp summaries
show that the latency of EPSCs 1s significantly shorter than
the latency of IPSCs, while there was a non-significant
difference 1n the amplitude of EPSCs and IPSCs (n=11;
*p=0.04, see 1nsets). The same CeM neurons (n=7) showed
either net excitation when receiving 1llumination of the CeM
FIG. 4E: or net inhibition upon selective illumination of the

CeL (FIG. 4F).

[0018] FIGS. 5A-5K show light-induced anxiolytic effects
were attributable to activation of BLA-CeL synapses alone.
FIG. 5A-5B: 2-photon z-stack images of 18 dye-filled BLA
neurons were reconstructed, and their projections to the CeL
and CeM are summarized 1n FIG. 5A, with theirr images
shown 1n FIG. 3B wherein red indicates projections to CeL,
blue indicates projections to CeM and purple indicates
projections to both CeLL and CeM. FIG. 5C: Schematic of the
recording site and the light spot positions, as whole-cell
recordings were performed at each location of the light spot,
which was moved 1n 100 um-steps away from the cell soma
both over a visualized axon and 1n a direction that was not
over an axon. FIG. 5D: Normalized current-clamp summary
of spike fidelity to a 20 Hz train delivered at various
distances from the soma, showing that at ~300um away from
the cell soma, 1llumination of an axon terminal results 1n low
(<5%) spike fidelity. FIG. 5E: Normalized voltage-clamp
summary of depolarizing current seen at the cell soma upon
illumination per distance from cell soma. FIG. 5F-51: Rep-
resentative current-clamp traces upon illumination with a
~150 um-diameter light spot over various locations within
cach slice preparation (n=7). Illumination of the cell soma
clicits high-fidelity spiking (FI1G. 5F). Illumination of BLA
terminals 1n Cel. elicits strong sub- and supra-threshold
excitatory responses in the postsynaptic CelL neuron (FIG.
5G), but does not elicit reliable antidromic spiking 1n the
BL A neuron 1tself (FIG. 5H), and light delivered off axon 1s
shown for comparison as a control for light scattering (FIG.
51). FIG. 3J-5K: A separate group of ChR2:BLA-CeL mice

(n=8) were each run twice on the elevated plus maze and the
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open field test, one session preceded with intra-CeA infu-
s1ons of saline (red) and the other session with the glutamate
receptor antagonists NBQX and APS (purple), counterbal-
anced for order. FIG. 5K: Glutamate receptor blockade 1n
the CeA attenuated light-induced increases in both time
spent 1n open arms as well as the probability of open arm
entry (inset) on the elevated plus maze without impairing
performance during light off epochs. FIG. FIG. 5J: Local
glutamate receptor antagonism significantly attenuated
light-induced increases in center time on the open field test,
inset shows pooled summary.

[0019] FIGS. 6A-6P show that selective inhibition of BLA
terminals 1n the CeA induced an acute and reversible
increase 1 anxiety. FIG. 6 A: All mice were group-housed 1n
a low-stress environment and received bilateral constant 591
nm light during light on epochs. Mice in the eNpHR?3.0:
BLA-CeA group (n=9) received bilateral viral transduction
of eNpHR3.0 1n BL A neurons under the CaMKII promoter
and were implanted with a beveled cannula shielding light
away from BLA somata to allow selective illumination of
BLA terminals 1 the CeA, while control groups either
received bilateral virus transduction of a fluorophore only
(EYFP:BLA-CeA bil group; n=8) or a light fiber directed to
illuminate BLA somata (eNpHR3.0:BLA Somata group;
n=6). FIG. 6B: Confocal image of the BLA and CeA of a
mouse treated with eNpHR3.0. FIG. 6C-6E: In the same
amimals used 1n anxiety assays below, a significantly higher
proportion of neurons in the CeM (FIG. 6FE) from the
eNpHR3.0 group expressed c-1os relative to the EYFP group
(*p<0.05). FIG. 6F: Representative path of a mouse in the
eNpHR3.0:BLA-CeA group, showing a decrease 1 open
arm exploration on the elevated plus maze during epochs of
selective 1llumination of BLA terminals in the CeA. FIG.
6G: eNpHR3.0 mice showed a reduction 1n the time spent 1n
open arms and probability of open arm entry (inset) during
light stimulation, relative to controls. FIG. 6H: Representa-
tive path of a mouse from the eNpHR3.0:BLA-CeA group
during pooled light off and on epochs 1n the open field test.
FIG. 61: Significant reduction 1n center time 1n the open field
chamber for the eNpHR3.0: BLA-CeA group during light on,
but not light off, epochs as compared to controls, inset shows
pooled data summary. FIGS. 6J-L: Selective illumination of
eNpHR3.0-expressing BLLA terminals 1s suflicient to reduce
spontaneous vesicle release 1 the presence of carbachol.
Representative trace of a CelL neuron (FIG. 6J]) from an
acute slice preparation in which BLA neurons expressed
eNpHR 3.0, shows that when BLA terminals ~300 um away
from the BLA soma are i1lluminated, there 1s a reduction 1n
the amplitude (k) and frequency (1) of sEPSCs seen at the
postsynaptic CeL neuron. Cumulative distribution frequency
of the amplitude (k) and frequency (1) of sEPSCs recorded
at CeL neurons (n=5) upon various lengths of i1llumination
5-60 s, msets show respective mean+SEM 1n the epochs of
matched duration before, during and after i1llumination
(**p<0.01; ***p<0.001). FIG. 6M-6P: Selective illumina-
tion of BLA terminals expressing eNpHR 3.0 suppresses
vesicle release evoked by electrical stimulation in the BLA.
FIG. 6M: Schematic indicating the locations of the stimu-
lating electrode, the recording electrode and the ~150 um
diameter light spot. FIG. 6N: Representative traces of
EPSCs 1n a CeL. neuron betore (OM), during (On) and after
(Of,) selective illumination of BLA terminals expressing
eNpHR3.0. Normalized EPSC amplitude summary data
(FIG. 60) and individual cell data (FIG. 6P) from slice
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preparations containing BLA neurons expressing eNpHR
3.0 (n=7) and non-transduced controls (n=5) show that
selectively 1lluminating BLA terminals 1n the Cel. signifi-
cantly (*p=0.006) reduces the amplitude of electrically-
evoked EPSCs 1n postsynaptic CelL neurons.

[0020] FIG. 7 1s a diagram showing the histologically
verified placements of mice treated with 473 nm light.
Unilateral placements of the virus injection needle (circle)
and the tip of beveled cannula (X) are indicated, counter-
balanced for hemisphere. Colors indicate treatment group,
see legend. Coronal sections containing the BLA and the
CeA are shown here, numbers indicate the anteroposterior

coordinates from bregma (Aravanis et al., J Neural Eng,
4:5143-156, 2007).

[0021] FIGS. 8A-8E show the beveled cannula and illu-
mination profile design. FIG. 8 A:Light cone from bare fiber
emitting 473 nm light over cuvette filled with fluorescein 1n
water. The angle of the light cone 1s approximately 12
degrees. FIG. 8B: Light cone from the same fiber and light
ensheathed 1 a beveled cannula. The beveled cannula
blocks light delivery to one side, without detectably altering,
perpendicular light penetrance. FIG. 8C: Diagram of light
delivery via the optical fiber with the beveled cannula over
CeA. FIG. 8D: Chart indicating estimated light power
density seen at various distances from the fiber tip 1n mouse
brain tissue when the light power density seen at the fiber tip
was 7 mW (~99 mW/mm?). Inset, cartoon indicating the
configuration. Optical fiber 1s perpendicular and aimed at the
center of the power meter, through a block of mouse brain
tissue. FIG. 8E: Table showing light power (mW) as mea-
sured by a standard power meter and the estimated light
power density (mW/mm?®) seen at the tip, at the CeL
(~0.5-0.7 mm depth 1n brain tissue) and at the CeM (~1.1

mm depth 1n brain tissue).

[0022] FIGS. 9A-9D demonstrate that the beveled cannula
prevented light delivery to BLA and BLA spiking at light
powers used for behavioral assays. FIG. 9A: Schematic
indicating the configuration of light delivery by optical fiber
to the CeA and recording electrode (red) in the BLA. FIG.
9B: Scatterplot summary of recordings in the BLA with
various light powers delivered to the CeA with and without
the beveled cannula (n=4 sites). For each site, repeated
alternations of recordings were made with and without the
beveled cannula. The x-axis shows both the light power
density at the fiber tip (black) and the estimated light power
density at the CeL (grey). The blue vertical or shaded region
indicates the range of light power densities used for behav-
ioral assays (~7 mW; ~99 mW/mm? at the tip of the fiber).
Reliable responses from BLA neurons were not observed 1n
this light power density range. FIG. 9C: Representative
traces of BLA recordings with 20 Hz 5 ms pulse light
stimulation at 7mW (~99 mW/mm~ at fiber tip; ~5.9
mW/mm* at CeL) at the same recording site in the CeA.
FIG. 9D: Population spike wavetforms in response to single
pulses of light reveal substantial light restriction even at high

12 mV power (~170 mW/mm~ at the tip of the fiber; ~10.1
mW/mm~ at CeL).

[0023] FIGS. 10A-10F demonstrate that viral transduction
excluded mtercalated cell clusters. FIG. 10A: Schematic of
the intercalated cells displayed in subsequent confocal

images. FIG. 10B-10D: Representative images of interca-
lated cells from mice that received EYFP (FIG. 10B) ,
eNpHR 3.0 (FIG. 10C) and ChR2 (FIG. 10D) 1injections into

the BL A that were used for behavioral manipulations. Viral
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expression was not observed 1n intercalated cell clusters.
FIG. 10E-10F: There were very low (<2%) levels of YFP
expression 1n intercalated cell clusters for all 6 groups used
in behavioral assays. There were no statistically significant
differences among groups in c-fos expression.

[0024] FIG. 11 shows that unilateral intra-CeA adminis-
tration ol glutamate antagonists did not alter locomotor
activity. Administration of NBQX and AP5 prior to the open
field test did not impair locomotor activity (as measured by
mean velocity) relative to saline infusion (F, ,,=2.34, p=0.

1239).

[0025] FIGS. 12A-12C demonstrate that bath application

of glutamate antagonists blocked optically-evoked synaptic
transmission. 4-6 weeks following intra-BLA infusions of
AAVS5-CAMKII-ChR2-EYFP mto the BLA of wild-type
mice, we examined the ability of the glutamate receptor
antagonists NBQX and AP5 to block glutamatergic trans-
mission. FIG. 12A: Representative current-clamp (top) and
voltage-clamp (bottom) traces of a representative CeL. neu-
ron upon a 20 Hz train of 473 nm light illumination of BLA
terminals expressing ChR2. FIG. 12B:The same cell’s
responses following bath application of NBQX and AP5
show abolished spiking and EPSCs. FIG. 12C: Population
summary (n=5) of the depolarizing current seen before and
after bath application of NBQX and AP5, normalized to the
pre-drug response.

[0026] FIG. 13 1s a diagram depicting the histologically
verified placements of mice treated with 594 nm light.
Bilateral placements of virus injection needle (circle) and tip
of beveled cannula (x) are indicated. Colors indicate treat-
ment group, see legend. Coronal sections containing BLA

and CeA are shown; numbers indicate AP coordinates from
bregma (Aravanis et el., J Neural Eng, 4:5143-156, 2007).

[0027] FIGS. 14A-14E show that light stimulation param-
cters used 1n the eNpHR 3.0 terminal inhibition experiments
does not block spiking at the cell soma. FIG. 14A-14C:
Schematics of the light spot location and recording sites
alongside corresponding representative traces upon a current
step lasting the duration of the spike train, paired with
yellow light illumination at each location during the middle
epoch (indicated by yellow horizontal bar). FIG. 14A:
Representative current-clamp trace from a BLA neuron
expressing eNpHR 3.0 upon direct illumination shows
potent inhibition of spiking during illumination of cell soma.
FIG. 14B: Representative current-clamp trace from a BLA
neuron expressing eNpHR 3.0 when a ~125 um diameter
light spot 1s presented ~300 um away from the cell soma
without illuminating an axon. FIG. 14C: Representative
current-clamp trace from a BLA neuron expressing eNpHR
3.0 when a ~125 um diameter light spot 1s presented ~300
um away from the cell soma when illuminating an axon.
FIG. 14D: While direct 1llumination of the cell soma induced
complete mhibition of spiking that was significant from all
other conditions (F; ,=81.50, p<0.0001; n=3 or more per
condition), there was no significant difference among the
distal 1llumination ~300 um away from the soma of BLA
neurons expressing eNpHR 3.0 conditions and the no light
condition (F, ,=0.79, p=0.49), indicating that distal 1llumi-
nation did not significantly inhibit spiking at the cell soma.
FIG. 14E: Schematic indicating light spot locations relative
to recording site, regarding the population summary shown
to the right. Population summary shows the normalized
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hyperpolarizing current recorded from the cell soma per
distance of light spot from cell soma, both on and off axon
collaterals (n=5).

[0028] FIG. 15 demonstrates that selective illumination of
BLA terminals induced vesicle release onto CelL neurons
without reliably eliciting antidromic action potentials. Sche-
matics and descriptions refer to the traces below, and trace
color indicates cell type. Light illumination patterns are
identical for both series of traces. Left column, Cel. traces
for three overlaid sweeps of a 40-pulse light train per cell
(n=8). Here, both time-locked EPSCs indicate wvesicle
release from the presynaptic ChR2-expressing BLA termi-
nal, and for all postsynaptic CeL cells, there were excitatory
responses to 100% of light pulses. Right column, BLA traces
for three overlaid 40-pulse sweeps per cell (n=9), with the
mean number of light pulses delivered at the axon terminal
resulting 1 a supra-threshold antidromic action potential
(5.4% £2%, meantSEM).

[0029] FIG. 16 1s a graph demonstrating that light stimu-
lation did not alter locomotor activity 1n eNpHR 3.0 and
control groups. There were no detectable differences in

locomotor activity among groups nor light epochs (F, ,,=0.
023, p=0.3892; F, ,,,=3.08, p=0.036).

DETAILED DESCRIPTION

[0030] The present disclosure relates to control over ner-
vous system disorders, such as disorders associated with
anxiety and anxiety symptoms, as described herein. While
the present disclosure i1s not necessarily limited in these
contexts, various aspects of the invention may be appreci-
ated through a discussion of examples using these and other
contexts.

[0031] Various embodiments of the present disclosure
relate to an optogenetic system or method that correlates
temporal control over a neural circuit with measurable
metrics. For instance, various metrics or symptoms might be
associated with a neurological disorder exhibiting various
symptoms of anxiety. The optogenetic system targets a
neural circuit within a patient for selective control thereof.
The optogenetic system involves monitoring the patient for
the metrics or symptoms associated with the neurological
disorder. In this manner, the optogenetic system can provide
detailed information about the neural circuit, its function
and/or the neurological disorder.

[0032] Consistent with the embodiments discussed herein,
particular embodiments relate to studying and probing dis-
orders. Other embodiments relate to the identification and/or
study of phenotypes and endophenotypes. Still other
embodiments relate to the 1dentification of treatment targets.
[0033] Aspects of the present disclosure are directed to
using an artificially-induced anxiety state for the study of
anxiety in otherwise healthy animals. This can be particu-
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larly usetul for monitoring symptoms and aspects that are
poorly understood and otherwise diflicult to accurately
model in living animals For instance, 1t can be diflicult to test
and/or study anxiety states due to the lack of available
amimals exhibiting the anxiety state. Moreover, certain
embodiments allow for reversible anxiety states, which can
be particularly usetul 1in establishing baseline/control points
for testing and/or for testing the eflects of a treatment on the
same animal when exhibiting the anxiety state and when not
exhibiting the anxiety state. The reversible anxiety states of
certain embodiments can also allow for a reset to baseline
between testing the eflects of different treatments on the
same animal

[0034] Certain aspects of the present disclosure are
directed to a method related to control over anxiety and/or
anxiety symptoms 1n a living animal In certain more specific
embodiments, the monitoring of the symptoms also includes
assessing the ethicacy of the stimulus 1n mitigating the
symptoms of anxiety. Various other methods and applica-
tions exist, some of which are discussed in more detail
herein.

[0035] Light-responsive opsins that may be used in the
present invention includes opsins that induce hyperpolariza-
tion in neurons by light and opsins that induce depolariza-

tion in neurons by light. Examples of opsins are shown in
Tables 1 and 2 below.

[0036] Table 1 shows identified opsins for inhibition of
cellular activity across the visible spectrum:

TABLE 1

Fast optogenetics: inhibition across the visible spectrum

Opsin Wavelength
Type Biological Origin Sensitivity Defined action
NpHR Natronomonas 589 nm max Inhibition
pharaonis (hyperpolarization)
BR Halobacterium 570 nm max Inhibition
helobium (hyperpolarization)
AR Acetabulaira 518 nm max Inhibition
acetabulum (hyperpolarization)
GtR3 Guillardia theta 472 nm max Inhibition
(hyperpolarization)
Mac Leptosphaeria 470-500 nm max Inhibition
maculans (hyperpolarization)
NpHr3.0  Natronomonas 680 nm utility Inhibition
pharaowis 589 nm max (hyperpolarization)
NpHR3.1 Natronomonas 680 nm utility Inhibition
pharaowis 589 nm max (hyperpolarization)
[0037] Table 2 shows identified opsins for excitation and

modulation across the visible spectrum:

TABLE 2

Fast optogenetics: excitation and modulation across the visible spectrum

Opsin Type

VChR1

DChR

Wavelength

Biological Origin Sensitivity Defined action

589 nm utility Excitation
535 nm max

Volvox carteri
(depolarization)

Dunaliella salina 500 nm max Excitation

(depolarization)
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TABL.

4 2-continued

Fast optogenetics: excitation and modulation across the visible spectrum
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Wavelength

Opsin Type Biological Origin Sensitivity Defined action

ChR2 Chiamydomonas 470 nm max Excitation
retnhardtit 380-405 nm utility (depolarization)

ChETA Chiamydomonas 470 nm max Excitation
retnhardtii 380-405 nm utility (depolarization)

SFO Chliamyvdomonas 470 nm max Excitation
retnhardtii 530 nm max (depolarization)

Inactivation

SSFO Chiamydomonas 445 nm max  Step-like activation

retnhardtii 590 nm; 390-400 nm (depolarization)
Inactivation

ClVl1 Volvox carteri and 542 nm max ExXxcitation
Chiamydomonas (depolarization)
retnhardtit

ClV1 E122 Volvox carteri and 546 nm max Excitation
Chliamyvdomonas (depolarization)
retnhardtit

ClV1 El162 Volvox carteri and 542 nm max Excitation
Chliamyvdomonas (depolarization)
retnhardtii

C1V1 E122/E162 Volvox carteri and 546 nm max Excitation
Chiamydomonas (depolarization)
retnhardtii

[0038] As used herein, a light-responsive opsin (such as
NpHR, BR, AR, GtR3, Mac, ChR2, VChR1, DChR, and
ChETA) includes naturally occurring protein and functional
variants, fragments, fusion proteins comprising the frag-
ments or the full length protein. For example, the signal
peptide may be deleted. A varnant may have an amino acid
sequence at least about any of 90%, 91%, 92%, 93%, 94%,
95%, 96%, 97%, 98%, 99%, or 100% i1dentical to the
naturally occurring protein sequence. A functional variant
may have the same or similar hyperpolarization function or
depolarization function as the naturally occurring protein.

[0039] In some embodiments, the NpHR 1s eNpHR3.0 or
eNpHR3.1 (See www.stanford.edu/group/dlab/optogenet-
ics/sequence_info.html). In some embodiments, the light-
responsive opsin 1s a C1V1 chimeric protein or a C1V1-
E162 (SEQ ID NO:10), C1V1-E122 (SEQ ID NO:9), or
CI1V1-E122/E162 (SEQ ID NO:11) mutant chimeric protein
(See, Yizhar et al, Nature, 2011, 477(7363):171-78 and
www.stanford.edu/group/dlab/optogenetics/sequence_inio.

html). In some embodiments, the light-responsive opsin 1s a
SFO (SEQ ID NQO:6) or SSFO (SEQ ID NO:7) (See, Yizhar
et al, Nature, 2011, 477(7363):171-78; Berndt et al., Nat.
Neurosci., 12(2):229-34 and www.stanford.edu/group/dlab/

optogenetics/sequence_info.htme.

[0040] Insome embodiments, the light-activated protein 1s
a NpHR opsin comprising an amino acid sequence at least
95%, at least 96%, at least 97%, at least 98%, at least 99%
or 100% 1identical to the sequence shown 1n SEQ ID NO:1.
In some embodiments, the NpHR opsin further comprises an
endoplasmic reticulum (ER) export signal and/or a mem-
brane traflicking signal. For example, the NpHR opsin
comprises an amino acid sequence at least 95% 1dentical to
the sequence shown in SEQ ID NO:1 and an endoplasmic
reticulum (ER) export signal. In some embodiments, the
amino acid sequence at least 95% 1dentical to the sequence
shown 1 SEQ ID NO:1 1s linked to the ER export signal
through a linker. In some embodiments, the ER export signal

comprises the amino acid sequence FXYENE (SEQ ID

NO:12), where X can be any amino acid. In another embodi-

ment, the ER export signal comprises the amino acid
sequence VXXSL (SEQ ID NO:15), where X can be any
amino acid. In some embodiments, the ER export signal

comprises the amino acid sequence FCYENEV (SEQ ID
NO:13). In some embodiments, the NpHR opsin comprises
an amino acid sequence at least 95% 1identical to the
sequence shown 1 SEQ ID NO:1, an ER export signal, and
a membrane traflicking signal. In other embodiments, the
NpHR opsin comprises, from the N-terminus to the C-ter-
minus, the amino acid sequence at least 95% i1dentical to the
sequence shown i SEQ ID NO:1, the ER export signal, and
the membrane traflicking signal. In other embodiments, the
NpHR opsin comprises, from the N-terminus to the C-ter-
minus, the amino acid sequence at least 95% i1dentical to the
sequence shown in SEQ ID NO:1, the membrane trafficking
signal, and the ER export signal. In some embodiments, the
membrane traflicking signal 1s derived from the amino acid
sequence of the human mward rectifier potassium channel
K. 2.1. In some embodiments, the membrane traflicking
signal comprises the amino acid sequence KSRITSE G
EYIPLDOQIDINYV (SEQ ID NO:14). In some
embodiments, the membrane traflicking signal 1s linked to
the amino acid sequence at least 95% identical to the
sequence shown i SEQ ID NO:1 by a linker. In some

embodiments, the membrane traflicking signal 1s linked to
the ER export signal through a linker. The linker may

comprise any of 5, 10, 20, 30, 40, 50,75, 100, 125, 150, 175,
200, 225, 250, 275, 300, 400, or 500 amino acids 1n length.
The linker may further comprise a fluorescent protein, for
example, but not limited to, a yellow fluorescent protein, a
red fluorescent protein, a green fluorescent protein, or a cyan
fluorescent protein. In some embodiments, the light-acti-
vated opsin further comprises an N-terminal signal peptide.
In some embodiments, the light-activated opsin comprises
the amino acid sequence of SEQ ID NO:2. In some embodi-
ments, the light-activated protein comprises the amino acid

sequence of SEQ 1D NO:3.
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[0041] In some embodiments, the light-activated opsin 1s
a chimeric protein derived from VChR1 from Volvox carteri
and ChR1 from Chlamydomonas reinhardti. In some
embodiments, the chimeric protein comprises the amino
acid sequence of VChR1 having at least the first and second
transmembrane helices replaced by the corresponding first
and second transmembrane helices of ChR1. In other
embodiments, the chimeric protein comprises the amino
acid sequence of VChR1 having the first and second trans-
membrane helices replaced by the corresponding first and
second transmembrane helices of ChR1 and further com-
prises at least a portion of the intracellular loop domain
located between the second and third transmembrane helices
replaced by the corresponding portion from ChR1. In some
embodiments, the entire intracellular loop domain between
the second and third transmembrane helices of the chimeric
light-activated protein can be replaced with the correspond-
ing intracellular loop domain from ChR1. In some embodi-
ments, the light-activated chimeric protein comprises an
amino acid sequence at least 90%, 91%, 92%, 93%, 94%,
95%, 96%, 97%, 98%, 99%, or 100% identical to the
sequence shown 1n SEQ ID NO:8 without the signal peptide
sequence. In some embodiments, the light-activated chime-
ric protein comprises an amino acid sequence at least 90%,
91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or 100%
identical to the sequence shown i SEQ ID NO:8. C1V1
chimeric light-activated opsins that may have specific amino
acid substitutions at key positions throughout the retinal
binding pocket of the VChR1 portion of the chimeric
polypeptide. In some embodiments, the C1V1 protein has a
mutation at amino acid residue E122 of SEQ ID NO:8. In
some embodiments, the C1V1 protein has a mutation at
amino acid residue E162 of SEQ ID NO:8. In other embodi-
ments, the C1V1 protein has a mutation at both amino acid
residues E162 and E122 of SEQ ID NO:8. In some embodi-
ments, each of the disclosed mutant C1V1 chimeric proteins
can have specific properties and characteristics for use 1n

depolarizing the membrane of an animal cell 1n response to
light.

[0042] As used herein, a vector comprises a nucleic acid
encoding a light-responsive opsin described herein and the
nucleic acid 1s operably linked to a promoter that controls
the specific expression of the opsin in the glutamatergic
pyramidal neurons. Any vectors that are useful for deliver-
ing a nucleic acid to glutamatergic pyramidal neurons may
be used. Vectors include viral vectors, such as AAV vectors,
retroviral vectors, adenoviral vectors, HSV wvectors, and

lentiviral vectors. Examples of AAV vectors are AAVI,
AAV2, AAV3, AAV4, AAVS, AAV6, AAVT, AAVE, AAVY,

AAV10, AAV11, AAV12, AAV13, AAV14, AAVIS, and
AAV16. A CaMKIla promoter and any other promoters that
can control the expression of the opsin in the glutamatergic
pyramidal neurons may be used.

[0043] An “individual” 1s a mammal, such as a human.
Mammals also include, but are not limited to, farm animals,
sport animals, pets (such as cats, dogs, horses), primates,
mice and rats. An “animal” 1s a non-human mammal

[0044] As used herein, “treatment™ or “treating” or “alle-
viation” 1s an approach for obtaining beneficial or desired
results including and preferably clinical results. For pur-
poses of this mnvention, beneficial or desired clinical results
include, but are not limited to, one or more of the following:
showing observable and/or measurable reduction 1n one or
more signs of the disease (such as anxiety), decreasing
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symptoms resulting from the disease, increasing the quality
of life of those sullering from the disease, decreasing the
dose of other medications required to treat the disease,
and/or delaying the progression of the disease.

[0045] As used herein, an “effective dosage”™ or “eflective
amount” of a drug, compound, or pharmaceutical composi-
tion 1s an amount suflicient to eflect beneficial or desired
results. For therapeutic use, beneficial or desired results
include clinical results such as decreasing one or more
symptoms resulting from the disease, increasing the quality
of life of those sullering from the disease, decreasing the
dose of other medications required to treat the disease,
enhancing eflect of another medication such as via targeting,
and/or delaying the progression of the disease. As 1s under-
stood 1n the clinical context, an eflective dosage of a drug,
compound, or pharmaceutical composition may or may not
be achieved in conjunction with another drug, compound,
pharmaceutical composition, or another treatment. Thus, an
“effective dosage” may be considered in the context of
administering one or more therapeutic agents or treatments,
and a single agent may be considered to be given i an
cllective amount 1f, 1n conjunction with one or more other
agents or treatments, a desirable result may be or is
achieved.

[0046] The above overview 1s not intended to describe
cach illustrated embodiment or every implementation of the
present disclosure.

DETAILED DESCRIPTION AND EXAMPLE
EXPERIMENTAL EMBODIMENTS

[0047] The present disclosure 1s believed to be usetul for
controlling anxiety states and/or symptoms of anxiety. Spe-
cific applications of the present invention relate to optoge-
netic systems or methods that correlate temporal, spatio
and/or cell-type control over a neural circuit associated with
anxiety states and/or symptoms thereof. As many aspects of
the example embodiments disclosed herein relate to and
significantly build on previous developments in this field,
the following discussion summarizes such previous devel-
opments to provide a solid understanding of the foundation
and underlying teachings from which implementation
details and modifications might be drawn, including those
found 1n the Examples. It 1s 1n this context that the following
discussion 1s provided and with the teachings in the refer-
ences 1ncorporated herein by reference. While the present
invention 1s not necessarily limited to such applications,
various aspects of the invention may be appreciated through
a discussion of various examples using this context.
[0048] Anxiety refers to a sustained state of heightened
apprehension 1n the absence of an immediate threat, which
in disease states becomes severely debilitating. Embodi-
ments of the present disclosure are directed toward the use
of one or more of cell type-specific optogenetic tools with
two-photon microscopy, electrophysiology, and anxiety
assays to study and develop treatments relating to neural
circuits underlying anxiety-related behaviors.

[0049] Aspects of the present disclosure are related to the
optogenetic targeting ol specific projections of the brain,
rather than cell types, in the study of neural circuit function
relevant to psychiatric disease.

[0050] Consistent with particular embodiments of the
present disclosure, temporally-precise optogenetic stimula-
tion of basolateral amygdala (BLLA) terminals 1n the central
nucleus of the amygdala (CeA) are used to produce a
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reversible anxiolytic eflect. The optogenetic stimulation can
be implemented by viral transduction of BLA with a light-
responsive opsin, such as ChR2, followed by restricted
illumination 1n downstream CeA.

[0051] Consistent with other embodiments of the present
disclosure, optogenetic 1inhibition of the basolateral
amygdala (BLA) terminals i1n the central nucleus of the
amygdala (CeA) are used to increase anxiety-related behav-
iors. The optogenetic stimulation can be implemented by
viral transduction of BLA with a light-responsive opsin,
such as eNpHR3.0, followed by restricted illumination 1n
downstream CeA.

[0052] Embodiments of the present disclosure are directed
towards the specific targeting of neural cell populations, as
anxiety-based eflects were not observed with direct optoge-
netic control of BLA somata. For instance, targeting of
specific BLA-CeA projections as circuit elements have been
experimentally shown to be suflicient for endogenous anxi-
ety control in the mammalian brain.

[0053] Consistent with embodiments of the present dis-
closure, the targeting of the specific BLA-CeA projections as
circuit elements 1s based upon a number of factors discussed
in more detail hereafter. The amygdala 1s composed of
functionally and morphologically heterogeneous subnuclei
with complex interconnectivity. A primary subdivision of
the amygdala 1s the basolateral amygdala complex (BLA),
which encompasses the lateral (LA), basolateral (BL) and
basomedial (BM) amygdala nucle1 (~90% of BL A neurons
are glutamatergic). In contrast, the central nucleus of the
amygdala (CeA), which 1s composed of the centrolateral
(Cell) and centromedial (CeM) nucle1, 1s predominantly
(~95%) comprised of GABAergic medium spiny neurons.
The BLA 1s ensheathed in dense clusters of GABAergic
intercalated cells (ITCs), which are functionally distinct
from both local interneurons and the medium spiny neurons
of the CeA. The primary output nucleus of the amygdala 1s
the CeM, which, when chemically or electrically excited, 1s
believed to mediate autonomic and behavioral responses that
are associated with fear and anxiety via projections to the
bramnstem. While the CeM 1s not directly controlled by the
primary amygdala site of converging environmental and
cognitive information (LA), LA and BLA neurons excite
GABAergic CeL neurons, which can provide feed-forward
inhibition onto CeM “output” neurons and reduce amygdala
output. The BLA-CeLL-CeM 1s a less-characterized pathway
suggested to be mvolved not 1 fear extinction but in
conditioned inhibition. The suppression of fear expression,
possibly due to explicit unpairing of the tone and shock,
suggested to be related to the potentiation of BLA-Cel.
Synapses.

[0054] BLA cells have promiscuous projections through-
out the brain, including to the bed nucleus of the stria
terminalis (BNST), nucleus accumbens, hippocampus and
cortex. Aspects of the present disclosure relate to methods
for selective control of BLA terminals 1n the Cel., without
little or no direct affect/control of other BLA projections.
Preferential targeting of BLA-CeLl synapses can be facili-
tated by restricting opsin gene expression to BLA gluta-

matergic projection neurons and by restricting light delivery
to the CeA.

[0055] For mnstance, control of BLA glutamatergic projec-
tion neurons can be achieved with an adeno-associated virus
(AAVS) vector carrying light-activated optogenetic control
genes under the control of a CaMKlIla promoter. Within the
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BLA, CaMKlIla 1s only expressed in glutamatergic pyrami-
dal neurons, not 1n local interneurons or intercalated cells.

[0056] FIG. 1 shows a system for providing optogenetic
targeting of specific projections of thebrain, consistent with
an embodiment of the present disclosure. For instance, a
beveled guide cannula can be used to direct light, e.g.,
prevent light delivery to the BLA and allow selective
illumination of the CeA. This preferential delivery of light to
the CeA projection can be accomplished using stereotaxic
guidance along with implantation over the CelL.. Geometric
and functional properties of the resulting light distribution
can be quantified both 1n vitro and 1n vivo, e.g., using 1n vivo
clectrophysiological recordings to determine light power
parameters for selective control of BLA terminals but not
BLA cell bodies. Experimental results, such as those
described 1n the Examples, support that such selective
excitation or inhibition result in significant, immediate and
reversible anxiety-based eflects.

[0057] Embodiments of the present disclosure are directed
toward the above realization being applied to various ones of
the anatomical, functional, structural, and circuit targets
identified herein. For instance, the circuit targets can be
studied to develop treatments for the psychiatric disease of
anxiety. These treatments can include, as non-limiting
examples, pharmacological, electrical, magnetic, surgical
and optogenetic, or other treatment means.

[0058] FIG. 2 shows a flow diagram for use of an anxiety-
based circuit model, consistent with an embodiment of the
present disclosure. An optogenetic delivery device, such as
a. viral delivery device, 1s generated 202. This delivery
device can be configured to mntroduce optically responsive
opsins to the target cells and may include targeted promoters
for specific cell types. The delivery device can then be
stereotaxically (or otherwise) injected 204 into the BLA. A
light delivery device can then be surgical implanted 206.
This light delivery device can be configured to provide
targeted 1llumination (e.g., using a directional optical ele-
ment). The target area 1s then illuminated 208. The target
area can be, for example, the BLA-CeA. The eflects thereof
can then be monitored and/or assessed 210. This can also be
used 1n connection with treatments or drug screening.

[0059] Various embodiments of the present disclosure
relate to the use of the identified model for screening new
treatments for anxiety. For instance, anxiety can be artifi-
cially mnduced or repressed using the methods discussed
herein, while pharmacological, electrical, magnetic, surgi-
cal, or optogenetic treatments are then applied and assessed.
In other embodiments of the present disclosure, the model
can be used to develop an 1n vitro approximation or simu-
lation of the 1dentified circuit, which can then be used in the
screening of devices, reagents, tools, technologies, methods
and approaches and for studying and probing anxiety and
related disorders. This study can be directed towards, but not
necessarily limited to, identifying phenotypes, endopheno-
types, and treatment targets.

[0060] Embodiments of the present disclosure are directed
toward modeling the BLA-CelL pathway as an endogenous
neural substrate for bidirectionally modulating the uncon-
ditioned expression ol anxiety. Certain embodiments are
directed toward other downstream circuits, such as CeA
projections to the BNST, for their role in the expression of
anxiety or anxiety-related behaviors. For instance, it is
believed that corticotropin releasing hormone (CRH) net-
works 1n the BNST may be critically involved 1n modulating
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anxiety-related behaviors, as the CeL 1s a primary source of
CRH for the BNST. Other neurotransmitters and neuro-
modulators may modulate or gate eflects on distributed
neural circuits, including serotonin, dopamine, acetylcho-
line, glycine, GABA and CRH. Still other embodiments are
directed toward control of the neural circuitry converging to
and diverging from this pathway, as parallel or downstream
circuits of the BLA-CeL synapse are believed to contribute
to the modulation or expression ol anxiety phenotypes.
Moreover, upstream of the amygdala, this microcircuit 1s
well-positioned to be recruited by top-down cortical control
from regions important for processing fear and anxiety,
including the prelimbic, infralimbic and msular cortices that
provide robust innervation to the BLA and CeL.

[0061] Experimental results based upon the BLA anatomy
suggest that the populations of BLA neurons projecting to

Cel and CeM neurons are largely non-overlapping. In
natural states, the CeL-projecting BLLA neurons may excite
CeM-projecting BLA neurons 1n a microcircuit homeostatic
mechanism, which can then be used to study underlying
anxiety disorders when there are synaptic changes that skew
the balance of the circuit to allow uninhibited CeM activa-
tion.

[0062] The embodiments and specific applications dis-
cussed herein (including the Examples) may be imple-
mented in connection with one or more ol the above-
described aspects, embodiments and implementations, as
well as with those shown 1n the figures and described below.
Reference may be made to the following Example, which 1s
tully incorporated herein by reference. For further details on
light-responsive molecules and/or opsins, including meth-
odology, devices and substances, reference may also be
made to the following background publications: U.S. Patent
Publication No. 2010/0190229, entitled “System for Optical
Stimulation of Target Cells” to Zhang et al.; U.S. Patent
Publication No. 2010/0145418, also entitled “System for
Optical Stimulation of Target Cells” to Zhang et al.; U.S.
Patent Publication No. 2007/0261127, entitled “System for
Optical Stimulation of Target Cells” to Boyden et al.; and
PCT WO 2011/116238, Entitled “Light Sensitive Ion Pass-
ing Molecules”. These applications form part of the patent
document and are fully incorporated herein by reference.
Consistent with these publications, numerous opsins can be
used 1n mammalian cells 1 vivo and 1n vitro to provide
optical stimulation and control of target cells. For example,
when ChR2 i1s introduced nto an electrically-excitable cell,
such as a neuron, light activation of the ChR2 channelrho-
dopsin can result 1 excitation and/or firing of the cell. In
instances when NpHR 1s introduced into an electrically-
excitable cell, such as a neuron, light activation of the NpHR
opsin can result 1n 1nhibition of firing of the cell. These and
other aspects of the disclosures of the above-referenced
patent applications may be useful 1n implementing various
aspects of the present disclosure.

[0063] While the present disclosure 1s amenable to various
modifications and alternative forms, specifics thereof have
been shown by way of example 1n the drawings and will be
described 1n further detail. It should be understood that the
intention 1s not to limit the disclosure to the particular
embodiments and/or applications described. On the con-
trary, the intention 1s to cover all modifications, equivalents,
and alternatives falling within the spirit and scope of the
present disclosure.
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EXAMPLES

[0064] Introduction

[0065] Anxiety 1s a sustained state of heightened appre-
hension 1n the absence of immediate threat, which 1n disease
states becomes severely debilitating’. Anxiety disorders
represent the most common of the psychiatric diseases (with
28% lifetime prevalence)®, and have been linked to the
etiology of major depression and substance abuse®. While
the amygdala, a brain region important for emotional pro-
cessing” '/, has long been hypothesized to play a role in
anxiety'®*°, the neural mechanisms which control and
mediate anxiety have yet to be identified. Here, we combine
cell type-specific optogenetic tools with two-photon micros-
copy, electrophysiology, and anxiety assays in freely-mov-
ing mice to i1dentily neural circuits underlying anxiety-
related behaviors. Capitalizing on the unique capability of
optogenetics®**° to control not only cell types, but also
specific connections between cells, we observed that tem-
porally-precise optogenetic stimulation of basolateral
amygdala (BLA) terminals 1n the central nucleus of the
amygdala (CeA), resolved by viral transduction of BLA with
ChR2 {followed by restricted illumination 1 downstream
CeA, exerted a profound, immediate, and reversible anxi-
olytic eflect. Conversely, selective optogenetic inhibition of
the same defined projection with eNpHR3.0*> potently,
swiltly, and reversibly increased anxiety-related behaviors.
Importantly, these eflects were not observed with direct
optogenetic control of BLA somata themselves. Together,
these results implicate specific BLA-CeA projections as
circuit elements both necessary and suflicient for endog-
enous anxiety control in the mammalian brain, and demon-
strate the 1importance of optogenetically targeting specific
projections, rather than cell types, in the study of neural
circuit function relevant to psychiatric disease.

[0066] Despite the high prevalence and severity" of anxi-
ety disorders, the corresponding neural circuit substrates are
poorly understood, impeding the development of safe and
ellective treatments. Available treatments tend to be incon-
sistently eflective or, 1n the case of benzodiazepines, addic-
tive and linked to significant side eflects including sedation
and respiratory suppression that can cause cognitive impair-
ment and death®”> *°. A deeper understanding of anxiety
control mechanisms in the mammalian brain® °° is neces-
sary to develop more eflicient treatments that have fewer
side-eflects. Of particular interest and novelty would be the
possibility of recruiting native pathways for anxiolysis.
[0067] The amygdala 1s critically involved in processing
associations between neutral stimuli and positive or negative
outcomes, and has also been implicated 1n processing
unconditioned emotional states. While the amygdala micro-
circuit has been functionally dissected in the context of fear
conditioning, amygdalar involvement has been implicated 1n
a multitude of other functions and emotional states, includ-
ing unconditioned anxiety. The amygdala 1s composed of
functionally and morphologically heterogeneous subnuclei
with complex iterconnectivity. A primary subdivision of
the amygdala 1s the basolateral amygdala complex (BLA),
which encompasses the lateral (LA), basolateral (BL) and
basomedial (BM) amygdala nucle1 (~90% of BL A neurons
are glutamatergic)”> °*. In contrast, the central nucleus of
the amygdala (CeA), which 1s composed of the centrolateral
(CeL) and centromedial (CeM) nuclel, 1s predominantly
(~95%) comprised of GABAergic medium spiny neurons>".

The BLA i1s ensheathed in dense clusters of GABAergic
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intercalated cells (ITCs), which are functionally distinct
from both local interneurons and the medium spiny neurons
of the CeA’® °’/. The primary output nucleus of the
amygdala is the CeM,>> > ***° which when chemically or
clectrically excited mediates autonomic and behavioral
responses associated with fear and anxiety via projections to
the brainstem6, 12, 32, 35. While the CeM 1s not directly
controlled by the primary amygdala site of converging
environmental and cognitive information (LA)">> > *', LA
and BLA neurons excite GABAergic CeL neurons™ which
can provide feed-forward inhibition onto CeM™*® #° “output™
neurons and reduce amygdala output. The BLA-CeL-CeM 1s
a less-characterized pathway suggested to be mnvolved not 1n
fear extinction but 1n conditioned ihibition, the suppression
of fear expression due to explicit unpairing of the tone and
shock, due to the potentiation of BLA-Cel synapses™’.
Although fear 1s characterized to be a phasic state triggered
by an external cue, while anxiety 1s a sustained state that
may occur in the absence of an external trigger, we won-
dered if circuits modulating conditioned inhibition of fear
might also be mvolved 1n modulating unconditioned inhi-
bition of anxiety.

[0068] Materials and Methods

[0069] Subjects: Male C57BL/6 mice, aged 4-6 weeks at

the start of experimental procedures, were maintained with
a reverse 12-hr light/dark cycle and given food and water ad
libitum. Animals shown 1n FIGS. 3A-3K, 4A-4F and 5A-5]
(mice 1n the ChR2 Terminals, EYFP Terminals and ChR2
Cell Bodies groups) were all single-housed in a typical
high-tratlic mouse facility to increase baseline anxiety lev-
cls. Each mouse belonged to a single treatment group.
Animals shown in FIG. 6 A-6P (Bilateral EYFP and eNpHR
3.0 groups) were group-housed 1 a special low-traflic
facility to decrease baseline anxiety levels. Animal hus-
bandry and all aspects of experimental manipulation of our
amimals were 1n accordance with the guidelines from the
National Institute of Health and have been approved by
members of the Stanford Institutional Amimal Care and Use
Committee.

[0070] Optical Intensity Measurements: Light transmis-
sion measurements were conducted with blocks of brain
tissue from acutely sacrificed mice. The tissue was then
placed over the photodetector of a power meter (ThorLabs,
Newton, N.J.) to measure the light power of the laser
penetrated the tissue. The tip of a 300 um diameter optical
fiber was coupled to a 473 nm blue laser (OEM Laser
Systems, Hast Lansing, Mich.). To characterize the light
transmission to the opposite side of the bevel, the photode-
tector of the power meter was placed parallel to the beveled
cannula. For visualization of the light cone, we used Fluo-
rescein 1sothiocyanate-dextran (FD150s; Sigma, Saint
Louis, Mo.) at approximately 5 mg/ml placed in a cuvette
with the optical fibers either with or without beveled cannula
shielding aimed perpendicularly over the fluorescein solu-
tion. Power density at specific depths were calculated con-
sidering both fractional decrease in intensity due to the
conical output of light from the optical fiber and the loss of
light due to scattering 1n tissue (Aravanis et al., J Neural

Eng, 4:5143-156, 2007) (Gradinaru et al., Newrosci,
2'7:14231-14238, 2007). The half-angle of divergence 0 ..
for a multimode optical fiber, which determines the angular
spread of the output light, 1s
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where n . 1s the index of refraction of gray matter (1.36,
Vo-Dinh T 2003, Biomedical Photonics Handbook (Boca

Raton, Fla.: CRC Press)) and NA;,(0.37) 1s the numerical
aperture of the optical fiber. The fractional change in inten-
sity due to the conical spread of the light with distance (z)
from the fiber end was calculated using trigonometry

Iz p° ) n o2
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and r 1s the radius of the optical fiber (100 pm).

[0071] The fractional transmission of light after loss due to
scattering was modeled as a hyperbolic function using
empirical measurements and the Kubelka-Munk model " 2,
and the combined product of the power density at the tip of
the fiber and the fractional changes due to the conical spread
and light scattering, produces the value of the power density
at a specific depth below the fiber.

[0072] Virus construction and packaging: The recombi-
nant AAV vectors were serotyped with AAVS coat proteins
and packaged by the viral vector core at the University of
North Carolina. Viral titers were 2x10e'” particles/mL.,

3x10e"” particles/mL, 4x10e"~ particles/mL respectively for
AAV-CaMKlIla-hChR2(H134R)-EYFP, AAV-CaMKIla-

EYFP, and AAV-CaMKIla-eNpHR 3.0-EYFP. The pAAV-
CaMKIla-eNpHR3.0-EYFP plasmid was constructed by
cloning CaMKIIa-eNpHR3.0-EYFP into an AAV backbone
using Mlul and EcoRI restriction sites. Similarly, The
pAAV-CaMKIIa-EYFP plasmid was constructed by cloning
CaMKIIa-EYFP mto an AAV backbone using Mlul and
EcoRI restriction sites. The maps are available online at
www.optogenetics.org, which are incorporated herein by
reference.

[0073] Stereotactic injection and optical fiber placement:
All surgeries were performed under aseptic conditions under
stereotaxic guidance. Mice were anaesthetized using 1.5-3.
0% 1soflourane. All coordinates are relative to bregma 1n
mm°. In all experiments, both in vivo and in vitro, virus was
delivered to the BLA only, and any viral expression in the
CeA rendered exclusion from all experiments. Cannula
guides were beveled to form a 45-35 degree angle for the
restriction of the i1llumination to the CeA. The short side of
the beveled cannula guide was placed antero-medially, the
long side of the beveled cannula shielded the posterior-
lateral portion of the light cone, facing the opposite direction
of the viral injection needle. To preferentially target BLA-
CeL synapses, we restricted opsin gene expression to BLA
glutamatergic projection neurons and restricted light deliv-
ery to the CeA. Control of BLA glutamatergic projection
neurons was achieved using an adeno-associated virus
(AAV5) vector carrying light-activated optogenetic control
genes under the control of a CaMKIla promoter. Within the
BLA, CaMKlIla 1s only expressed in glutamatergic pyrami-
dal neurons, not in local interneurons”. Mice in the ChR2
Terminals and EYFP Terminals groups received umlateral
implantations of beveled cannulae for the optical fiber
(counter-balanced for hemisphere), while mice 1n the
eNpHR 3.0 or respective EYFP group received bilateral
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implantations of the beveled cannulae over the CeA (-1.06
mm anteroposterior (AP); £2.25 mm mediolateral (ML); and
—4.4 mm dorsoventral (DV); PlasticsOne, Roanoke, Va.)’.
Mice 1n the ChR2 Cell Bodies groups received unilateral
implantation of a Doric patchcord chronically implantable
fiber (NA=0.22; Doric lenses, Quebec, Canada) over the
BLA at (-1.6 mm AP; +3.1 mm ML; -4.5 mm DV)>. For all
mice, 0.5 ul of purified AAV. was 1njected unilaterally or
bilaterally in the BLA (£3.1 mm AP, 1.6 mm ML, -4.9 mm
DV)® using beveled 33 or 35 gauge metal needle facing
postero-lateral side to restrict the viral infusion to the BLA.
10 ul Hamilton microsyringe (nanofil, WPI, Sarasota, Fla.)
were used to deliver concentrated AAV solution using a
microsyringe pump (UMP3; WPI, Sarasota, Fla.) and its
controller (Micro4; WPI, Sarasota, Fla.). Then, 0.5 ul of
virus solution was injected at each site at a rate of 0.1 ul per
min. After mjection completion, the needle was lifted 0.1
mm and stayed for 10 additional minutes and then slowly
withdrawn. One layer of adhesive cement (C&B metabond;
Parkell, Edgewood, N.Y.) followed by cranioplastic cement
(Dental cement; Stoelting, Wood Dale, Ill.) was used to
secure the fiber guide system to the skull. After 20 min, the
incision was closed using tissue adhesive (Vetbond; Fisher,
Pittsburgh, Pa.). The animal was kept on a heating pad until
it recovered from anesthesia. A dummy cap (rat: C312G,
mouse: C313G) was inserted to keep the cannula guide
patent. Behavioral and electrophysiological experiments
were conducted 4-6 weeks later to allow for viral expression.

[0074] In vivo recordings: Simultaneous optical stimula-
tion of central amygdala (CeA) and electrical recording of

basolateral amygdala (BLA) of adult male mice previously
(4-6 weeks prior) transduced 1n BLA with AAV-CaMKlIIa-

ChR2-eYFP wviral construct was carried out as described
previously (Gradinaru et al., J Neurosci, 27:14231-14238,
2007). Animals were deeply anesthetized with 1soflurane
prior to craniotomy and had negative toe pinch. After
aligning mouse stereotaxically and surgically removing
approximately 3 mm~ skull dorsal to amygdala. Coordinates
were adjusted to allow for developmental growth of the skull
and brain, as mice received surgery when they were 4-6
weeks old and experiments were performed when the mice
were 8-10 weeks old (centered at —1.5 mm AP, £2.75 mm
ML)>, a 1Mohm 0.005-in extracellular tungsten electrode
(A-M systems) was stereotactically inserted into the cran-
iotomized brain region above the BLA (in mm -1.65 AP,
+3.35 ML, -4.9 DV)°. Separately, a 0.2 N.A. 200 um core
diameter fiber optic cable (Thor Labs) was stereotactically
inserted into the brain dorsal to CeA (-1.1 AP, £2.25 ML,
—4.2 DV)°. After acquiring a light evoked response, voltage
ramps were used to vary light mtensity during stimulation
epochs (20 Hz, 5 ms pulse width) 2 s in length. After
acquiring optically evoked signal, the exact position of the
fiber was recorded, the fiber removed from the brain,
inserted into a custom beveled cannula, reinserted to the
same position, and the same protocol was repeated. In most
trials, the fiber/cannula was then extracted from the brain,
the cannula removed, and the bare fiber reinserted to ensure
the fidelity of the population of neurons emitting the evoked
signal. Recorded signals were bandpass filtered between 300
Hz and 20 kHz, AC amplified either 1000x or 10000x (A-M
Systems 1800), and digitized (Molecular Devices Digidata
1322A) before being recorded using Clampex soltware
(Molecular Devices). Clampex software was used for both
recording field signals and controlling a 473 nm (OEM
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Laser Systems) solidstate laser diode source coupled to the
optrode. Light power was titrated between <1 mW (~14
mW/mm?) and 28 mW (~396 mW/mm">) from the fiber tip
and measured using a standard light power meter (Thor-
Labs). Electrophysiological recordings were 1nitiated
approximately 1 mm dorsal to BL A after lowering isoflurane
anesthesia to a constant level of 1%. Optrode was lowered
ventrally in ~0.1 mm steps until localization of optically
evoked signal.

[0075] Behavioral assays: All animals used for behavior
received viral transduction of BLA neurons and the implan-
tation enabling unilateral (for ChR2 groups and controls) or
bilateral (for eNpHR?3.0 groups and controls) light delivery.
For behavior, multimode optical fibers (NA 0.37; 300 pm
core, BFLL37-300; ThorLabs, Newton, N.J.) were precisely
cut to the optimal length for restricting the light to the CeA,
which was shorter than the long edge of the beveled cannula,
but longer than the shortest edge of the beveled cannula. For
optical stimulation, the fiber was connected to a 473 nm or
594 nm laser diode (OEM Laser Systems, FEast Lansing,
Mich.) through an FC/PC adapter. Laser output was con-
trolled using a Master-8 pulse stimulator (A.M.P.1., Jerusa-
lem, Israel) to deliver light trains at 20 Hz, 5 ms pulse-width
for 473 nm light, and constant light for 594 nm light
experiments. All included amimals had the center of the viral
injection located in the BLA, though there was sometimes
leak to neighboring regions or along the needle tract. Any
case 1 which there was any detectable viral expression 1n
the CeA, the animals were excluded. All statistically sig-
nificant eflects of light were discussed, and undiscussed
comparisons did not show detectable diflerences.

[0076] The clevated plus maze was made of plastic and
consisted of two light gray open arms (30x5 cm), two black
enclosed arms (30x35x30 cm) extending from a central
platform (5x5x5 cm) at 90 degrees in the form of a plus. The
maze was placed 30 cm above the floor. Mice were 1ndi-
vidually placed in the center. 1-5 minutes were allowed for
recovery from handling before the session was imtiated.
Video tracking software (BiObserve, Fort Lee, N.I.) was
used to track mouse location, velocity and movement of
head, body and tail. All measurements displayed were
relative to the mouse body. Light stimulation protocols are
specified by group. ChR2:BLA-CeA mice and correspond-
ing controls groups (EYFP:BLA-CeA and ChR2:BLA
Somata) were singly-housed in a high-stress environment
for at least 1 week prior to anxiety assays: unilateral 1llu-

mination of BLA terminals 1 the CeA at 7-8 mW (~106
mW/mm? at the tip of the fiber, ~6.3 mW/mm?2 at CeL and
~2.4 mW/mm? at the CeM) of 473 nm light pulse trains (5
ms pulses at 20 Hz). For the ChR2 Cell Bodies group BLA
neurons were directly illuminated with a lower light power
because 1llumination with 7-8 mW induced seizure activity,
so we unilaterally 1lluminated BLA neurons at 3-5 mW (~357
mW/mm?) of 473 nm light pulse trains (5 ms pulses at 20
Hz). For the eNpHR 3.0 and corresponding EYFP group, all
mice were group-housed and recerved bilateral viral mjec-

tions and bilateral 1llumination of BLA terminals 1in the CeA
at 4-6 mW (~71 mW/mm* at the tip of the fiber, ~4.7

mW/mm~ at the CeL and ~1.9 mW/mm~ at the CeM) of 594
nm light with constant i1llumination throughout the 5-min
light on epoch. The 15-min session was divided 1nto 3 5-min
epochs, the first epoch there was no light stimulation (ofl),
the second epoch light was delivered as specified above (on),
and the third epoch there was no light stimulation (oif).
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[0077] The open-field chamber (30x50 cm) and the open
field was divided into a central field (center, 23 x 23 cm) and
an outer field (periphery). Individual mice were placed in the
periphery of the field and the paths of the animals were
recorded by a video camera. The total distance traveled was
analyzed by using the same wvideo-tracking software,
Viewer” (BiObserve, Fort Lee, N.J.). The open field assess-
ment was made immediately after the elevated-plus maze
test. The open field test consisted of an 18-min session in
which there were six 3-min epochs. The epochs alternated
between no light and light stimulation periods, beginnming
with a light off epoch. For all analyses and charts where only
“off” and “on” conditions are displayed, the 3 “off” epochs
were pooled and the 3 “on” epochs were pooled.

[0078] For the glutamate receptor antagonist manipula-
tion, a glutamate antagonist solution consisting of 22.0 mM
of NBQX and 38.0 mM of D-APV (Tocrs, Ellisville, Mo.)
dissolved 1n saline (0.9% NaCl). 5-15 min before the anxiety
assays, 0.3 ul of the glutamate antagonist solution was
infused into the CeA via an internal infusion needle, inserted
into the same guide cannulae used for light delivery wvia
optical fiber, that was connected to a 10-ul Hamilton syringe
(nanofil; WPI, Sarasota, Fla.). The flow rate (0.1 ul per min)
was regulated by a syringe pump (Harvard Apparatus,
Mass.). Placements of the viral injection, guide cannula and
chronically-implanted fiber were histologically venfied as

indicated 1n FIGS. 7 and 10A-10F.

[0079] Two-photon optogenetic circuit mapping and ex
vivo electrophysiological recording: Mice were 1injected
with AAV5-CaMKIIa-ChR2-EYFP at 4 weeks of age, and
were sacrificed for acute slice preparation 4-6 weeks to
allow for viral expression. Coronal slices containing the
BLA and CeA were prepared to examine the functional
connectivity between the BLA and the CeA. Two-photon
images and electrophysiological recordings were made
under the constant perfusion of aCSF, which contained (in
mM): 126 NaCl, 26 NaHCO,, 2.5 KCl, 1.25 NaH,PO,, 1
MgC(l,, 2 CaCl,, and 10 glucose. All recordings were at 32°
C. Patch electrodes (4-6 MOhms) were filled (in min): 10
HEPES, 4 Mg-ATP, 0.5 Mg(Cl,, 0.4 Na,-GTP, 10 NaCl, 140
potassium gluconate, and 80 Alexa-Fluor 594 hydrazide
(Molecular Probes, Eugene Oreg.). Whole-cell patch-clamp
recordings were performed in BLA, CelL and CeM neurons,
and cells were allowed to fill for approximately 30 minutes
before 1imaging on a modified two-photon microscope (Prai-
rie Microscopes, Madison Wis.) where two-photon imaging,
whole-cell recording and optogenetic stimulation could be
done simultaneously. Series resistance of the pipettes was
usually 10-20 MOhms. Blue light pulses were elicited using,
a 473 nm LED at ~7 mW/mm~ (Thorlabs, Newton N.J.)
unless otherwise noted. A Coherent Ti-Saphire laser was
used to image both ChR2-YFP (940 nm) and Alexa-Fluor
594 (800 nm). A FF560 dichroic with filters 630/69 and
542/277 (Semrock, Rochester N.Y.) was also used to separate
both molecules’ emission. All images were taken using a
40X/.8 NA LUMPlanFL/IR Objective (Olympus, Center
Valley Pa.). In order to 1solate fibers projecting to CeL from
the BLA and examine responses in the CeM, slices were
prepared as described above with the BLA excluded from
illumination. Whole-cell recordings were performed in the
CeM with 1llumination from the objective aimed over the
CeL. To further ensure activation of terminals from the BLA
to Cel. was selective, 1llumination was restricted to a ~125
um diameter around the center of the CeL.. Here, blue light
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pulses were elicited using an XCite halogen light source
(EXPO, Mississauga, Ontario) with a 470/3 filter at 6.5
mW/mm® coupled to a shutter (Uniblitz, Rochester N.Y.).
For functional mapping, we first recorded from a BLA
neuron expressing ChR2 and simultaneously collected elec-
trophysiological recordings and filled the cell with Alexa-
Fluor 594 hydrazide dye to allow for two-photon 1maging.
Two-photon z-stacks were collected at multiple locations
along the axon of the filled BLA neuron. We then followed
the axon of the BLA neuron projecting to the CeL nucleus
and recorded from a CeL neuron in the BLA terminal field.
We then simultaneously recorded from a CeL neuron, filled
the cell with dye and performed two-photon live 1maging
betore following the CelL neuronal axons to the CeM. We
then repeated this procedure 1n a CeM neuron, but moved
the light back to the terminal field 1n the CeL to mimic the
preferential illumination of BLA-CelL synapses with the
same stimulation parameters as performed 1n vivo. Voltage-
clamp recordings were made at both -70 mV, to 1solate
EPSCs, and at 0 mV, to 1solate IPSCs. EPSCs were con-
firmed to be EPSCs via bath application of the glutamate
receptor antagonists (n=5), NBQX (22 uM) and APS5 (38
uM), IPSCs were confirmed to be IPSCs via bath application
of bicuculline (10 uM; n=2), which abolished them, respec-
tively. We also performed current-clamp recordings when
the cell was resting at approximately =70 mV.

[0080] For the characterization of optogenetically-driven
antidromic stimulation 1n BLLA axon terminals, animals were
injected with AAV3-CaMKIIa-ChR2-EYFP at 4 weeks of
age, and were sacrificed for acute slice preparation 4-6
weeks to allow for viral expression. Slice preparation was
the same as above. To the aCSF we added 0.1 mM picro-
toxin, 10 uM CNQX and 25 uM APS (Sigma, St. Louis,
Mo.). Whole-cell patch-clamp recordings were performed 1n
BL A neurons and were allowed to {ill for approximately 30
minutes before two-photon 1maging. Series resistance of the
pipettes was usually 10-20 MOhms. All images were taken
using a 40X/.8 NA LUMPlanFL/IR Objective (Olympus,
Center Valley Pa.). Blue light pulses were elicited using an
XCite halogen light source (EXPO, Mississauga, Ontario)
with a 470/30 filter at 6.5 mW/mm"” coupled to a shutter
(Uniblitz, Rochester N.Y.). Two-photon z-stacks were col-
lected at multiple locations along the axon of the filled BLA
neuron. Only neurons whose axons could be visualized for
over ~300 um diameter towards the CelL nucleus were
included for the experiment, and neurons that had processes
going 1n all directions were also excluded. Stimulation
on/oil axon was accomplished by moving the slice relative
to a ~125 um diameter blue light spot. In order to calibrate
the slice for correct expression, whole-cell patch-clamp was
performed on a CeL cell and a ~125 um diameter spot blue
pulse was used to ensure that synaptic release from the BLA
terminals on to the CeLl neuron was reliable.

[0081] For the dissection of direct and indirect projections
to CeM, animals were 1njected with AAV .-CaMKIIa-ChR2-
EYFP at 4 weeks of age, and were sacrificed for acute slice
preparation 4-6 weeks to allow for viral expression. Slice
preparation was the same as above. Light was delivered
through a 40X/.8 NA LUMPlanFL/IR Objective (Olympus,
Center Valley Pa.). Prior to whole cell patch clamping 1n the
CeM nucleus, the location of the Cel. nucleus was noted 1n
order to revisit 1t with the light spot restricted to this region.
Whole-cell patch-clamp recordings were performed 1n CeM
neurons. Series resistance of the pipettes was usually 10-20
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MOhms. Blue light pulses were elicited using a XCite
halogen light source (EXPO, Mississauga, Ontario) with a
470/30 filter at 6.5 mW/mm-~ coupled to a shutter (Uniblitz,
Rochester N.Y.). During CeM recordings, broad 1llumina-
tion (~425-450 um 1n diameter) of BLA terminals in the CeA
and 20 Hz, 5 ms light train for 2 s was applied. Voltage-
clamp recordings were made at 70 mV and 0 mV to isolate
EPSCs and IPSCs respectively. Current-clamp recordings
were also made. Then, illumination was moved to the CelL
using a restricted light spot ~125 um 1n diameter. We again
performed voltage clamp recordings at =70 mV and 0 mV

and used 20 Hz, 5 ms light train for 2 s. For the CeM neuron
spiking inhibition experiments, in current-clamp, we applied
the minimal current step required to induce spiking (~60 pA)
and simultancously applied preferential illumination of
ChR2-expressing BLLA terminals in the CelL with a 20 Hz, 5
ms light train for 2s (mean over 6 sweeps per cell). For the
experiments comparing the broad illumination of the BLA
terminal field centered 1n the CeM to selective 1llumination
of BLA-CeL terminals, these conditions were performed 1n
repeated alternation 1n the same CeM cells (n=7).

[0082] To venily that terminal inhibition did not alter
somatic spiking, amimals were injected with AAV3-
CaMKIIa-eNpHR3.0-EYFP at 4 weeks of age, and were
sacrificed for acute slice preparation 4-6 weeks to allow for
viral expression. Slice preparation was the same as above.
Whole-cell patch-clamp recordings were performed in BLA

neurons and were allowed to fill for approximately 30
minutes. Light was delivered through a 40X/.8 NA LUMP-

lanFL/IR Objective (Olympus, Center Valley Pa.). Whole-
cell patch-clamp recordings were performed on BLA neu-
rons. Series resistance of the pipettes was usually 10-20
MOhms. Yellow light pulses were elicited using a XCite
halogen light source (EXPO, Mississauga, Ontario) with a
589/24 filter at 6.5 mW/mm"” coupled to a shutter (Uniblitz,
Rochester N.Y.). After patching, an unrestricted light spot
(~425-450 microns in diameter) was placed over the BLA
soma and a 1s pulse was applied. Cells were excluded 11 the
current recorded was under 600 pA of hyperpolarizing
current and the axon did not travel over ~300 um towards the
CeL nucleus. The light spot was then restricted to ~125 pm
in diameter. On and off axon voltage clamp recordings were
taken with a 1s pulse of light. For the current clamp record-
ings, action potentials were generated by applying 250 pA of
current to the cell soma through the patch pipette.

[0083] To demonstrate that selective illumination of
eNpHR3.0-expressing BLA terminals reduced the probabil-
ity of spontaneous vesicle release, animals were injected
with AAV5-CaMKlIlo-eNpHR3.0-EYFP at 4 weeks of age,
and were sacrificed for acute slice preparation 4-6 weeks to
allow for viral expression. Slice preparation was the same as
above. Whole-cell patch-clamp recordings were performed
in central lateral neurons. Light was delivered through a
40X/.8 NA LUMPlanFL/IR Objective (Olympus, Center
Valley Pa.). Series resistance ol the pipettes was usually
10-20 MOhms. Yellow light pulses were elicited using a
XCite halogen light source (EXPO, Mississauga, Ontario)
with a 589/24 filter at 6.5 mW/mm~” coupled to a shutter
(Unmiblitz, Rochester N.Y.). The light spot was restricted to
~125 um 1n diameter. Carbachol was added to the bath at a
concentration of 20 ~M. After sEPSC activity increased 1n
the CeL neuron, light pulses were applied ranging in times
from 5s to 30 s.
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[0084] To demonstrate that selective 1llumination of
eNpHR3.0-expressing BLA terminals could reduce the
probability of vesicle release evoked by electrical stimula-
tion, animals were 1njected with AAVS-CaMKIla-eNpHR3.
0-EYFP at 4 weeks of age, and were sacrificed for acute slice
preparation 4-6 weeks to allow for viral expression. Slice
preparation was the same as above. A bipolar concentric
stimulation probe (FHC, Bowdoin Me.) was placed 1n the
BLA. Whole-cell patch-clamp recordings were performed 1n
CeL neurons. Light was delivered through a 40X/.8 NA
LUMPIlanFL/IR Objective (Olympus, Center Valley Pa.).
Series resistance of the pipettes was usually 10-20 MOhms.
Amber light pulses over the central lateral cell were elicited
using a XCite halogen light source (EXPO, Mississauga,
Ontario) with a 589/24 filter at 6.5 mW/mm~ coupled to a
shutter (Uniblitz, Rochester N.Y.). The light spot was
restricted to ~125 um in diameter. Electrical pulses were
delivered for 40 seconds and light was delivered starting at
10 seconds and shut off at 30 seconds 1n the middle.

[0085] For the anatomical tracing experiments, neurons
were excluded when the traced axons were observed to be
severed and all BLA neurons included in the anatomical
assay (FIGS. 5A-51) showed spiking patterns typical of BLA
pyramidal neurons'® upon a current step.

[0086] Slice immunohistochemistry: Anesthetized mice
were transcardially perfused with ice-cold 4% paratormal-
dehyde (PFA) in PBS (pH 7.4) 100-110 min after termina-
tion of 1 vivo light stimulation. Brains were fixed overnight
in 4% PFA and then equilibrated in 30% sucrose 1n PBS. 40
um-thick coronal sections were cut on a freezing microtome
and stored 1n cryoprotectant at 4° C. until processed for
immunohistochemaistry. Free-floating sections were washed
in PBS and then incubated for 30 min 1n 0.3% Tx100 and 3%
normal donkey serum (NDS). Primary antibody incubations
were performed overnight at 4° C. 1n 3% NDS/PBS (rabbit
anti-c-fos 1:500, Calbiochem, La Jolla, Calif.; mouse anti-
CaMKII 1:500, Abcam, Cambridge, Mass.). Sections were
then washed and incubated with secondary antibodies
(1:1000) conjugated to Cy3 or Cy5 (Jackson Laboratories,
West Grove, Pa.) for 3 hrs at room temperature. Following
a 20 min incubation with DAPI (1:50,000) sections were

washed and mounted on microscope slides with PVD-
DABCO.

[0087] Confocal microscopy and analysis: Contfocal fluo-
rescence 1mages were acquired on a Leica TCS SP3S scan-
ning laser microscope using a 20X/0.70NA or a 40X/1.
25NA o1l immersion objective. Serial stack images covering
a depth of 10 um through multiple sections were acquired
using equivalent settings. The Volocity image analysis soft-
ware (Improvision/PerkinElmer, Waltham, Mass.) calcu-
lated the number of c-fos positive cells per field by thresh-
olding c-fos immunoreactivity above background levels and
using the DAPI staining to delineate nucle1. All imaging and
analysis was performed blind to the experimental condi-
tions.

[0088] Statistics: For behavioral experiments and the ex
vivo electrophysiology data, binary comparisons were tested
using nonparametric bootstrapped t-tests (paired or unpaired
where appropriate)’, while hypotheses involving more than
two group means were tested using linear contrasts (using
the “boot” and “lme4” packages in R°, respectively); the
latter were formulated as contrasts between coeflicients of a
linear mixed-eflects model (a “two-way repeated-measures
ANOVA”) with the fixed eflects being the genetic or phar-
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macological manipulation and the light treatment (on or ofl).
All hypothesis tests were specified a priori. Subjects were
modeled as a random eflects. For c-fos quantification com-
parisons, we used a one-way ANOVA followed by Tukey’s
multiple comparisons test.

[0089] Plots of the data clearly show a relationship
between observation mean and observation variance (that 1s,
they are heteroskedastic; see for example, FIG. 3E and FIG.
5]). We found that a standard square-root transformation
corrected this well. Additionally, eNpHR3.0 elevated plus
maze (EPM) data required detrending by a linear fit over
time to account for a decrease 1n exploration behavior over
time. As 1s standard for a two-way linear mixed eflects
model (also known as a two-way repeated-measures
ANOVA), we model (the square-root corrected value of) the
kth observation in the 1jth cell (y, ;) as

Vi HrC AL+ (Cit) 4D ey (1)
[0090] where
[0091] p 1s the grand mean across all cells (where the 17th

“cell” 1n the collection of observations corresponding to
the 1th condition and jth treatment)

[0092] c, 15 a fixed eflect due to the 1th animal condition
across treatments (for example, a genetic manipulation)

[0093] t, 15 a fixed eflect due to the jth treatment across
conditions (for example, light on or light off)

[0094] (c: 1), 15 a fixed effect due to the interaction of the
ith condition and jth treatment in the 1yth cell

[0095] b, 1s a random eflect corresponding to animals
being used across treatments, and

[0096] e, 1s an independent and identically distributed
(1.1.d.) random normal disturbance 1n the 11kth observation
with mean 0 and variance o~, and independent of b ; for all
]

[0097] Collecting the fixed eflects into a 2-way analysis of

variance (ANOVA) design matrix X €R™?, dummy coding,

the random eflects 1n a sparse matrix Z €R™, and letting u=

vu we can express the model in matrix form as

where ) € R, b € R and e& R are observations of

random y, £ and & respectively and our model assumes

8N, o)

N~ N0, 0?1, eLF
()& =b) ~ N (X p+zb, o71) ¥

where N (u, 2) denotes the multivariate Gaussian distribu-
tion with mean vector u and variance-covariance matrix ,
and 1 1indicates that two variables are independent. To
estimate the coeflicient vectors € R”, b € R?, and the
variance parameter o and sparse (block-diagonal) relative
variance-covariance matrix 2& R, we use the lme4 pack-
age 1n R written by Douglas Bates and Martin Maechler,
which first finds a linear change of coordinates that
“spheres™ the random eflects and then finds the maximum
likelihood estimates for [, o, and X using penalized itera-
tively reweighted least-squares, exploiting the sparsity of the
random eflects matrix to speed computation. For more
details see the documentation accompanying the package 1n
the Imed4 repository at http://www.r-project.org/.

[0098] To solve for the maximum likelihood estimates, the
design matrix X in equation 2 must be of full column rank.
It 1s well known that this 1s not the case for a full factorial
design matrix with an intercept (as i equation 1), and thus
linear combinations (“contrasts™) must be used to define the
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columns of X 1n order for the fixed-eflect coeflicients to be
estimable. As our designs are balanced (or nearly balanced),
we used orthogonal (or nearly orthogonal) Helmert contrasts
between the coeflicients associated with light on as com-
pared to light off conditions, terminal stimulation as com-
pared to control conditions, and so on, as reported in the
main text. Such contrasts allowed us to compare pooled data
(e.g., from several sequential light on vs. light off condi-
tions) against each other within a repeated-measures
design—yielding improved parameter estimation and test
power while accounting for within-animal correlations.

[0099] Results

[0100] BLA cells have promiscuous projections through-
out the brain, including to the bed nucleus of the stria
terminalis (BNST), nucleus accumbens, hippocampus and
cortex”>> *°. To test whether BLA-CeL synapses could be
causally involved 1n anxiety, 1t was therefore necessary to
develop a method to selectively control BL A terminals in the
CeL, without directly affecting other BLA projections. To
preferentially target BLA-CeL synapses, we restricted opsin
gene expression to BLA glutamatergic projection neurons
and restricted light delivery to the CeA. Control of BLA
glutamatergic projection neurons was achieved with an
adeno-associated virus (AAV3YS) vector carrying light-acti-
vated optogenetic control genes under the control of a
CaMKIla promoter; within the BLA, CaMKIIa 1s only
expressed 1n glutamatergic pyramidal neurons, not in local
interneurons or intercalated cells™®. To preferentially deliver
light to the CeA projection, virus was delivered unilaterally
into the BLA under stereotaxic guidance (FIGS. 7 and
8A-8EF) along with implantation of a beveled guide cannula
over the CeL to prevent light delivery to the BL A and allow
selective 1llumination of the CeA. Geometric and functional
properties of the resulting light distribution were quantified
both 1n vitro and 1n vivo, with 1n vivo electrophysiological
recordings to determine light power parameters for selective
control of BLA terminals but not BLA cell bodies (FIGS.
9A-9D).

[0101] TTo test the hypothesis that the BLA-CeA pathway
could implement an endogenous mechanism for anxiolysis,
we probed freely-moving mice under projection-specific
optogenetic control i two distinct and well-validated anxi-
ety assays: the elevated plus maze and the open field test
(FIGS. 3A-3F). Mice display anxiety-related behaviors
when exposed to open or exposed spaces, therefore
increased time spent 1n the exposed arms of the elevated plus
maze or 1n the center of the open field chamber indicates
reduced anxiety™”> °°. To test for both induction and reversal
of relevant behaviors, we first exposed mice to the elevated
plus maze for three 5-min epochs, in which light was
delivered during the second epoch only.

[0102] To determine whether the anxiolytic eflfect we
observed would be specific to activation of BLA terminals 1n
the CeA, and not BLA cells 1n general, we compared mice
receiving projection-specific control (in the ChR2:BLA-
CeA group; FIG. 3A to both a negative control group
receiving transduction with a control virus given the same
pattern of illumination (EYFP:BLA-CeA) and a positive
control group transduced with the AAV-CaMKIIa-ChR2-
EYFP virus in the BLA with a fiber implanted directly over
the BLA (ChR2:BLA Somata). For this group (ChR2:BLA
Somata), light stimulation did not elicit the anxiolysis
observed 1 the ChR2:BLA-CeA group (FIG. 3B-3C;

indeed, the ChR2:BLA-CeA group spent significantly more
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time 1n open arms (t(42)=8.312; p<0.00001; FIG. 3b,c)
during light-induced activation of BLA terminals in the CeA
, 1n comparison to controls (EYFP:BLA-CeA and ChR2:
BLA Somata groups). The ChR2:BLA-CeA mice also
showed an increase in the probability of entering an open
arm rather than a closed arm, from the choice point of the
center of the maze (FIG. 3C inset), indicating an increased
probability of selecting the normally anxiogenic environ-
ment.

[0103] We also probed mice on the open field arena for six
3-minute epochs, again testing for reversibility by alternat-
ing between no light (ofl) and light stimulation (on) condi-
tions. Experimental (ChR2:BLA-CeA) mice displayed an
immediate, robust, and reversible light-induced anxiolytic
response as measured by the time 1n center of the open field
chamber (FIG. 3D-3E), while mice in the EYFP:BLA-CeA
and ChR2:BLA Somata groups did not (FIG. 3E). Light
stimulation did not significantly alter locomotor activity
(FIG. 3F). While there was no detectable diflerence among
groups 1n the off conditions, there was a significant increase
in center time ol the open field spent by mice in the
ChR2:BLA-CeA group relative to the EYFP:BLA-CeA or
ChR2:BLA Somata groups during the on conditions (t(105)
=4.96178; p<t0.0001 for each contrast). We concluded that
selective stimulation of BLA projections to the CeA, but not
BLLA somata, produces an acute, rapidly reversible anxi-
olytic eflect, supporting the hypothesis that the BLA-CeL-
CeM pathway could represent a native microcircuit for
anxiety control.

[0104] We next investigated the physiological basis of this
light-induced anxiolytic effect. Glutamatergic neurons 1n the
BLA send robust excitatory projections to CelL neurons as
well as to CeM neurons”"; however, not only are the CeM
synapses distant from the light source (FIG. 8 A-8E), but also
any residual direct excitation of these CeM neurons would
be expected to result 1n an anxiogenic, rather than an
anxiolytic, effect'”. However, CelL neurons exert strong
inhibition onto these brainstem-projecting CeM output neu-
rons~>> > %, and we therefore hypothesized that illumina-
tion of BLA terminals 1n the CeA could activate BLA-CeL
neurons and thereby elicit feed-forward 1inhibition onto CeM
neurons and implement the observed anxiolytic phenom-
enon.

[0105] To confirm the operation of this optogenetically-
defined projection, we undertook 1n vivo experiments, with
light delivery protocols matched to those delivered in the
behavioral experiments, and activity-dependent immediate
carly gene (c-1os) expression analysis as the readout to
verily the pattern of neuronal activation (FIG. 3G-3K).

Under blinded conditions, we quantified the proportion of
neurons 1 the BLA, CeL and CeM (FIG. 31-3K) ifor

ChR2:BLA-CeA, EYFP:BLA-CeA and ChR2:BLLA Somata
groups that expressed EYFP or showed c-fos immunoreac-
tivity. Virus expression under the CaMKIIo promoter in the
BLA targeted glutamatergic neurons”’, and we did not
observe EYFP expression 1n local interneurons nor interca-
lated cells (FIG. 10A-10F). No significant differences
among groups were detected in the proportion of EYFP-
positive cells within each region (FIG. 3G-3K), but we
found a significantly higher proportion of c-fos positive

BLA cells in the ChR2:BLA Somata group, relative to
ChR2:BLA-CeA or EYFP:BLA-CeA groups (FI1G.31;p<0.
01 and p<0.05, respectively). There was no detectable

difference in c-tos between the ChR2:BLLA-CeA and EYFP:
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BLA-CeA groups, indicating that the beveled cannula
shielding effectively prevented direct illumination to BLA
cell bodies. A significantly higher proportion of CeL. neurons
expressed c-1os 1n the ChR2:BLA-CeA group relative to the
EYFP:BLA-CeA group (p<0.035), but not the ChR2:BLA
Somata group (FIG. 3]). Thus, selective illumination of
BLA terminals expressing ChR2 in the CeA led to prefer-
ential activation of CeL neurons, without activating BLA
somata. In the CeM, we found twice as many c-fos positive
neurons (relative to total neurons) 1n the ChR2:BL A Somata
group than in the ChR2:BLA-CeA (FIG. 3K), consistent
with anatomical projections, as LA neurons selectively
innervate Cel. neurons, while neurons 1in the BLL and BM
nucle1 of the amygdala have monosynaptic projections to
both the CeL and the CeM>* ** >'. Together, these data
reveal that the in vivo illumination that triggers an acute
anxiolytic behavioral phenotype implements selective 1llu-

mination of BLA-CeL synapses without activating BL A cell
bodies.

[0106] To test the hypothesis that selective illumination of
BL A terminals 1n the CeL. induces feed-forward inhibition of
CeM output neurons, we combined whole-cell patch-clamp
recording with live two-photon imaging to visualize the
microcircuit while simultaneously probing the functional
relationships among these cells during projection-specific
optogenetic control (FIG. 4A-4F). While the light-stimula-
tion parameters used 1n vivo were delivered via a fiber optic
and the parameters used in our €x vivo experiments were
delivered onto acute slices, we matched the light power
density at our target location ~6 mW/mm?®. A two-photon
image of the BLA-CeL-CeM circuit 1s shown in FIG. 4A,
with all three cells imaged from the same slice (FIG.4A).
The BLA neuron expressing ChR2-EYFP showed robust,
high-fidelity spiking to direct illumination with 20 Hz, 5 ms
pulses of 473 nm light (FIG. 4B). A representative trace from
a CeL neuron, recorded during i1llumination of the terminal
field of BL A neurons expressing ChR2-EYFP, demonstrates
the typical excitatory responses seen 1 CeL (FIG. 4C), with
population summaries revealing that spiking fidelity was
steady throughout the 40-pulse light train and that respond-
ing cells include both weakly and strongly-excited CeL cells
(n=16; FI1G. 4C). To test whether i1llumination of BLA-CeL
synapses would be functionally significant at the level of
blocking spiking 1n CeM cells due to the robust feed-
forward inhibition from Cel. neurons, we recorded from
CeM neurons while selectively 1lluminating BLA-CeL syn-
apses (FI1G. 4D). Indeed, we observed potent spiking 1nhi-
bition (F, ;,=15.35, p=0.0044) 1 the CeM due to light
stimulation of BL A terminals 1n the CeL (FIG.4d; spikes per
second before (49+9.0), during (1.5+£0.87), and after (33+8.
4) 1llumination; meanzs.e.m). Next, FIG. 4E shows CeM
responses recorded during 1llumination of the terminal field
of BLA neurons in the CeM expressing ChR2-EYFP, and the
combined excitatory and inhibitory input. Population sum-
maries from voltage-clamp recordings indicated that laten-
cies of EPSCs were shorter than those of the disynaptic
IPSCs, as expected, and that the mean IPSC amplitude was
greater than mean EPSC amplitude (recorded at 0 and -70
mYV, respectively; FIG. 4E). Importantly, the very same CeM
neurons (n=7) yielded net excitation with broad 1llumination
of BLA mputs to the CeM (FIG. 4E), but displayed net
inhibition with selective illumination of BLA inputs to the
CeL (FIG. 4F) 1 a repeatable fashion with alternation
between sites. This demonstrates that the balance of direct
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and 1ndirect mnputs from the BLA to the CeM can modulate
CeM output. Together, these data reveal a structurally- and
tfunctionally-1dentified physiological microcircuit, whereby
selective 1llumination of BLA terminals 1n the CeA activates
BLA-CeL synapses, thus increasing feed-forward inhibition
from CeL neurons onto the brainstem-projecting CeM neu-
rons.

[0107] To further elucidate the amygdalar microcircuits
underlying this anxiolytic eflect, we carefully dissected the
anatomical and functional properties governing this phe-
nomenon. While some efforts to map the projections of BLA
collaterals 1in the CeA have been made in the rat, we
empirically tested whether overlapping or distinct popula-
tions of BLA neurons projected to the Cel. and CeM (FIG.
5A-5B). A noteworthy caveat 1s that we visualized these
neurons 1n ~350 um thick coronal sections and while every
attempt was made to exclude neurons 1 which the axons
were severed, we cannot exclude the possibility that this
occurred nor can we deny that this induced some sampling
bias for BLA neurons closer to the CeA. FIG. 5A summa-
rizes the anatomical projections of the BLA neurons
sampled (n=18) and shows that the 44% of neurons pro-
jected to the CeLl alone and 17% projected to the CeM alone.
However, a minority of BLA cells (n=1;6%), projected to
both the CeLL and the CeM, one of which sent separate
collaterals to the CelL and CeM and one of which sent a
collateral that sent branches to the CeLL and CeM. FIG. 5B
shows the 2-photon 1image of each cell sampled, all of which
showed spiking patterns typical of BLA pyramidal neurons
upon a current step.

[0108] Next, as our c-fos assays suggested that 1llumina-
tion of BLA terminals 1n the CelL were suflicient to excite
CeL neurons, but not BLA neurons themselves, we sought to
confirm this hypothesis with whole-cell recordings. With
clectrical stimulation, depolarization of axon terminals leads
to antidromic spiking at the cell soma. However, there has
been evidence that optogenetically-induced depolarization
functions via a distinct mechanism. To evaluate the proper-
ties of optogenetically-induced terminal stimulation 1n this
amygdalar microcircuit, we recorded from BLA pyramidal
neurons expressing ChR2 and moved a light spot (~120 um
in diameter) i 100 um steps from the cell soma, both 1n a
direction over a visually-identified axon collateral and in a
direction where there was no axon (FIG. 3C). The spike
fidelity of the BLA neuron given a 20 Hz train of light at
each distance from the soma i1s summarized in FIG. 5D,
while the depolarizing current 1s summarized 1 FIG.5e. In
all preparations, we confirmed that the light stimulation
parameters used were sullicient to elicit high-fidelity spiking,
at the BLA cell soma (FIG.S1) and reliable vesicle release at
BLA terminals as shown by recordings from a postsynaptic
CeL neuron (FIG. 5G; FIG. 15). In contrast, when recording
from the same BLA neurons with the light spot 300 um away
from the cell soma we did not observe reliable action
potential induction, regardless of whether we were over an
axon (FIG. 5H) or not (FIG. 5I). This absence of antidromic
spiking was observed even upon bath application of GABA
and AMPA receptor antagonists (n=7), thus excluding the
possible contribution of local inhibitory constraints. While
we demonstrate that optogenetically-induced vesicle release
can occur 1n the absence of antidromic stimulation in BLA
pyramidal neurons, 1t 1s possible that at antidromic stimu-
lation could be achieved with greater light power density
than we used here (~6 mW/mm?). Thusfar, we have dem-
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onstrated that the populations of BLA neurons projecting to
the CeL and the CeM are largely distinct and that i1llumina-
tion of BLA-CeL synapses induces vesicle release and CeL
excitation without strong activation ol BLA somata them-
selves.

[0109] Finally, we further explored the mechanism with 1n
vivo pharmacological analysis in the setting of projection-
specific optogenetic control. To determine whether the anxi-
olytic eflect we observed could be due to the selective
activation of BLA-CeL synapses alone, and not BLA fibers
passing through the CeA, nor back-propagation of action
potentials to BLA cell bodies which then would innervate all
BLA projection target regions, we tested whether local
glutamate receptor antagonism would attenuate light-in-
duced anxiolytic effects. This question 1s of substantial
interest since lesions 1 the CeA that alter anxiety are
confounded by the likelihood of ablation of BL A projections
to the BNST which pass through CeA°. We unilaterally
transduced BLA neurons with AAV-CaMKIIa-ChR2-EYFP
and implanted beveled cannulae to implement selective
illumination of BLA terminals in the CeA as before (n=8;
FIGS. 8A-8EF), and tested mice on the elevated plus maze
and open field test. In this case, however, we infused either
the glutamate antagonists NBQX and AP5 using the optical
fiber guide cannula, or saline control on different trials 1n the
same animals, with trials counter-balanced for order. Con-
firming a local synaptic mechanism rather than control of
fibers of passage, for the same mice and light stimulation
parameters, local glutamate receptor antagonism 1n the CeA
abolished light-induced reductions in anxiety on both the
clevated plus maze (FIG. 5K) and the open field test (FIG.
5]). Importantly, 1n control experiments, drug treatment did
not 1mpair locomotor activity (FIG. 11), and 1n acute slices
time-locked light-evoked excitatory responses were abol-
ished upon bath application of NBQX and AP5 (FIG.
12A-12C). Together these data indicate that the light-in-
duced anxiolytic eflects we observed were caused by the
activation of BLA-CeL synapses, and not attributable to
BL A projections to distal targets passing through the CeA.

[0110] In a final series of experiments, to determine 1f
endogenous anxiety-reducing processes could be blocked by
selectively inhibiting this pathway, we tested whether the
selective inhibition of these optogenetically defined syn-
apses could reversibly increase anxiety. We performed bilat-
eral viral transductions of either eNpHR3.0, a light-activated
chloride pump which hyperpolarizes neuronal membranes
upon illumination with amber light*>, or EYFP alone, both
under the CaMKIla promoter in the BLA, and implanted
bilateral beveled guide cannulae to allow selective 1llumi-
nation of BLA terminals in the CeA (FIG.6a; FIG. 13).
eNpHR3.0 expression was restricted to glutamatergic
CaMKlIlo-positive neurons in the BLA (FIG. 6B). The
eNpHR3.0:BLA-CeA group only showed significantly
clevated levels of c-fos expression, relative to the EYFP:
BLA-CeA bil and eNpHR 3.0:Soma groups, in the CeM
(p<0.03; FIGS.6c-¢), consistent with the hypothesis that
selective ihibition of BLA terminals in the CeA suppresses
feed-forward inhibition from CelL neurons to CeM neurons,
thus increasing CeM excitability and the downstream pro-
cesses leading to increased anxiety phenotypes. Importantly,
inhibition of BLA somata did not induce an anxiogenic
response, likely due to the simultaneous decrease 1n direct
BLA-CeM excitatory input. We also found that the eNpHR3.

0:BLA-CeA group showed a significant reduction 1n open
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arm time and probability of open arm entry on the elevated
plus maze during light-on epochs, but not light-ofl epochs,

relative to the EYFP and Soma groups (FIGS. 6F-6G),
without altering locomotor activity (FIG. 16). The eNpHR3.
0:BLA-CeA group also showed a significant reduction 1n
center time upon 1llumination with 594 nm light, relative to
the EYFP and Soma groups (statistics, p=0.002; FIGS.
6H-61). Finally, we also demonstrate that selective 1llumi-
nation of eNpHR3.0-expressing axon terminals can reduce
the probability of both spontancously occurring (FIGS.
6J-61L.) and evoked (FIGS. 6M-6P) vesicle release, without
preventing spiking at the cell soma (FIGS. 14A-14E). These
data demonstrate that selective inhibition of BLA terminals
in the CeA 1mnduces an acute increase in anxiety-like behav-
10TS.

[0111] Conclusions: In these experiments, we have 1den-
tified the BLA-CeL pathway as an endogenous neural sub-
strate for bidirectionally modulating the unconditioned
expression of anxiety. While we i1dentily the BLA-CeL
pathway as the critical substrate rather than BLA {fibers
passing through the CeL, 1t 1s likely that other downstream
circuits, such as CeA projections to the BNST play an
important role in the expression of anxiety or anxiety-related
behaviors™® © '°. Indeed, our findings may support the notion
that corticotrophin releasing hormone (CRH) networks in
the BNST can be critically mnvolved 1n modulating anxiety-

related behaviors® 2, as the CeL is a primary source of CRH
for the BNST>".

[0112] Other neurotransmitters and neuromodulators may
modulate or gate eflects on distributed neural circuits,
including serotonin®* >, dopamine°, acetylcholine®’, gly-
cine’®, GABA'’ and CRII>". The neural circuitry converg-
ing to and diverging from this pathway will provide many
opportunities for modulatory control, as parallel or down-
stream circuits of the BLA-CeL synapse likely contribute to
modulate the expression of anxiety phenotypes® >°. More-
over, upstream of the amygdala, this microcircuit 1s well-
positioned to be recruited by top-down cortical control from
regions important for processing fear and anxiety, including
the prelimbic, infralimbic and insular cortices that provide
robust innervation to the BLA and CeL.* '*> > °°.

[0113] Our examination of the BLA anatomy suggests that
the populations of BLA neurons projecting to CeLlL and CeM
neurons are largely non-overlapping. In natural states, the
CeL-projecting BLA neurons may excite CeM-projecting
BLA neurons in a microcircuit homeostatic mechanism.
This may also represent a potential mechanism underlying
anxiety disorders, when there are synaptic changes that skew
the balance of the circuit to allow uninhibited CeM activa-
tion.

[0114] TTogether, the data presented here support identifi-
cation of the BLA-CeL synapse as a critical circuit element
both necessary and suilicient for the expression of endog-
enous anxiolysis in the mammalian brain, providing a novel
source of insight into anxiety as well as a new kind of
treatment target, and demonstrate the importance of resolv-
ing specific projections in the study of neural circuit function
relevant to psychiatric disease.

[0115] Although the {foregoing invention has been
described in some detail by way of 1llustration and example

tor purposes of clarity of understanding, the descriptions and
examples should not be construed as limiting the scope of
the 1nvention.
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[0116] All references, publications, and patent applica-
tions disclosed herein are hereby incorporated by reference
in their entirety.
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SEQUENCES
(NpHR amino acid sequence without the signal
peptide) :

SEQ ID NO: 1
VIOQRELFEFVLNDPLLASSLY INIALAGLSILLEFVEMTRGLDDPRAKLIA
VSTILVPVVS IASY TGLASGLTI SVLEMPAGHFAREGSSVMLGGEEVDGVY
TMWGRYLTWALSTPMILLALGLLAGSNATKLFTAITEFDIAMCVTGLAAAL
TTSSHLMRWEWYALSCACFLVVLY I LLVEWAQDAKAAGTADMEFNTLKLLT
VVMWLGYPIVWALGVEGIAVLPVGVITSWGY SFLD IVAKY IFAFLLLNYLT
SNESVVSGSILDVPSASGTPADD
(eYFP-NpHR3 .0 amino acid sequence) :

SEQ ID NO: 2
MITETLPPVTESAVALQAEVTOQRELFEFVLNDPLLASSLYINIALAGLSIL
LEVEMTRGLDDPRAKLIAVSTILVPVVSIASYTGLASGLTISVLEMPAGH
FAEGSSVMLGGEEVDGVVTMWGRYLTWALSTPMI LLALGLLAGSNATKLE
TAITEFDIAMCVTGLAAALTTSSHLMRWEWYAISCACFLVVLYILLVEWAQ
DAKAAGTADMEFNTLKLLTVVMWLGYPIVWALGVEGIAVLPVGVTSWGYSE
LDIVAKYIFAFLLLNYLTSNESVVSGSILDVPSASGTPADDAAAKSRITS
EGEYIPLDQIDINVVSKGEELFTGVVPILVELDGDVNGHKESVSGEGEGD
ATYGKLTLKFICTTGKLPVPWPTLVITEFGYGLOQCFARYPDHMKOHDEEKS
AMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGN I
LGHKLEYNYNSHNVY IMADKOQKNGIKVNFKIRHNIEDGSVQLADHYQONT

PIGDGPVLLPDNHYLSYQSALSKDPNEKRDHMVLLEFVTAAGITLGMDEL

YKFCYENEV

19
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-continued

(eYFP-NpHR3 .1 amino acid sequence) :

SEQ ID NO:
MVTORELFEFVLNDPLLASSLYINIALAGLSILLEVEFMTRGLDDPRAKLI
AVSTILVPVVSIASYTGLASGLTISVLEMPAGHFAEGSSVMLGGEEVDGY
VIMWGRYLTWALSTPMI LLALGLLAGSNATKLEFTAITEFDIAMCVTGLAAA
LTTSSHLMRWEWYAISCACEFLVVLYILLVEWAQDAKAAGTADMENTLEKL L
TVVMWLGYPIVWALGVEGIAVLPVGVTSWGYSEFLDIVAKYIFAFLLLNYL
TSNESVVSGS ILDVPSASGTPADDAAAKSRITSEGEYIPLDQIDINVVSK
GEELFTGVVPILVELDGDVNGHKESVSGEGEGDATYGKLTLKEICTTGKL
PVPWPTLVTTFGYGLOQCFARY PDHMKOHDEFFKSAMPEGYVQERTIFEKDD
GNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIM
ADKOKNGIKVNFKIRHNIEDGSVQLADHYQONTP IGDGPVLLPDNHYLSY
QSASKDPNEKRDHMVLLEFVTAAGITLGMDELYKFCYENEV
(GEtR3 amino acid sedquence) :

SEQ ID NO:
ASSFGKALLEFVEFIVFACITLLLGINAAKSKAASRVLEFPATEFVTGIASIA
YESMASGGGWVIAPDCROLEFVARYLDWLITTPLLLIDLGLVAGVSRWDIM
ALCLSDVLMIATGAFGSLTVGNVKWVWWEEFGMCWEFLHI I FALGKSWAEAA
KAKGGDSASVYSKIAGITVITWEFCYPVVWVEFARGEFGNESVTEFEVLIYGVL
DVISKAVEFGLILMSGAATGYES]T
(ChR2 amino acid sequence) :

SEQ ID NO:
MDYGGALSAVGRELLEVTNPVVVNGSVLVPEDQCYCAGWIESRGTNGAQT
ASNVLOWLAAGEFS ILLLMEFYAYQTWKSTCGWEREIYVCAIEMVKVILEFEF
EFKNPSMLYLATGHRVOWLRYAEWLLTCPVILIHLSNLTGLSNDYSRRTM
GLLVSDIGTIVWGATSAMATGYVEVIFFCLGLCYGANTFFHAAKAY I EGY
HTVPKGRCROVVTGMAWLEFEFVSWGMEFPILEF ILGPEGEFGVLSVYGSTVGHT
IIDLMSKNCWGLLGHYLRVLIHEHILIHGDIRKTTKLNIGGTEIEVETLV
EDEAEAGAVP
(SFO amino acid sequence) :

SEQ ID NO:
MDYGGALSAVGRELLEFVTNPVVVNGSVLVPEDQCYCAGWIESRGTNGAQT
ASNVLOWLAAGES ILLLMEFYAYOTWKSTCGWEREI YVCAIEMVKVILEFEF
EFKNPSMLYLATGHRVOWLRYAEWLLTSPVILIHLSNLTGLSNDYSRRTM
GLLVSDIGTIVWGATSAMATGYVEVIFFCLGLCYGANTFFHAAKAY I EGY
HTVPKGRCROVVTGMAWLEFEFVSWGMEFPILE ILGPEGEFGVLSVYGSTVGHT
IIDLMSKNCWGLLGHYLRVLIHEHILIHGDIRKTTKLNIGGTEIEVETLV
EDEAEAGAVP
(SSFO amino acid sedquence) :

SEQ ID NO:
MDYGGALSAVGRELLEVTNPVVVNGSVLVPEDQCYCAGWIESRGTNGAQT

ASNVLOWLAAGFS ILLLMEYAYQTWKSTCGWEEIYVCAIEMVKVILEEFEFFE

EFKNPSMLYLATGHRVOWLRYAEWLLTSPVILIHLSNLTGLSNDYSRRTM

GLLVSAIGTIVWGATSAMATGYVEKVIFFCLGLCYGANTFFHAAKAYIEGY

3

4
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-continued
VRVMAWTFFVAWGMFPVLFLLGTEGFGHISPYGSAIGHS ILDL IAKNMAG

-continued

HTVPKGRCROVVTGMAWLEFEFVSWGMEPILEF ILGPEGEFGVLSVYGSTVGHT

VLGNYLRVKIHEHILLYGDIRKKOKITIAGOEMEVETLVAREEED
IIDLMSKNCWGLLGHYLRVLIHEHILIHGDIRKTTKLNIGGTEIEVETLV

(CLV1-E162T amino acid sequence) :
EDEAEAGAVP SEQ ID NO: 10
MSRRPWLLALALAVALAAGSAGASTGSDATVPVATQDGPDYVEFHRAHERM
(C1lV1l amino acid sequence) :

SEQ ID NO: 8

MSRRPWLLALALAVALAAGSAGASTGSDATVPVATQDGPDYVEFHRAHERM

LEQTSYTLENNGSVICIPNNGOQCFCLAWLKSNGTNAEKLAANILOWITEA

LSALCLMEFYGYOTWKSTCGWREEIYVATIEMIKFI IEYFHEFDEPAVIYSS
LEQTSYTLENNGSVICIPNNGOCEFCLAWLKSNGTNAEKLAANILOWITEA

NGNKTVWLRYATWLLTCPVLLIHLSNLTGLKDDY SKRTMGLLVSDVGCIV
LSALCLMEFYGYQTWKSTCGWEEIYVATIEMIKFIIEYFHEFDEPAVIYSS

WGEATSAMCTGWTKILEFFLISLSYGMY TYFHAAKVY IEAFHTVPKGICREL
NGNKTVWLRYAEWLLTCPVLLIHLSNLTGLKDDY SKRTMGLLVSDVGCIV

VRVMAWTEFEVAWGMEFPVLELLGTEGEFGHISPYGSAIGHS ILDL IAKINMWG
WGEATSAMCTGWTKILFFLISLSYGMYTYFHAAKVY IEAFHTVPKGICREL

VLGNYLRVKIHEHILLYGDIRKKOQKITIAGOEMEVETLVAEEERED
VERVMAWTEFEVAWGMEFPVLEFLLGTEGFGHISPYGSAIGHSILDL IAKNMWG
(C1V1-E122T/E162T amino acid sequence) :

SEQ ID NO: 11

MSRRPWLLALALAVALAAGSAGASTGSDATVPVATQDGPDYVEFHRAHERM

VLGNYLRVKIHEHILLYGDIRKKOKITIAGOQEMEVETLVAEEED

(CLV1-E122T amino acid sequence) :
SEQ ID NO: S
MSRRPWLLALALAVALAAGSAGASTGSDATVPVATQDGPDYVEFHRAHERM

LEQTSYTLENNGSVICIPNNGOQCFCLAWLKSNGTNAEKLAANILOWITEA

LSALCLMEFYGYQTWKSTCGWETIYVATIEMIKFIIEYFHEFDEPAVIYSS
LEQTSYTLENNGSVICIPNNGOCFCLAWLKSNGTNAEKLAANILOWITEA

NGNKTVWLRYATWLLTCPVLLIHLSNLTGLKDDYSKRTMGLLVSDVGCIV
LSALCLMEFYGYQTWKSTCGWETIYVATIEMIKFIIEYFHEFDEPAVIYSS

WGATSAMCTGWTKILFFLISLSYGMY TYFHAAKVY I EAFHTVPKGICREL
NGNKTVWLRYAEWLLTCPVLLIHLSNLTGLKDDYSKRTMGLLVSDVGCIV

VRVMAWTFEFVAWGMEFPVLEFLLGTEGEFGHISPYGSAIGHS ILDL IAKNMWG
WGEATSAMCTGWTKILFFLISLSYGMYTYFHAAKVY I EAFHTVPKGICREL

VLGNYLRVKIHEHILLYGDIRKKQKITIAGOQEMEVETLVAEEED

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 15
<210>
<211>
<212>

<213>

SEQ ID NO 1

LENGTH: 273

TYPE: PRT

ORGANISM: Natronomonas pharaonis

<400> SEQUENCE: 1

Val Thr Gln Arg

1

Ala

Leu

Tle

Thr

65

Gly

ASDP

Thr

Thr

Ser

Phe

Ala
50

Gly

Hisg

Gly

Pro

Lys
130

Ser

Val

35

Val

Leu

Phe

Val

Met

115

Leu

Leu

20

Phe

Ser

Ala

Ala

Val

100

Ile

Phe

Glu

5

Tyr

Met

Thr

Ser

Glu
85

Thr

Leu

Thr

Leu

Ile

Thr

Tle

Gly

70

Gly

Met

Leu

Ala

Phe

Asn

Arg

Leu
55

Leu

Ser

Trp

Ala

Tle
135

Glu

Ile

Gly

40

Val

Thr

Ser

Gly

Leu

120

Thry

Phe
Ala
25

Leu

Pro

ITle

val

ATrg

105

Gly

Phe

Val

10

Leu

Asp

Val

Ser

Met

50

Leu

Asp

Leu

2la

ASp

Val

Val

75

Leu

Leu

Leu

Tle

ASn

Gly

Pro

Ser
60

Leu

Gly

Thr

Ala

Ala
140

ASDP

Leu

45

Tle

Glu

Gly

Trp

Gly

125

Met

Pro

Ser

30

Ala

2la

Met

Glu

Ala

110

Ser

Leu
15

Ile

Ser

Pro

Glu
o5

Leu

Asn

Val

Leu

Leu

Leu

Ala

80

Val

Ser

Ala

Thry
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Gly

145

Trp

Leu

Phe

Tle

Val

225

Phe

Ser

ASpP

<210>
<211>
<«212>
<213>
<220>
<223 >

Leu

Val

Agn

Val

210

Thr

2la

Gly

Ala

Ala

Glu

Thr

195

Trp

Ser

Phe

Ser

Ala

Tle

Trp

180

Leu

Ala

Trp

Leu

Tle
260

PRT

<400> SEQUENCE:

Met Thr Glu Thr

1

Ala

Leu

Tle

Lys

65

Ser

Pro

Glu

Leu

ASh

145

Val

Trp

Tle

ASp

Glu

Leu

Leu
50

Leu

2la

Val

Ser
130

Ala

Thr

Phe

Leu

Met

Val

Ala

35

Leu

Ile

Thr

Gly

ASP

115

Thr

Thr

Gly

Trp

Leu

195

Phe

Thr

20

Ser

Phe

Ala

Gly

His

100

Gly

Pro

Leu
Tyr
180

Val

Agn

Ala

Ser
165

Ala

Leu

Gly

Leu
245

Leu

SEQ ID NO 2
LENGTH :
TYPE :
ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION:

559

2

Leu

5

Gln

Ser

Val

Val

Leu

85

Phe

Val

Met

Leu

Ala

165

Ala

Glu

Thr

Leu

150

Gln

Leu

Gly

Tyr

230

Leu

ASpP

Pro

ATg

Leu

Phe

Ser

70

Ala

Ala

Val

Tle

Phe

150

Ala

ITle

Trp

Leu

Thr

Ala

Asp

Leu

Val

215

Ser

Asn

Val

Thr

2la

Thr

200

Glu

Phe

Pro

Ser

Phe

Lys

185

Val

Gly

Leu

Leu

Ser
265

Ser

Leu

170

2la

Val

Tle

ASpP

Thr

250

2la

His

155

Val

Ala

Met

Ala

Ile

235

Ser

Ser

21

-continued

Leu Met Arg Trp

Val

Gly

Trp

Val

220

Val

AsSn

Gly

Synthetic polypeptide

Pro

Glu

Met

55

Thr

Ser

Glu

Thr

Leu
135

Thr

Ala

Ser

Ala

Val

Leu

Tle

40

Thr

Ile

Gly

Gly

Met

120

Leu

Ala

Leu

Gln
200

Leu

Thr

Phe

25

Agn

ATrg

Leu

Leu

Ser

105

Trp

Ala

Tle

Thr

Ala

185

ASP

Leu

Glu

10

Glu

Tle

Gly

Val

Thr

90

Ser

Gly

Leu

Thr

Thr

170

Ala

Thr

Ser

Phe

Ala

Leu

Pro

75

Tle

Val

Arg

Gly

Phe
155

Ser

Phe

Val

Ala

Val

Leu
ASpP
60

Val

Ser

Met

Leu
140

ASDP

Ser

Leu

Ala

Val

Leu

Thr

Leu

205

Leu

Ala

Glu

Thr

Vval

Leu

Ala

45

Asp

Val

val

Leu

Leu

125

Leu

ITle

His

Val

Ala

205

Met

Tyr
Ala
190

Gly

Pro

Ser

Pro
270

Ala

Agn

30

Gly

Pro

Ser

Leu

Gly

110

Thr

Ala

Ala

Leu

Val

120

Gly

Trp

Tle
175

ASP

Val

Val
255

2la

Leu

15

ASP

Leu

Arg

Ile

Glu

o5

Gly

Trp

Gly

Met

Met
175

Leu

Thr

Leu

Phe

160

Leu

Met

Pro

Gly

Ile

240

Val

ASp

Gln

Pro

Ser

b2la

Ala

80

Met

Glu

Ala

Ser

Cys
160

Ala

Gly
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Tvr
225

Val

Val

Ala

Ile

305

Leu

Agn

Val

Phe

385

Ala

ASp

Leu

ASh

Tyr

465

Ile

Gln

Hig

ATg

Leu
545

<210>
<211>
<212 >
<213>
<220>
<223 >

210

Pro

Gly

Tle

Val

ASpP

290

Pro

Phe

Gly

Gly

Pro

370

2la

Met

Gly

Val

Tle

450

Tle

Arg

Gln

ASpP
530

Gly

Ile

Val

Phe

Ser

275

ASP

Leu

Thr

His

Lys

355

Trp

ATrg

Pro

Agn

Agn

435

Leu

Met

His

Agn

Leu

515

Hig

Met

Val

Thr

Ala

260

Gly

Ala

ASP

Gly

Lys

340

Leu

Pro

Glu

Tyr

420

ATg

Gly

Ala

Agn

Thr

500

Ser

Met

ASP

PRT

<400> SEQUENCE:

Trp

Ser

245

Phe

Ser

Ala

Gln

Val

325

Phe

Thr

Thr

Pro

Gly

405

Ile

His

AsSp

Ile

485

Pro

Val

Glu

SEQ ID NO 3
LENGTH :
TYPE :
ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION:

542

3

Ala

230

Trp

Leu

ITle

Ala

ITle

310

Val

Ser

Leu

Leu

ASpP

390

Thr

Glu

Lys

470

Glu

Tle

Gln

Leu

Leu
550

215

Leu

Gly

Leu

Leu

Lys

295

Asp

Pro

Val

Val

375

Hisg

Val

Arg

Leu

Leu

455

Gln

Asp

Gly

Ser

Leu
535

Gly

Leu

ASP

280

Ser

Ile

Ile

Ser

Phe

360

Thr

Met

Gln

2la

Lys

440

Glu

Gly

ASDP

Ala
520

Glu

Val

Ser

Agn

265

Val

ATrg

Agn

Leu

Gly

345

Ile

Thr

Glu
Glu
425

Gly

ASn

Ser

Gly
505

Leu

Phe

Phe

Glu

Phe

250

Pro

Tle

Val

Val

330

Glu

Phe

Gln

Arg

410

Val

Ile

AgSh

Gly

Val

490

Pro

Ser

Val

Gly

235

Leu

Leu

Ser

Thr

Val

315

Glu

Gly

Thr

Gly

His

395

Thr

ITle
475
Gln

Val

Thr

Tyr
555

22

-continued

220

ITle

ASDP

Thr

Ala

Ser

300

Ser

Leu

Glu

Thr

Tvyr

380

ASpP

ITle

Phe

Phe

AsSh
460

Leu

Leu

ASpP

Ala
540

Glu

Synthetic polypeptide

Ala

ITle

Ser

Ser

285

Glu

Asp

Gly

Gly

365

Gly

Phe

Phe

Glu

Lys

445

Ser

Vval

Ala

Leu

Pro

525

Ala

Asn

Val

Val

Agn

270

Gly

Gly

Gly

Gly

ASP

350

Leu

Phe

Phe

Gly

430

Glu

His

Agn

ASP

Pro

510

Agn

Gly

Glu

Leu

Ala

255

Glu

Thr

Glu

Glu

ASP

335

2la

Leu

Gln

Lys

415

ASP

ASP

AgSh

Phe

His

495

ASpP

Glu

Ile

Val

Pro

240

Ser

Pro

Glu
220
Val

Thr

Pro

Ser

400

ASpP

Thr

Gly

Val

Lys

480

Agn

Thr

Met Val Thr Gln Arg Glu Leu Phe Glu Phe Val Leu Asn Asp Pro Leu
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Leu

Leu

Leu

Tyr

65

Ala

Val

Ser

Ala

Thr

145

Phe

Leu

Met

Pro

Gly

225

Tle

Val

ASP

Pro

Phe

305

Gly

Gly

Pro

Ala

Met
385

Gly

ala

Leu

Tle

50

Thr

Gly

ASpP

Thr

Thr

130

Gly

Trp

Leu

Phe

Tle

210

Val

Phe

Ser

ASpP

Leu

290

Thr

Hig

Trp
Arg
370

Pro

Agn

Ser

Phe

35

Ala

Gly

His

Gly

Pro

115

Leu

Val

Agn

195

Val

Thr

Ala

Gly

Ala

275

ASP

Gly

Leu

Pro
355

Glu

Ser

20

Val

Val

Leu

Phe

Val

100

Met

Leu

Ala

Ala

Glu

180

Thr

Trp

Ser

Phe

Ser

260

Ala

Gln

Val

Phe

Thr
240

Thr

Pro

Gly

Leu

Phe

Ser

Ala

Ala

85

Val

Ile

Phe

Ala

Tle

165

Trp

Leu

Ala

Trp

Leu

245

Tle

Ala

Tle

Val

Ser
325

Leu

Leu

AsSp

Thr
405

Met

Thr

Ser

70

Glu

Thr

Leu

Thr

Ala

150

Ser

Ala

Leu
Gly
230

Leu

Leu

ASpP
Pro
210

Val

Vval

Hisg

Val
290

ATrg

ITle

Thr

Tle

55

Gly

Gly

Met

Leu

Ala

135

Leu

Gln

Leu

Gly

215

Leu

AsSp

Ser

Tle
295
Tle

Ser

Phe

Thr

Met

375

Gln

bAla

Agn

Arg

40

Leu

Leu

Ser

Trp

Ala

120

Tle

Thr

Ala

ASP

Leu

200

Val

Ser

Agh

Val

ATy

280

Agn

Leu

Gly

Ile

Thr
260

Glu

Glu

Ile

25

Gly

Val

Thr

Ser

Gly

105

Leu

Thr

Thr

Ala
185
Thr

Glu

Phe

Pro
265

Ile

Val

Val

Glu

Cys

345

Phe

Gln

ATg

Val

10

ala

Leu

Pro

Ile

Val

50

Arg

Gly

Phe

Ser

Phe

170

Val

Gly

Leu

Leu

250

Ser

Thr

Val

Glu

Gly

330

Thr

Gly

His

Thr

Lys
410

Leu

ASpP

Val

Ser

75

Met

Leu

ASpP

sSer

155

Leu

Ala

Val

ITle

ASDP

235

Thr

Ala

Ser

Ser

Leu

315

Glu

Thr

ASpP

Ile
395

Phe

23

-continued

Ala

ASDP

Val

60

Val

Leu

Leu

Leu

Tle

140

His

Val

Ala

Met

Ala

220

Ile

Ser

Ser

Glu

Lys

300

ASpP

Gly

Gly

Gly

Phe
380

Phe

Glu

Gly

Pro

45

Ser

Leu

Gly

Thr

Ala

125

Ala

Leu

val

Gly

Trp

205

Vval

Val

Agh

Gly

Gly

285

Gly

Gly

Asp

Leu
365
Phe

Phe

Gly

Leu

30

Arg

Tle

Glu

Gly

Trp

110

Gly

Met

Met

Leu

Thr

190

Leu

Leu

Ala

Glu

Thr

270

Glu

Glu

ASP

Ala

Leu
350

Gln

ASP

15

Ser

Ala

2la

Met

Glu

o5

2la

Ser

Arg

Tyr

175

2la

Gly

Pro

Ser
255

Pro

Glu

Val

Thr
335

Pro

Ser

ASP

Thr
415

Ile

Ser

Pro

80

Glu

Leu

Agn

Val

Trp

160

Tle

ASp

Val

Tyr

240

Val

Ala

Ile

Leu

Agn
320

Val

Phe

b2la

ASpP

400

Leu
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Val

Ile

Tle

ATrg

465

Gln

ASP

Gly

Agn

Leu

Met

450

His

Agn

Leu

His

Met
530

Gly
435

Ala

Agn

Thr

Ser

Met

515

ASP

Tle

420

His

ASP

Tle

Pro

Tyr

500

Val

Glu

Glu

Glu

Ile

485

Gln

Leu

Leu

<210> SEQ ID NO 4

<211> LENGTH:

«212> TYPE:
<213> ORGANISM:

PRT

<400> SEQUENCE:

Ala Ser Ser Phe

1

Ala

Ala

Tle

ASpP

65

Thr

Trp

Gly

Phe

Ser
145

Val

Glu

Gly

Cys

Ser

2la

50

Pro

ASp

2la

Phe
120

Trp

Sexr

Val

Val

Leu
210

Tle

ATrg

Leu

Tle

Phe

115

Gly

Ala

Trp

Leu
195

Tle

Thr

20

Val

Phe

Gln

Leu

Met

100

Gly

Met

Glu

Tle
Val
180

Ile

Leu

223

Guillardia theta

Gly

Leu

Leu

Ser

Leu

Leu

85

2la

Ser

Ala

Ala
165

Phe

Met

Leu

Leu

Gln

ASpP

470

Gly

Ser

Leu

Leu

Phe

Met

Phe

70

ITle

Leu

Leu

Trp

Ala
150

Gly

Ala

Gly

Ser

Glu

Lys

455

Gly

Asp

bAla

Glu

Lys
535

Ala

Leu

Pro

bAla
55

Val

Asp

Thr

Phe
135

Tle

Glu

Val

Gly
215

Gly

Tyr

440

Agh

Ser

Gly

Leu

Phe

520

Phe

Leu

Gly

2la

40

Ser

Ala

Leu

Leu

Val

120

Leu

2la

Thr

Gly

Leu

200

Ala

Tle

425

Agn

Gly

Val

Pro

Ser

505

Val

Leu

Tle

25

Thr

Gly

ATrg

Gly

Ser

105

Gly

His

Val

Phe
185

ASP

Ala

ASp

Tle

Gln

Val

490

Thr

Glu
10
Agn

Phe

Gly

Leu

50

ASp

Agn

Tle

Gly

Ile
170
Gly

Val

Thr

Phe

Agnhn

Leu

4775

Leu

ASp

Ala

Glu

Phe

Ala

Val

Gly

Leu

75

Val

Val

Val

Ile

Gly

155

Thr

Agnh

Ile

Gly

24

-continued

Lys

Ser

Val

460

Ala

Leu

Pro

Ala

AsSn
540

Val

Ala

Thr

Trp

60

ASpP

Ala

Leu

Phe
140

ASpP

Trp

Phe

Ser

Tyr
220

Glu

His

445

Agh

Asp

Pro

AsSn

Gly
525

Glu

Phe

Gly

45

val

Trp

Gly

Met

Trp

125

Ala

Ser

Phe

Ser

Lys

205

Glu

ASP

430

Agn

Phe

His

ASP

Glu

510

Ile

Val

Tle

Ser

30

Ile

Tle

Leu

Val

Tle

110

Val

Leu

Ala

Val
120

Ala

Ser

Gly

Val

Agn
495

Thr

Val

15

2la

2la

Tle

Ser

55

2la

Trp

Gly

Ser

Tyr
175
Thr

Val

Tle

Agn

ITle

Gln

480

His

Arg

Leu

Phe

Ala

Ser

Pro

Thr

80

ATrg

Thr

Trp

Val
160

Pro

Phe

Phe
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<210>
<«211>
<212>
<213>
«220>
<223 >

PRT

<400> SEQUENCE:

Met Asp Tvr Gly

1

Val

Gln

Gln

Leu

65

Trp

Glu

Gly

Pro

Tyr

145

Val

Phe

Ala

ATg

Met

225

Ser

Glu

Tle

Glu
205

<210>
<211>
<«212>
<213>
<«220>
<223 >

Thr

Thr

50

Leu

Glu

Phe

His

Val

130

Ser

Trp

Phe

Gln

210

Phe

Val

AgSh

His

Gly
290

2la

Agn

Tyr

35

Ala

Leu

Glu

Phe

ATrg

115

Tle

Ala
195

Val

Pro

Tle
275

Gly

Gly

Pro

20

Ser

Met

Ile

Phe

100

Val

Leu

ATrg

Ala

Leu

180

Val

Tle

Gly

Trp

260

Leu

Thr

Ala

PRT

SEQ ID NO b
LENGTH :
TYPE :
ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION:

310

5

Gly

5

Vval

Ala

Asn

Phe

Tyr

85

Glu

Gln

ITle

Thr

Thr

165

Gly

Tle

Thr

Leu

Ser

245

Gly

Tle

Glu

Vval

SEQ ID NO o
LENGTH :
TYPE :
ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION:

310

Ala

Val

Gly

Vval

Tyr

70

Val

Phe

Trp

His

Met

150

Ser

Leu

Glu

Gly

Phe

230

Thr

Leu

His

Tle

Pro
210

25

-continued

Synthetic polypeptide

Leu

Val

Trp

Leu

55

Ala

Leu
Leu
135

Gly

Ala

Gly

Met

215

Tle

Val

Leu

Gly

Glu
295

Ser

Agn
Ile
40

Gln

2la

Agn

ATy

120

Ser

Leu

Met

Tyr
200

Ala

Leu

Gly

Gly

ASP
280

Val

Ala

Gly

25

Glu

Trp

Gln

Ile

Pro

105

AgSh

Leu

Ala

Gly

185

His

Trp

Gly

His

His

265

Tle

Glu

Val

10

Ser

Ser

Leu

Thr

Glu

50

Ser

2la

Leu

Val

Thr

170

2la

Thr

Leu

Pro

Thr

250

Tyr

Arg

Thr

Gly

Val

ATg

Ala

Trp

75

Met

Met

Glu

Thr

Ser

155

Gly

Asnh

Val

Phe

Glu

235

ITle

Leu

Leu

ATy

Leu

Gly

Ala

60

Val

Leu

Trp

Gly

140

ASpP

Thr

Pro

Phe

220

Gly

Tle

ATrg

Thr

Val
200

Synthetic polypeptide

Glu

Vval

Thr

45

Gly

Ser

Leu

125

Leu

Tle

Val

Phe

Lys

205

Val

Phe

Asp

Val

Thr
285

Glu

Leu

Pro

30

Agn

Phe

Thr

Val

Leu

110

Leu

Ser

Gly

Phe

120

Gly

Ser

Gly

Leu

Leu
270

ASP

Leu
15
Glu

Gly

Ser

Ile

55

2la

Thr

AgSh

Thr

Val

175

His

Arg

Trp

Val

Met

255

Tle

Leu

Glu

Phe

ASDP

Ala

Tle

Gly

80

Leu

Thr

ASp
Tle
160

Ile

Ala

Gly

Leu

240

Ser

His

Agn

Ala
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<400> SEQUENCE:

Met Asp Tvr Gly

1

Val

Gln

Gln

Leu

65

Trp

Glu

Gly

Pro

Tyr

145

Val

Phe

Ala

Arg

Met

225

Ser

Glu

Tle

Glu
305

<210>
<211>
<212 >
<213>
«220>
<223 >

<400>

Thr

Thr
50

Leu

Glu

Phe

Hig

Val

130

Ser

Trp

Phe

Gln
210

Phe

Val

Agn

His

Gly

290

2la

Agn

Tyzr

35

Ala

Leu

Glu

Phe

ATrg

115

Tle

ATrg

Gly

Ala
195

Val

Pro

Tle
275

Gly

Gly

Pro

20

Ser

Met

Tle

Phe

100

Val

Leu

ATg

Ala

Leu

180

Val

Tle

Gly

Trp

260

Leu

Thr

Ala

PRT

SEQUENCE :

6

Gly

Val

Ala

AsSn

Phe

Tyr

85

Glu

Gln

Tle

Thr

Thr

165

Gly

Ile

Thr

Leu

Ser

245

Gly

Tle

Glu

Vval

SEQ ID NO 7
LENGTH :
TYPE :
ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION:

310

v

Ala

Val

Gly

Val

Tyr

70

Vval

Phe

Trp

His

Met

150

Ser

Leu

Glu

Gly

Phe

230

Thr

Leu

Hisg

Tle

Pro
210

Leu

Val

Trp

Leu

55

Ala

Leu
Leu
135

Gly

Ala

Gly

Met

215

Tle

Val

Leu

Gly

Glu
295

Ser

Agn

Ile

40

Gln

Ala

Agn

ATrg

120

Ser

Leu

Met

Tyr
200

Ala

Leu

Gly

Gly

ASP

280

Val

Ala

Gly

25

Glu

Trp

Gln

Tle

Pro

105

Agn

Leu

Ala

Gly

185

His

Trp

Gly

Hig

His

265

Tle

Glu

Val

10

Ser

Ser

Leu

Thr

Glu

90

Ser

2la

Leu

Val

Thr

170

2la

Thr

Leu

Pro

Thr

250

Tyr

Arg

Thr

Gly

Val

ATrg

Ala

Trp

75

Met

Met

Glu

Thr

Ser

155

Gly

Agnh

Val

Phe

Glu

235

Ile

Leu

Leu

26

-continued

ATYg

Leu

Gly

Ala

60

Val

Leu

Trp

Gly

140

ASDP

Thr

Pro

Phe

220

Gly

ITle

ATYg

Thr

Val
200

Synthetic polypeptide

Glu

Val

Thr

45

Gly

Ser

Leu

125

Leu

Ile

Val

Phe

Lys

205

val

Phe

Asp

val

Thr

285

Glu

Leu

Pro

30

Agn

Phe

Thr

Val

Leu

110

Leu

Ser

Gly

Phe

120

Gly

Ser

Gly

Leu

Leu

270

ASP

Leu
15
Glu

Gly

Ser

Tle

o5

2la

Thr

Agn

Thr

Val

175

His

Arg

Trp

Val

Met

255

Tle

Leu

Glu

Phe

ASpP

Ala

Tle

Gly

80

Leu

Thr

Ser

ASp

Ile

160

ITle

Ala

Gly

Leu

240

Ser

His

Agn

Ala

Met Asp Tvr Gly Gly Ala Leu Ser Ala Val Gly Arg Glu Leu Leu Phe

1

5

10

15

Nov. 22, 2018
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Val

Gln

Gln

Leu

65

Trp

Glu

Gly

Pro

Tvyr

145

Val

Phe

Ala

ATrg

Met

225

Ser

Glu

Tle

Glu
205

<210>
<211>
<212>
<213>
<220>
<223 >

<400>

Thr

Thr
50

Leu

Glu

Phe

His

Val

130

Ser

Trp

Phe

Gln
210

Phe

Val

Agn

Hig

Gly

290

2la

Agn

Tyr

35

Ala

Leu

Glu

Phe

Arg

115

Tle

ATrg

Gly

Ala
195

Val

Pro

Ile
275

Gly

Gly

Pro

20

Ser

Met

Tle

Phe

100

Val

Leu

ATg

Ala

Leu

180

Val

Ile

Gly

Trp

260

Leu

Thr

Ala

PRT

SEQUENCE :

Val

2la

Asn

Phe

Tvr

85

Glu

Gln

Tle

Thr

Thr

165

Gly

ITle

Thr

Leu

Ser

245

Gly

Ile

Glu

Val

SEQ ID NO 8
LENGTH :
TYPE :
ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION:

344

8

Val

Gly

Val

Tyr

70

Val

Phe

Trp

Hisg

Met

150

Ser

Leu

Glu

Gly

Phe

230

Thr

Leu

Hig

Tle

Pro
210

Val

Trp

Leu

55

Ala

Leu
Leu
135

Gly

bAla

Gly

Met

215

Ile

Val

Leu

Gly

Glu
295

Agn
Tle
40

Gln

2la

Agn

Arg

120

Ser

Leu

Met

Tyr
200

2la

Leu

Gly

Gly

ASP

280

Val

Gly

25

Glu

Trp

Gln

Tle

Pro

105

Agn

Leu

Ala

Gly

185

His

Trp

Gly

His

His

265

Ile

Glu

Ser

Ser

Leu

Thr

Glu

50

Ser

2la

Leu

Val

Thr

170

2la

Thr

Leu

Pro

Thr
250

Tyr

Arg

Thr

Val

Arg

Ala

Trp

75

Met

Met

Glu

Thr

sSer

155

Gly

Agnh

Val

Phe

Glu

235

Tle

Leu

Leu

27

-continued

Leu

Gly

Ala

60

Val

Leu

Trp

Gly

140

Ala

Thr

Pro

Phe

220

Gly

Tle

ATYg

Thr

Val
300

Synthetic polypeptide

Val
Thr
45

Gly

Ser

Leu

125

Leu

Ile

val

Phe

Lys

205

Vval

Phe

Asp

Val

Thr

285

Glu

Pro

30

Agn

Phe

Thr

Val

Leu

110

Leu

Ser

Gly

Phe

190

Gly

Ser

Gly

Leu

Leu

270

ASP

Glu

Gly

Ser

Tle

o5

ala

Thr

Agn

Thr

Val

175

His

Arg

Trp

Val

Met

255

Tle

Leu

Glu

ASpP

Ala

Ile

Gly

80

Leu

Thr

Ser

ASp

Ile

160

Tle

2la

Gly

Leu

240

Ser

His

Agn

Ala

Met Ser Arg Arg Pro Trp Leu Leu Ala Leu Ala Leu Ala Val Ala Leu

1

5

10

15

Ala Ala Gly Ser Ala Gly Ala Ser Thr Gly Ser Asp Ala Thr Val Pro

20

25

30

Val Ala Thr Gln Asp Gly Pro Asp Tyr Val Phe His Arg Ala His Glu

35

40

45

Nov. 22, 2018
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ATrg

Tle

65

Ser

ITle

Thr

Glu

Ala

145

Ala

Leu

Val

Thr

Met

225

Thr

Thr

Thr

Ser

Tvr

305

Arg

Thr

<210>
<211>
<212>
<213>
<220>
<223 >

<400>

Met

50

Agn

Thr

Trp

Met

130

Val

Glu

Thr

Ser

Gly

210

Val

Phe

Glu

Tle

290

Leu

Leu

Leu

Tle

Gly

Phe

Lys

115

Ile

Tle

Trp

Gly

ASP

195

Trp

Thr

Pro

Phe

Gly

275

Leu

ATg

Val

Phe

Pro

Thr

Ala

100

Ser

Leu
Leu
180

Val

Thr

Val

260

Phe

ASP

Val

Gln

Ala

340

PRT

SEQUENCE :

Gln

Asn

Asn

85

Leu

Thr

Phe

Ser

Leu
165

Phe

Gly

245

Ala

Gly

Leu

Lys
325

Glu

SEQ ID NO 9
LENGTH :
TYPE :
ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION:

344

5

Thr
Agn
70

Ala

Ser

ITle
Ser
150

Thr

ASP

ITle

His

230

Tle

Trp

His

Tle

ITle

310

Tle

Glu

Ser

55

Gly

Glu

Ala

Gly

ITle

135

Asn

Asp

Tle

Leu

215

Ala

Gly

Tle

Ala

295

Hig

Thr

Glu

Gln

Leu

Trp

120

Glu

Gly

Pro

Val

200

Phe

Ala

ATrg

Met

Ser

280

Glu

Tle

ASP

Thr

Leu
Cys
105

Glu

Agn

Val

Ser

185

Trp

Phe

Glu

Phe

265

Pro

Agn

Hig

Ala

Leu

Phe

2la

S0

Leu

Glu

Phe

Leu

170

Gly

Leu

Val

Leu

250

Pro

Met

Ile

Gly
330

Glu

Cys

75

Ala

Met

ITle

His

Thr

155

Leu

ATrg

Ala

Ile

Tyr

235

Val

Val

Gly

Trp

Leu

315

Gln

23

-continued

Asn Asn Gly Ser

60

Leu

Asn

Phe

Glu

140

Val

Tle

Thr

Thr

Ser

220

Tle

AYg

Leu

Ser

Gly

300

Leu

Glu

Synthetic polypeptide

Ala

Ile

Vval

125

Phe

Trp

His

Met

Ser

205

Leu

Glu

Vval

Phe

Ala

285

Val

Met

Trp

Leu

Gly

110

Ala

ASP

Leu

Leu

Gly

120

Ala

Ser

Ala

Met

Leu

270

Tle

Leu

Gly

Glu

Leu

Gln

S5

Thr

Glu

Arg

Ser

175

Leu

Met

Phe

2la

255

Leu

Gly

Gly

ASP

Val
335

Val

Lys

80

Trp

Gln

Tle

Pro

Tyzr

160

Agn

Leu

Gly

His

240

Trp

Gly

His

Agn

Ile
320

Glu

Met Ser Arg Arg Pro Trp Leu Leu Ala Leu Ala Leu Ala Val Ala Leu

1

5

10

15

Ala Ala Gly Ser Ala Gly Ala Ser Thr Gly Ser Asp Ala Thr Val Pro

20

25

30

Val Ala Thr Gln Asp Gly Pro Asp Tyr Val Phe His Arg Ala His Glu

35

40

45

Nov. 22, 2018
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ATrg

Tle

65

Ser

ITle

Thr

Glu

Ala

145

Ala

Leu

Val

Thr

Met

225

Thr

Thr

Thr

Ser

Tvr

305

Arg

Thr

<210>
<211>
<212>
<213>
<220>
<223 >

<400>

Met

50

Agn

Thr

Trp

Met

130

Val

Glu

Thr

Ser

Gly

210

Val

Phe

Glu

Tle

290

Leu

Leu

Leu

Tle

Gly

Phe

Lys

115

Ile

Tle

Trp

Gly

ASP

195

Trp

Thr

Pro

Phe

Gly

275

Leu

ATg

Val

Phe

Pro

Thr

Ala

100

Ser

Leu
Leu
180

Val

Thr

Val

260

Phe

ASP

Val

Gln

Ala

340

PRT

SEQUENCE :

Gln

Asn

Asn

85

Leu

Thr

Phe

Ser

Leu
165

Phe

Gly

245

Ala

Gly

Leu

Lys
325

Glu

SEQ ID NO 10
LENGTH :
TYPE :
ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION:

344

10

Thr
Agn
70

Ala

Ser

ITle
Ser
150

Thr

ASP

ITle

His

230

Tle

Trp

His

Tle

ITle

310

Tle

Glu

Ser

55

Gly

Glu

Ala

Gly

ITle

135

Asn

Asp

Tle

Leu

215

Ala

Gly

Tle

Ala

295

Hig

Thr

Glu

Gln

Leu

Trp

120

Glu

Gly

Pro

Val

200

Phe

Ala

ATrg

Met

Ser

280

Glu

Tle

ASP

Thr

Leu
Cys
105

Glu

Agn

Val

Ser

185

Trp

Phe

Glu

Phe

265

Pro

Agn

Hig

Ala

Leu

Phe

2la

S0

Leu

Thr

Phe

Leu

170

Gly

Leu

Val

Leu

250

Pro

Met

Ile

Gly
330

Glu

Cys

75

Ala

Met

ITle

His

Thr

155

Leu

ATrg

Ala

Ile

Tyr

235

Val

Val

Gly

Trp

Leu

315

Gln

29

-continued

Asn Asn Gly Ser

60

Leu

Asn

Phe

Glu

140

Val

Tle

Thr

Thr

Ser

220

Tle

AYg

Leu

Ser

Gly

300

Leu

Glu

Synthetic polypeptide

Ala

Ile

Vval

125

Phe

Trp

His

Met

Ser

205

Leu

Glu

Vval

Phe

Ala

285

Val

Met

Trp

Leu

Gly

110

Ala

ASP

Leu

Leu

Gly

120

Ala

Ser

Ala

Met

Leu

270

Tle

Leu

Gly

Glu

Leu

Gln

S5

Thr

Glu

Arg

Ser

175

Leu

Met

Phe

2la

255

Leu

Gly

Gly

ASP

Val
335

Val

Lys

80

Trp

Gln

Tle

Pro

Tyzr

160

Agn

Leu

Gly

His

240

Trp

Gly

His

Agn

Ile
320

Glu

Met Ser Arg Arg Pro Trp Leu Leu Ala Leu Ala Leu Ala Val Ala Leu

1

5

10

15

Ala Ala Gly Ser Ala Gly Ala Ser Thr Gly Ser Asp Ala Thr Val Pro

20

25

30

Val Ala Thr Gln Asp Gly Pro Asp Tyr Val Phe His Arg Ala His Glu

35

40

45

Nov. 22, 2018
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ATrg

Tle

65

Ser

ITle

Thr

Glu

Ala

145

Ala

Leu

Val

Thr

Met

225

Thr

Thr

Thr

Ser

Tvr

305

Arg

Thr

<210>
<211>
<212>
<213>
<220>
<223 >

<400>

Met

50

Agn

Thr

Trp

Met

130

Val

Thr

Thr

Ser

Gly

210

Val

Phe

Glu

Tle

290

Leu

Leu

Leu

Tle

Gly

Phe

Lys

115

Ile

Tle

Trp

Gly

ASP

195

Trp

Thr

Pro

Phe

Gly

275

Leu

ATg

Val

Phe

Pro

Thr

Ala

100

Ser

Leu
Leu
180

Val

Thr

Val

260

Phe

ASP

Val

Gln

Ala

340

PRT

SEQUENCE :

Gln

Asn

Asn

85

Leu

Thr

Phe

Ser

Leu
165

Phe

Gly

245

Ala

Gly

Leu

Lys
325

Glu

SEQ ID NO 11
LENGTH :
TYPE :
ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION:

344

11

Thr
Agn
70

Ala

Ser

ITle
Ser
150

Thr

ASP

ITle

His

230

Tle

Trp

His

Tle

ITle

310

Tle

Glu

Ser

55

Gly

Glu

Ala

Gly

ITle

135

Asn

Asp

Tle

Leu

215

Ala

Gly

Tle

Ala

295

Hig

Thr

Glu

Gln

Leu

Trp

120

Glu

Gly

Pro

Val

200

Phe

Ala

ATrg

Met

Ser

280

Glu

Tle

ASP

Thr

Leu
Cys
105

Glu

Agn

Val

Ser

185

Trp

Phe

Glu

Phe

265

Pro

Agn

Hig

Ala

Leu

Phe

2la

S0

Leu

Glu

Phe

Leu

170

Gly

Leu

Val

Leu

250

Pro

Met

Ile

Gly
330

Glu

Cys

75

Ala

Met

ITle

His

Thr

155

Leu

ATrg

Ala

Ile

Tyr

235

Val

Val

Gly

Trp

Leu

315

Gln

30

-continued

Asn Asn Gly Ser

60

Leu

Asn

Phe

Glu

140

Val

Tle

Thr

Thr

Ser

220

Tle

AYg

Leu

Ser

Gly

300

Leu

Glu

Synthetic polypeptide

Ala

Ile

Vval

125

Phe

Trp

His

Met

Ser

205

Leu

Glu

Vval

Phe

Ala

285

Val

Met

Trp

Leu

Gly

110

Ala

ASP

Leu

Leu

Gly

120

Ala

Ser

Ala

Met

Leu

270

Tle

Leu

Gly

Glu

Leu

Gln

S5

Thr

Glu

Arg

Ser

175

Leu

Met

Phe

2la

255

Leu

Gly

Gly

ASP

Val
335

Val

Lys

80

Trp

Gln

Tle

Pro

Tyzr

160

Agn

Leu

Gly

His

240

Trp

Gly

His

Agn

Ile
320

Glu

Met Ser Arg Arg Pro Trp Leu Leu Ala Leu Ala Leu Ala Val Ala Leu

1

5

10

15

Ala Ala Gly Ser Ala Gly Ala Ser Thr Gly Ser Asp Ala Thr Val Pro

20

25

30

Val Ala Thr Gln Asp Gly Pro Asp Tyr Val Phe His Arg Ala His Glu

35

40

45

Nov. 22, 2018
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ATrg

Tle

65

Ser

ITle

Thr

Glu

Ala

145

Ala

Leu

Val

Thr

Met

225

Thr

Thr

Thr

Ser

Tvr

305

Arg

Thr

<210>
<211>
<212 >
<213>
<220>
<223 >
<220>
<22]1>
<222 >
<223 >

Met

50

Agn

Thr

Trp

Met

130

Val

Thr

Thr

Ser

Gly

210

Val

Phe

Glu

Tle

290

Leu

Leu

Leu

Tle

Gly

Phe

Lys

115

Ile

Tle

Trp

Gly

ASP

195

Trp

Thr

Pro

Phe

Gly

275

Leu

ATg

Val

Phe

Pro

Thr

Ala

100

Ser

Leu
Leu
180

Val

Thr

Val

260

Phe

ASP

Val

Gln

Ala
240

SEQ ID NO
LENGTH: 6
TYPE :
ORGANISM: Artificial Sequence
FEATURE:
OTHER INFORMATION:
FEATURE:
NAME /KEY: Misc feature
LOCATION:
OTHER INFORMATION: X 1s any amino acid

PRT

<400> SEQUENCE:

Gln

Asn

Asn

85

Leu

Thr

Phe

Ser

Leu
165

Phe

Gly

245

Ala

Gly

Leu

Lys
325

Glu

12

(2) ..

12

Thr
Agn
70

Ala

Ser

ITle
Ser
150

Thr

ASP

ITle

His

230

Tle

Trp

His

Tle

ITle

310

Tle

Glu

Phe Xaa Tyr Glu Asn Glu

1

5

<210> SEQ ID NO 13

Ser

55

Gly

Glu

Ala

Gly

ITle

135

Asn

Asp

Tle

Leu

215

Ala

Gly

Tle

Ala

295

Hig

Thr

Glu

Gln

Leu

Trp

120

Glu

Gly

Pro

Val

200

Phe

Ala

ATrg

Met

Ser

280

Glu

Tle

ASP

Thr

Leu
Cys
105

Glu

Agn

Val

Ser

185

Trp

Phe

Glu

Phe

265

Pro

Agn

Hig

Ala

Leu

Phe

2la

S0

Leu

Thr

Phe

Leu

170

Gly

Leu

Val

Leu

250

Pro

Met

Ile

Gly
330

Glu

Cys

75

Ala

Met

ITle

His

Thr

155

Leu

ATrg

Ala

Ile

Tyr

235

Val

Val

Gly

Trp

Leu

315

Gln

Synthetic peptide

. (2)

31

-continued

Asn Asn Gly Ser

60

Leu

Asn

Phe

Glu

140

Val

Tle

Thr

Thr

Ser

220

Tle

AYg

Leu

Ser

Gly

300

Leu

Glu

Ala

Ile

Tyr

Vval

125

Phe

Trp

His

Met

Ser

205

Leu

Glu

Vval

Phe

Ala

285

Val

Tvr

Met

Trp

Leu

Gly

110

Ala

ASP

Leu

Leu

Gly

120

Ala

Ser

Ala

Met

Leu

270

Tle

Leu

Gly

Glu

Leu

Gln

S5

Thr

Glu

Arg

Ser

175

Leu

Met

Phe

2la

255

Leu

Gly

Gly

ASP

Val
335

Val

Lys

80

Trp

Gln

Tle

Pro

Tyzr

160

Agn

Leu

Gly

His

240

Trp

Gly

His

Agn

Ile
320

Glu

Nov. 22, 2018
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-continued

<211> LENGTH: 7

<212> TYPRE: PRT

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic peptide
<400> SEQUENCE: 13

Phe Cys Tyr Glu Asn Glu Val
1 5

<210> SEQ ID NO 14

<211> LENGTH: 20

<212> TYPRE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic peptide

<400> SEQUENCE: 14

Lys Ser Arg Ile Thr Ser Glu Gly Glu Tyr Ile Pro Leu Asp Gln Ile

1 5 10

Asp Ile Asn Val
20

<210> SEQ ID NO 15

<211l> LENGTH: b5

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic peptide
<220> FEATURE:

<221> NAME/KEY: Misc feature

<222> LOCATION: (2)...(2)

<223> OTHER INFORMATION: Xaa 1g any amino acid
<220> FEATURE:

<221> NAME/KEY: Misc feature

<222> LOCATION: (3)...({(3)

<223> OTHER INFORMATION: Xaa 1g any amino acid

<400> SEQUENCE: 15

Val Xaa Xaa Ser Leu
1 5

1.-31. (canceled)

32. A method for alleviating anxiety 1in an individual, the
method comprising:

(a) administering directly into the brain of the individual
an eflective amount of a recombinant expression vector
comprising a nucleic acid encoding a light-responsive

opsin that comprises an amino acid sequence having at

least 90% amino acid sequence 1dentity to any one of

SEQ ID NOs:6-11, wherein the nucleic acid 1s operably
linked to a promoter that controls the specific expres-
sion of the opsin 1n the glutamatergic pyramidal neu-
rons of the basolateral amygdala (BLLA), wherein the
opsin 1s expressed 1n the glutamatergic pyramidal neu-

rons of the BLA, wherein the opsin 1s an opsin that
induces depolarization by light;

(b) implanting a beveled cannula over the centrolateral
nucleus (Cel) to prevent light delivery to the BLA
somata; and

(c) delivering light from a light delivery device
ensheathed in the beveled cannula to selectively 1llu-

15

minate the opsin 1n the glutamatergic pyramidal neu-
rons 1n the central nucleus of the amygdala (CeA) to
alleviate anxiety.

33. The method of claim 32, comprising selectively
i1lluminating the centrolateral nucle1 (Cel.) to alleviate anxi-
ety.

34. The method of claim 32, wherein the opsin comprises
an amino acid sequence having at least 95% amino acid

sequence 1dentity to the amino acid sequence set forth 1n any
one of SEQ ID NOs:6-11.

35. The method of claim 32, wherein the opsin comprises
an amino acid sequence having at least 90% amino acid
sequence 1dentity to the amino acid sequence set forth 1n
SEQ ID NO:6.

36. The method of claim 32, wherein the opsin comprises
an amino acid sequence having at least 90% amino acid
sequence 1dentity to the amino acid sequence set forth in
SEQ ID NO:7.

377. The method of claim 32, wherein the opsin comprises

an amino acid sequence having at least 90% amino acid
sequence 1dentity to the amino acid sequence set forth 1n

SEQ 1D NO:S.
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38. The method of claim 32, wherein the opsin comprises
an amino acid sequence having at least 90% amino acid
sequence 1dentity to the amino acid sequence set forth 1n
SEQ ID NO:9.

39. The method of claim 32, wherein the opsin comprises
an amino acid sequence having at least 90% amino acid
sequence 1dentity to the amino acid sequence set forth 1n
SEQ ID NO:10.

40. The method of claim 32, wherein the opsin comprises
an amino acid sequence having at least 90% amino acid
sequence 1dentity to the amino acid sequence set forth 1n
SEQ ID NO:11.

41. The method of claim 32, wherein the recombinant
vector 1s an adeno-associated vector, a retroviral vector, an
adenoviral vector, or a lentiviral vector.

42. The method of claim 32, wherein the promoter 1s a
CaMKlIla promoter.

43. The method of claim 32, wherein said light delivery
device comprises an optical fiber.

44. The method of claim 32, wherein the beveled cannula
1s beveled to form a 45-55-degree angle for the restriction of
the 1llumination to the CeA.

45. The method of claim 44, wherein the beveled cannula
guide comprises a long side that shields the posterior-lateral
portion of the light delivery device.

46. The method of claim 32, further comprising delivering
one or more of a pharmacological agent, an electrical
stimulus, or a magnetic stimulus to the individual.
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