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neurons of the amygdala (e.g. basolateral amygdala) and/or
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methods for reversibly affecting memory function de-
scribed herem can be used to evaluate the effectiveness of
pharmacological agents in treating PTSD and/or various
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CONTROL AND CHARACTERIZATION OF MEMORY FUNCTION

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the priority benefit of U.S. Provisional Patent Application Nos.
61/410,732 filed on November 5, 2010, and 61/540,926, filed on September 29, 2011.

BACKGROUND

I'he consolidation of remote memories relies on both synaptic consolidation processes on
the timescale of minutes to hours, and circuit consolidation over weeks to years (Frankland and
Bontempi, 2003; Squire and Bayley, 2007). The process of long-term contextual fear memory
consolidation requires early involvement of the hippocampus, followed by the neocortex; in the
course of this process, an influence of hippocampus on neocortex may enable the hippocampus
to facilitate the long-term cortical storage of memory, rather than stably store the memory itself.
Studies have shown that hippocampal lesions impair recent memory one day after training, but
the same lesions had no effect on remote memory, several weeks after training (Anagnostaras et
al., 1999; Bontempi et al., 1999; Debiec et al., 2002; Frankland et al., 2004; Kim and Fanselow,
1992; Kitamura et al., 2009; Maren et al., 1997; Maviel et al., 2004; Shimizu et al., 2000; Wang
et al., 2003; Winocur et al., 2009). Additional studies suggest that both hippocampal and cortical
memories are in continuous interplay.

Previous work on the circuitry of memory has involved physical, pharmacological and
genetic lesion studies, which have greatly enhanced our understanding of neural systems but also
have suffered from certain well-known challenges; for example, physical lesions are highly
effective but lack both cellular and temporal precision, and other methods typically involve
tradeotfs between cellular and temporal precision. Elegant genetic interventions can be cell-type
specific (McHugh et al., 2007; Nakashiba et al., 2008), but are slow on the timescale of days.
Pharmacological lesions enable higher temporal resolution on the timescale of minutes
(Kitamura et al., 2009; Wiltgen et al., 2010), but are still slower than neurons and not typically
cell-specific. There is a need for developing methods and tools that enable both cell-type
precision and temporal control on the millisecond timescale for the study of memory in animals.

Various psychiatric conditions may arise due to a disorder in the circuitry of memory.

For example, amnesia (e.g., non-graded, graded retrograde, focal retrograde amnesia, etc.)
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involves an inability to retrieve certain memories, while post traumatic stress disorder (PTSD)
mvolves undesired retrieval of fearful memories. PTSD is a common debilitating psychiatric
condition in which a single exposure to a traumatic event can lead to years of compromised function
due to repeated re-experiencing of the trauma. Understanding the neural pathways that underlie
undesired memory recall may help aid in the discovery and screening of pharmacological therapies to

treat patients with such memory disorders.

SUMMARY

Aspects of the present disclosure relates to control or characterization of memory function in
living animals, as described herein. While the present disclosure is not necessarily limited in these
contexts, embodiments of the invention may be appreciated through a discussion of examples using
these and other contexts.

Certain embodiments of the present disclosure are directed toward specially-targeted circuits
that are associated with memory function. More particular embodiments relate to spatio-temporal
control over neural circuitry to identify specific circuit targets associated and corresponding with
memory function(s) (e.g., memory formation and/or retrieval).

Particular embodiments of the present disclosure are directed toward temporally precise
inhibition of neural circuits in the hippocampus (such as the neurons of the dorsal CA1 field of the
hippocampus), the precision being sufficient to disrupt memory function. It has been discovered that
temporal precision of neural inhibition is effective to disrupt remote memory retrieval, whereas
prolonged inhibition has no significant effect on remote memory retrieval. Accordingly, aspects of
the present disclosure relate to temporal aspects of such inhibition. Alternatively or additionally,
methods for reversibly affecting memory function may comprise temporarily inhibiting neurons of
the amygdala (e.g. basolateral amygdala) and/or neurons of the cingulate cortex (e.g., anterior
cingulated cortex). In certain embodiments, this inhibition is performed using an optogenetic system
that involves the expression of light-activated proteins (e.g., opsins) in the cells of the neural circuit.
In other embodiments, the inhibition can be performed using direct electrical stimulus. Still other
embodiments allow for the use of temporally-precise pharmaceuticals.

Various embodiments of the prescnt disclosure relate to an optogenetic system or method that
correlates temporal control over a ncural circuit with measurable metrics. For instance, a particular
memory function might be associated with a neurological disorder. The optogenetic system targets a

neural circuit within an individual for selective control

CA 2816972 2018-01-03
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The optogenctic system targets a neural circuit within an individual for selective control
thereof. The optogenetic system involves monitoring the individual for metrics (e.g.,
symptoms) assoclated 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. One or more methods for reversibly affecting memory function may
be used to evaluate the effectiveness of pharmacological agents in treating PTSD and/or
various memory disorders. ‘

Provided herein are methods for affecting memory using optogenetic techniques by
expressing light-activated proteins in a specific population of neurons involved in memory
function, and affecting memory function by activating the protein by light. In some
variations, the light-activated proteins may be configured to inhibit depolarization of a
neuron 1n the presence of light having a specific wavelehgth. In some variations, the light-
activated proteins may be configured to promote depolarization of a neuron in the presence
of a light having a specific wavelength.

Provided herein 1s a non-human animal comprising a light-activated protein
expressed on the cell membrane of excitatory neurons in the dorsal CA1l field of the
hippocampus of the animal, wherein the protein is responsive to light and is capable of
inhibiting depolarization of the neurons when the neurons are illuminated with the light,
wherein the 1llumination of the protein reversibly affects memory function. Also provided
herein is a non-human animal compzrising a light-activated protein expressed on the cell
membrane of excitatory neurons in the anterior cingulated cortex of the animal, wherein the
protein 1s responsive to light and is capable of inhibiting depolarization of the neurons when
the neurons are illuminated with the light, wherein the illumination of the protein reversibly
atfects memory function. Also provided herein is a non-human animal comprising a light-
activated protein expressed on the cell membrane of excitatory neurons in the basolateral
amygdala of the animal, wherein the protein is responsive to light and is capable of
inhibiting depolarization of the neurons when the neurons are illuminated with the light,
wherein the illumination of the protein reversibly affects memory function. In some
embodiments, the memory function that is affected when the neurons are illuminated may
be memory retrieval and/or memory formation. In some embodiments, the memory is a
fearful memory and/or a remote memory.

Also provided herein 1s a brain tissue slice comprising a brain region selected from

the group consisting of the dorsal CA1 field of the hippocampus, the basolateral amygdala,

and the anterior cingulated cortex, wherein a light-activated protein 1s expressed on the cell
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membrane of excitatory neurons of the brain region, wherein the protcin 1s responsive to

light and is capable of inhibiting depolarization of the neurons when the neurons are
1lluminated with the light, wherein the i1llumination of the protein reversibly atfects memory

function.

Also provide herein are methods of reversibly affecting memory retrieval or
formation in an individual.

In some embodiments, the method for reversibly affecting memory retrieval or
formation 1n an individual comprises: administering a polynucleotide encoding a light-
activated protein to the dorsal CA1l field of the hippoéampus in the individual, wherein
light-activated protein 1s expressed on the cell membrane of the excitatory neurons in the
dorsal CAl field of the hippocampus and the protein is responsive to light and 1s capable of
inhibiting depolarization of the neurons when the neurons are illummated with the light,
whereby activating the protein by the light reversibly affects memory retrieval or formation
of an event in the individual. In some embodiments, the method for reversibly affecting
memory retrieval or formation comprises: inhibiting depolarization of excitatory neurons in
the dorsal CA1 field of the hippocampus during memory rctriecval or formation of an event
in an individual, wherein a light-activated protein is expressed on the cell membrane of the
excitatory neurons in the dorsal CAl field of the hippocampus of the individual, wherein the
protein is responsive to light and is capable of inhibiting depolarization of the neurons when
the neurons are illuminated with the light.

In some embodiments, the method for reversibly affecting memory retrieval or
formation in an individual comprises: administering a polynucleotide encoding a light-
activated protein to the anterior cingulated cortex in the individual, wherein light-activated
protein is expressed on the cell membrane of the excitatory neurons in the anterior
cingulated cortex and the protein 1s responsive to light and 1s capable of inhibiting
depolarization of the neurons when the neurons are illuminated with the light, whereby
activating the protein by the light reversibly affects memory retrieval or formation of an
event in the individual. In some embodiments, the method for reversibly affecting memory
retrieval or formation comprises: inhibiting depolarization of excitatory neurons in the
anterior cingulated cortex during membry retrieval or formation of an event in an
individual, wherein a light-activated protein is expressed on the cell membrane of the
excitatory neurons in the anterior cingulated cortex of the individual, wherein the protein is
responsive to light and 1s capable of inhibiting depolarization of the neurons when the

neurons are 1lluminated with the light.
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[n some embodiments, the method for reversibly affecting memory retrieval or

formation in an individual comprises: administering a polynucleotide encoding a light-
activated protein to the basolateral amygdala in the individual, wherein light-activated
protein is expressed on the cell membrane of the excitatory neurons in the basolateral
amygdala and the ﬁrotein is responsive to light and is capable of inhibiting depolarization of
the neurons when the neurons are illuminated with the light, whereby activating the protein
by the light reversibly affects memory retrieval or formation of an event in the individual.

In some embodiments, the method for reversibly affecting memory retrieval or formation
comprises: inhibiting depolarization of excitatory neurons in the basolateral amygdala
during memory retrieval or formation of an event in an individual, wherein a light-activated
protein 18 eXpressed on the cell membrane of the excitatory neurons in the basolateral '
amygdala of the individual, wherein the protein is responsive to light and 1s capable ot
inhibiting depolarization of the neurons when the neurons are illuminated with the light.

Also provided herein are methods for treating post-traumatic stress disorder in an
individual. In some embodiments, the mcthod for treating post-traumatic stress disorder in '
an individual comprises: admimstering a polynucledtide encoding a light-activated protein
to the dorsal CA1 field of the hippocampus in the individual, wherein light-activated protein
is expressed on the cell membrane of the excitatory neurons in the dorsal CA1l field of the
hippocampus and the protein is responsive to light and is capable of inhibiting
depolarization of the neurons when the neurons are illuminated with the light, whereby
activating the protein by the light reversibly affects memory retrieval or formation of an
event in the individual. In some embodiments, the method for treating post-traumatic stress
disorder in an individual comprises: administering a polynucleotide encoding a light-
activated protein to the anterior cingulated cortex in the individual, wherein light-activated
protein is expressed on the cell membrane of the excitatory neurons in the anterior
cingulated cortex and the protein is responsive to light and is capable of inhibiting
depolarizz;tion of the neurons when the neurons are illuminated with the light, whereby
activating the protein by the light reversibly affects memory retrieval or formation of an
event in the individual.

Also provided herein are methods of screening a pharmacological agent that affects
memory retrieval or formation comprising: a) contacting excitatory neurons in the dorsal
CAL1 field of the hippocampus during memory retrieval or formation of an event 1n a non-
human animal with a pharmacological agent, wherein the non-human animal comprises a

light-activated protein expressed on the cell membrane of excitatory neurons in the dorsal
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CA1 field of the hippocampus of the animal, wherein the protein is responsive to light and
is capable of inhibiting depolarization of the neurons when the neurons are illuminated with
the light; b) inhibiting depolarization of the excitatory neurons in the dorsal CA1 field of the
hippocampus during memory retrieval or formation of an event; and ¢) determining 1t the
pharmacological agent affects memory retrieval or formation in the presence or absence of
the light. Also provided herein are methods of screening a pharmacological agent that
affects memory retrieval or formation comprising: a) contacting excitatory neurons in the
anterior cingulated cortex during memory retrieval or formation of an cvent in a non-human
animal with a pharmacological agent, wherein the non-human animal comprises a light-
activated protein expressed on the cell membrane of excitatory neurons in the anterior
cingulated cortex of the animal, wherein the protein is responsive to light and is capable of
inhibiting depolarization of the neurons when the neurons are illuminated with the light; b)
inhibiting depolarization of the excitatory neurons in the anterior cingulated cortex during
memory retrieval or formation of an event; and ¢) determining if the pharmacological agent
affects memory retrieval or formation in the presence or absence of the light. Also provided
herein are methods of screening a pharmacological agent that affects memory retrieval or
formation comprising: a) contacting excitatory neurons in the basolateral amygdala during
memory retrieval or formation of an event in a non-human animal with a pharmacological
agent, wherein the non-human animal comprises a light-activated protein expressed on the
cell membrane of excitatory neurons in the basolateral amygdala of the animal, wherein the
protein is responsive to light and is capable of inhibiting depolarization of the neurons when
the neurons are illuminated with the light; b) inhibiting depolarization of the excitatory
neurons in the basolateral amygdala during memory retricval or formation of an event; and
¢) determining if the pharmacological agent affects memory retrieval or formation in the
presence or absence of the light.

The light-activated protein may be responsive to light and configured such that the
protein is capable of inhibiting depolarization of the neurons when the neurons are
illuminated with the light. In some embodiments, the light-activated protein may be
selected from the group consisting of NpHR, BR, AR, and GtR3 described herein. In some
embodiments, the light-activated protein is a NpHR protein comprising an amino acid
sequence at least 95%, at least 96%, at least 97%, at least 98%, at least 99% or 100%
identical to the sequence shown in SEQ ID NO:3. In some embodiments, the NpHR protein
further comprises an endoplasmic reticulum (ER) export signal and/or a membrane

trafficking signal. For example, the NpHR protein comprises an amino acid sequence at
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least 95% 1dentical to the sequence shown in SEQ ID NO:3 and an endoplasmic reticulum (ER)

export signal. In some embodiments, the amino acid sequence at least 95% identical to the

sequence shown 1n SEQ ID NQO:3 1s linked to the ER export signal through a linker. In some
embodiments, the ER export signal comprises the amino acid sequence FXYENE, where X can

be any amino acid. In another embodiment, the ER export signal comprises the amino acid

sequence VXXSL, where X can be any amino acid. In some embodiments, the ER export
signal comprises the amino acid sequence FCYENEV. In some embodiments, the NpHR
protein comprises an amino acid sequence at least 95% identical to the sequence shown 1in SEQ
[D NO:3, an ER export signal, and a membrane trafficking signal. In other embodiments, the
NpHR protein comprises, irom the N-terminus to the C-terminus, the amino acid sequence at
least 95% 1dentical to the sequence shown 1n SEQ 1D NO:3, the ER export signal, and the
membrane trafficking signal. In other embodiments, the NpHR protein comprises, from the N-
terminus to the C-terminus, the amino acid sequence at least 95% identical to the sequence
shown in SEQ ID NO:3, the membrane trafficking signal, and the ER export signal. In some
embodiments, the membrane trafficking signal is derived from the amino acid sequence of the
human inward rectifier potassium channel Kir2.1. In some embodiments, the membrane
trafficking signal comprises the amino acid sequence KSRITSEGEYIPLDQIDINYV.
[n some embodiments, the membrane trafficking signal 1s linked to the amino acid sequence at
least 95% identical to the sequence shown in SEQ ID NO:3 by a linker. In some embodiments,
the membrane trafficking signal is linked to the ER cxport signal through a linker. The hinker
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 in length. The linker may further comprise a tluorescent protein, for
example, but not limited to, a yellow fluorescent protein, a red tluorescent protein, a green
fluorescent protein, or a cyan fluorescent protein. In some embodiments, the light-activated

protein further comprises an N-terminal signal peptide. In some embodiments, the light-

activated protein comprises the amino acid sequence of SEQ ID NO:5. In some embodiments,

the light-activated protein comprises the amino acid sequence of SEQ ID NO:6.

The invention disclosed and claimed herein relate to a polynucleotide encoding a light-
activated protein for reversibly inhibiting the tormation of a feartul memory associated with
contextual fear conditioning or retrieval of a fearful memory associated with contextual fear

conditioning in an individual, wherein the polynucleotide 1s for expression on the cell

CA 2816972 2018-11-05
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membrane of the excitatory neurons in the dorsal CA1 field of the hippocampus of the
individual, the anterior cingulated cortex of the individual, or the basolateral amygdala of the
individual, and the protein is responsive to light and is capable of hyperpolarization of the
neurons when the neurons are illuminated with the light, wherein the light-activated protein
comprises an amino acid sequence that is greater than 90% identical to BR of SEQ ID NO:7 .
The invention disclosed and claimed herein also relate to a polynucleotide encoding a
light-activated protein for reversibly inhibiting the formation of a fearful memory associated
with contextual fear conditioning or retrieval of a fearful memory associated with contextual
fear conditioning in an individual, wherein the polynucleotide is for expression on the cell
membrane of the excitatory neurons in the dorsal CA1 field of the hippocampus of the
individual, the anterior cingulated cortex of the individual, or the basolateral amygdala of the
individual, and the protein is responsive to light and is capable of hyperpolarization of the
neurons when the neurons are illuminated with the light, wherein the light-activated protein
comprises an amino acid sequence that is greater than 90% identical to GtR3 of SEQ D NO:1.
The mvention disclosed and claimed herein also relate to a polynucleotide encoding a
light-activated protein for reversibly inhibiting the formation of a fearful memory associated
with contextual fear conditioning or retrieval of a fearful memory associated with contextual
fear conditioning in an idividual, wherein the polynucleotide 1s for expression on the cell
membrane of the excitatory neurons in the dorsal CA1 field of the hippocampus of the .
individual, the anterior cingulated cortex of the individual, or the basolateral amygdala of the
individual, and the protein is responsive to light and is capable of hyperpolarization of the

neurons when the neurons are illuminated with the light, wherein the light-activated protein

comprises an amino actd sequence that is greater than 90% identical to NpHR of SEQ D
NO:3.

The invention disclosed and claimed herein also relate to use of an animal for screening

a pharmacological agent that affects retrieval or formation of a fearful memory, wherein the
animal comprises a light-activated protein expressed on the cell membrane of excitatory
neurons n the dorsal CA1 field of its hippocampus, its anterior cingulated cortex, or its
basolateral amygdala, wherein the protein is responsive to light and is capable of
hyperpolarizing the neurons when the neurons are illuminated with the light, wherein the

(tumination of the neurons inhibits formation or retrieval of a fearful memory, wherein the

CA 2816972 2018-11-05
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light-activated protein comprises an amino acid sequence that is greater than 90% identical to

BR of SEQ ID NO:7.
The invention disclosed and claimed herein also relate to use of an animal for screening

a pharmacological agent that affects retrieval or formation of a fearful memory, wherein the
animal comprises a light-activated protein expressed on the cell membrane of excitatory
neurons in the dorsal CAl field of its hippocampus, its anterior cingulated cortex, or its
basolateral amygdala, wherein the protein is responsive to light and is capable of
hyperpolarizing the neurons when the neurons are illuminated with the light, wherein the
tllumination of the neurons inhibits formation or retrieval of a fearful memory, wherein the
light-activated protein comprises an amino acid sequence that 1s greater than 90% 1dentical to

GtR3 of SEQ ID NO:1.

The invention disclosed and claimed herein also relate to use of an animal for screening
a pharmacological agent that aftects retrieval or formation of a fearful memory, wherein the
antmal comprises a light-activated protein expressed on the cell membrane of excitatory
neurons in the dorsal CA1 tield of 1ts hippocampus, its anterior cingulated cortex, or its
basolateral amygdala, wherein the protein 1s responsive to light and is capable of
hyperpolarizing the neurons when the neurons are illuminated with the light, wherein the
1llumination of the neurons inhibits formation or retrieval of a fearful memory, wherein the

light-activated protein comprises an amino acid sequence that is greater than 90% 1dentical to

NpHR of SEQ ID NO:3.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts one variation of a device or a system that may be used to apply light
of sclected wavelengths to affect memOry function.

FIG. 2 depicts a flow diagram for modifying memory function.

FIGS. 3A and 3B depict variations of methods for evaluating the effects of a test
pharmacological agent on neural circuits that underlie memory function.

FIGS. 4A-D depicts experimental data showing specific optogenetic inhibition of
excitatory neurons in dorsal CA1 reduces neuronal activity. FIG. 4A shows that double
lentiviral injection resulted in eNpHR3.1 expression throughout the CA1 only. FIG. 4B
shows that eNpHR3.1 is expressed in the neuronal membrane around the soma, as well as in
the apical and basal dendrites of CA1 neurons. FIG. 4C depicts data demonstrating that
CaMKllo::eNpHR3.1 was expressed in 94% (458/486 cells, from 3 mice) ot CAl
pyramidal neurons, with 100% specificity (all eNpHR3.1-EYFP cells were CaMKlla
positive). FIG. 4D depicts data from iln-vivo ‘optrode’ light administration and recording
performed by inserting an optic fiber coupled to a tungsten electrode to the CAl 1n
anesthetized mice expressing eNpHR3.1 (left). 561 nm illumination of CA1 neurons in

these mice resulted in a reversible, marked reduction in spiking frequency (4.93 + 1.6 Hz,

1.31 £ 0.15 Hz, and 6.45 + 2.4 Hz: before, during and after light administration,
respectively, in 15 traces from 2 mice, P<0.02), without affecting average spike amplitude

(33.55 £ 4.94 nVv, 29.20 = 4.4 pV, and 33.32 + 5.45 pV; before, during and after light). A

representative optrode recording trace, as well as average frequency and amplitude are

shown (meantSEM).

FIGS. 5A-51 depicts experimental data showing that real time CA1 optogenetic
inhibition blocks contextual fear acquisition and retrieval. FIG. 5A shows that bilateral in-
vivo light may be administered to CA1 by inserting a double optic fiber through bilateral
cannula guide in freely-moving mice. FIG. 5B (top) depicts an experimental sequence
where continuous 561 nm illumination was administered during fear-conditioning traimng,
and mice were tested for their memory 24 hr later without light. One day later, mice were
re-trained without light, and re-tested without light on the fourth day and with light on the
fifth. (bottom) CA1 optogenetic inhibition during fear-conditioning training (L.ight ON)

prevented acquisition in eNpHR3.1 mice (n=5) compared to controls (n=4) (39+5.4 vs.

7.6+4.3 % freezing; means = SEM, P<0.005). When re-trained without illumination (Light

OFF), the same mice demonstrated intact contextual memory (64.6+6.6 vs. 49.7£11.7 %

freezing; P>0.5). This contextual fear memory became unavailable for recall upon light
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administration during testing (light ON) in eNpHR3.1 mice (42.6+10.1 vs. 5.9444.1 %
freezing, P<0.01). FIG. 5C shows that CA1 optogenetic inhibition had no effect on either

acquisition (left) or recall (right) of the hippocampal-independent auditory-cued fear
memory in eNpHR3.1 mice (n=5) compared to controls (n=4). FIG. 5D depicts data
showing optogenetic inhibition had no effect on exploration of the context before
conditioning in eNpHR3.1 mice (n=5) compared to controls (n=4). CA1 optogenetic
inhibition also had no effect on exploration of a novel environment. FIGS. SE and S5F show

that control (n=6) and eNpHR3.1 (n=4) mice explored the field with similar path lengths

(56449 and 618+114 cm, respectively) and similar speeds (3.3+0.1 vs. 3.43+0.6 cm/sec,

respectively). FIG. 5G shows that there was no effect on anxiety, as the percent of time that

control and eNpHR3.1 mice spent in the center of the open field was similar (23.8+2.76 %
vs. 20.46+£5.97 %, P>0.5). Representative exploration traces are presented. FIG. SH depicts
eNpHR3.0 expression in basolateral amygdala (BLA). FIG. 51 shews that light
administration to the BLA resulted in impaired contextual (65.5+7.2 vs. 9.6£5.5 % freezing;
P<0.001) and cued (69.5+9.6 vs. 24.5=13 % freezing; P<0.05) memory acquisition n

eNpHR3.0 (n=4) mice, compared to controls (n=9).
FIGS. 6A-6E depicts experimental data showing that CA1 optogenetic inhibition

reversibly interferes with remote fear memory recall. FIG. 6A depicts data indicating that

CAL1 optogenetic inhibition reversibly prevented recall of remote memory that was acquired

28 days earlicr, and was never previously evoked (P<0.0001; Control n=14, 69.8+5.3 %

freezing eNpHR3.1 n=6, 14+6.4 % freezing). This recall disruption was reversible, as when

the same mice were re-introduced to the conditioning context on the next day with no

illumination they demonstrated intact fear responses (52.45+6.0 vs. 45.18+11.5 % freezing;
P>0.5). FIG. 6B depicts data showing that auditory-cued fear, tested 28 days after
conditioning was not affected (Control n=14, 22.3:£6.8%, eNpHR3.1 n=6, 11.8+3.5 %
freezing in the new context; and 72.4+8.4 vs. 58.77+7.9 % freezing to the tone; P>(.5).

FIG. 6C shows that CA1 optogenetic inhibition impaired recall of ultra remote memory that
was acquired 63 days earlier, and was never previously evoked (P<0.005; Control n=9,
31.8+£3.8 % freezing eNpHR3.1 n=6, 1 1.343.6 % freezing). FIG. 6D depicts data showing
that pharmacological hippocampal inhibition by TTX and CNQX administration one day

after conditioning prevented recent fear recall (Saline n=5, 56.86+1.9 % freezing;

TTX+CNQX n=4, 26.05+10.23 % freezing; P<0.05). FIG. 6E shows that TTX and CNQX

administration one month after conditioning did not affect remote fear recall (Saline n=8,

93.934+2.54 % freezing; TTX+CNQX n=9, 83.8+4.4 % freezing; P>0.05).
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FIGS. 7A-7C depicts experimental data showing that precise, but not prolonged
CA1 optogenetic inhibition blocks remote contextual fear recall. FIG. 7A shows that CAl
optogenetic inhibition prevents remote fear recall of a memory that was acquired 28 days
earlier, only when the light was administered precisely during testing (Precise group,
Control n=4, 72.65+11.5 % freezing, eNpHR3.1 n=8, 26.9+10.4 % freezing; P<0.01), but
not when the light was ON continuously for 30 min before, as well as during, the test

(Prolonged group, middle, Control n=3, 70.13+12.2 % freezing, eNpHR3.1 n=4, 67.7+5.6

% freezing; P>0.05). When the prolonged group mice were re-tested the next day with light

during the test only, their recall was disrupted (Prolonged group, left, 55.5+8.5 vs. 27.648.6
% freezing; P<0.05). FIG. 7B shows that prolonged light prevents recall of recent memory,
24 hr after conditioning (Control n=7, 32.2+10.6 % freezing, eNpHR3.1 n=3, 4+2.6 %

freezing; P<0.05). FIG. 7C shows that eNpHR3.1 continuously and completely prevented
evoked spiking for 30 min, as shown in the recording trace. Detailed traces of sections 1
(inhibition onset) 2 (during continuous inhibition) and 3 (end of inhibition and recovery) are
presented on the bottom left. Averaged percent successful evoked spiking before light,
during light administration (after 5 min and 30 min of light ON) and recovery after light

OFF are presented (bottom right; n=4 mice, 10 cells).
FIG. 8 depicts experimental data showing that CA1 optogenetic inhibition interferes

“with ongoing fear recall. Left: Remote fear memory that was acquired 5 weeks before and

was efficiently recalled (Control n=8, 79.0+8.9 % freezing; eNpHR3.1 n=6, 67.8+12.1 %
freezing; P> 0.5) was no longer available for recall under CA1 optogenetic inhibition

(77.2+4.3 % vs. 12.8+4.4 % freezing; P<0.0001). Right: This recall disruption did not

result in memory erasure, as when the same mice were re-introduced to the conditioning

context with no illumination they again demonstrated intact fear response (61.5+6.7 vs.

58.3+3.5 % freezing; P>0.5). When illumination was introduced again in the middle ot the

testing trial, after the memory was already recalled, the fear response abruptly ceased

(65.246.9 vs. 15.945.2 % freezing; P<0.001).

FIG. 9A-9H depicts experimental data showing brain-wide mapping of circuit

activity controlled by the hippocampus during remote recall. FIG. 9A depicts an
experiment where mice were fear-conditioned under light delivery, and brains were
collected 90 min after training. FIG. 9B shows brain slices stained for c-Fos and DAE’I. '
Expression of YFP control and eNpHR3.1 are shown. The CAl region from which these
1mages were taken is marked by a white square in FIG. 9C. FIG. 9C depicts representative
images of CA1, ACC and BLA. Anatomy is shown by DAPI nuclear staining, and the
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margins of the amygdala are marked with a dashed yellow line. White scalebar: 150pm.
FIG. 9D shows that CA1 optogenetic inhibition during FC reduced the expression of the
neuronal activation marker c-Fos in CAl1 (n=2to 4 micé, 6 to 15 slices per group; P<0.01),
but not in the ACC or BLA. In the BLA, activity levels were similarly elevated in both
control and eNpHR3.1 mice (p<0.0001). FIG. 9E depicts an experiment where another
group of mice was trained, and then re-exposed to the conditioning context 28 days after
conditioning. Brains were collected for staining 90 min after testing. FIG. 9 depicts
representative CA1, ACC and BLA images following remote memory are shown. White
scalebar: 150um. FIG. 9G shows that remote recall 28 days following conditionihg resulted
in a small but significant increase in CA1 c-Fos expression in control mice (P<0.005), and
highly increased activity levels in ACC (P<0.0001) and BLA (P<0.0001). Light inhibition
during exposure to the context completely blocked CAl activity (P<0.05), and significantly
reduced ACC and BLA activity (P<0.0001 and P<0.0001, respectively), compared to
control. FIG. 9H shows global patterns in brain activity between conditioning (day 0) and
remote recall (day 28). Activity levels in CA1 significantly decreased in control (P<0.005) -
mice from day O to day 28. Activity levels in ACC significantly increased in both control
(P<0.0001) and eNpHR3.1 (P< 0.001) mice day 0 to day 28. Activity levels in BLA
significantly increased in control (P<0.001) But not in eNHR3.1 mice.

FIG. 10 depicts experimental data showing that precise and prolonged anterior
cingulate cortex (ACC) optogenctic inhibition disrupts femote, but not recent, fear memory
recall. FIG. 10A depicts eNpHR3.0 expression in the anterior cingulate cortex (ACC).

FIG. 10B depicts an experiment where precise light administration resulted in inhibition of
remote (Control n=5, 81.6+4.9 % freezing; eNpHR3.0 n=5, 53.8=11 % freezing; P<0.05),
but not recent (75.9+5.4 vs. 76£2.9 % freezing) memory recall. FIG. 10C depicts another

cxperiment where prolonged light in ACC also resulted in inhibition of remote (Control

n=3, 78.0+£6.2 % freezing; eNpHR3.0 n=8, 45.0+5.2 % freezing; P<0.05), but not recent

(78.5+12.7 vs. 74.3+4.3 % freezing) memory recall.

DETAILED DESCRIPTION

The present disclosure is believed to be useful for modifying memory function on a
temporal basis. Specific applications of the present invention facilitate disrupting memory
retrieval and/or cmotional responses linked to memory retrieval. 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

developments to provide a solid understanding of the foundation and underlying teachings
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from which implementation details and modifications might be drawn. While the present
Invention is not necessarily limited to such applications, various aspects of the invention may be
appreciated through a discussion of various examples using this context.

It has been discovered that (temporal) disruption of the dorsal CAl hippocampus circuit is
etfective to prevent contextual fear memory acquisition. Consistent therewith, a prevailing
neural nctwork theory suggests that the process of memory consolidation starts with short-term
modifications in the connections between the hippocampus and the cortex, which enable the
hippocampus to activate the relevant cortical sites that contribute to the complete memory, rather
than to store the memory itself. While these cortical traces are repeatedly co-activated, gradual
long-lasting changes in the connections between them occur until eventually these connections
are strong enough to support the memory without any hippocampal involvement.

Surprisingly, it has been discovered that the disruption of the dorsal CAl hippocampus
circuit 1s effective to block fear-memory recall, even after cortical reorganization is believed to
have occurred.

Consistent with various embodiments of the present disclosure, methods, systems or
devices are discussed that relate to controlling neural circuits. Control over the neural circuit can
include inhibition or excitation, which can each include coordinated firing, and/or modified
susceptibility to external circuit inputs. For instance, inhibition can be accomplished using a
light-activated protcin, such as an ion channel and/or ionic pump (e.g., NpHR and NpHR
variants). Such ion channels move the membrane potential of the neuron away from its threshold
voltage to dissuade or inhibit action potentials. In another instance, excitation can be

accomplished using a light-activated protein, such as an ion channel (e.g., ChR2 and ChR2

variants). Such ion channels can cause the membrane potential to move toward and/or past the
threshold voltage, thereby exciting or encouraging action potentials. Consistent with various
embodiments, a light- activated protein can be used to (temporarily) shift the resting potential of
a neuron to increase or decrease its susceptibility to external circuit inputs. These various
options can also be used in combination.

The devices and methods provided herein may reversibly affect memory function. For example,

the methods described below may be used to control and/or characterize the neural circuitry that

underlies long-term and short-term memory, as well as various types of

CA 2816972 2018-01-03
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memories, including fearful or stressful memories. The methods may also affect various
stages of memory function (e.g., memory acquisition, consolidation, and recall). In some
variations for affecting memory function (e.g., such as memory formation and/or retrieval),
memory function is affected by applying light to neurons of the dorsal CA1 region of the
hippocampus, in the basolateral amygdala (BLA), and/or in the anterior cingulated cortex

(ACC) that expres's light-activated proteins. In the presence of light, these light-activated
proteins may inhibit depolarization of the neurons, thereby disturbing the formation and/or
retrieval of memories. While the exemplary methods are described in the context ot the
acquisition and recall of contextual remote and recent fear-based memories, it should be
understood that the devices and methods disclosed herein may be used to affect other stages
of memory function, as well as other types of memories (e.g., cued memories).

Various embodiments described herein and shown in the figures may be

implemented together and/or in other manners. One or more of the items depicted in the
drawings/figures can also be implemented in a more separated or integrated manner, or
removed and/or rendered as inoperable in certain cases, as is useful in accordance with
particular applications. For example, embodiments involving the treatments for P'1'SD as
discussed herein may be implemented using temporally-controlled drug release. In view of
the description herein, those skilled in the art will recognize that many changes may be

made thereto without departing from the spirit and scope of the present invention.

Expressing light-activated proteins in target cells

The activity of a neuron (e.g., neurons involved in memory function) may be
affected using a variety of mechanisms. Deterministic methods of atfecting neuronal
activity may be used to control and/or characterize the neural circuits that underlie various
brain functions. For example, neuronal responses may be affected by applying
pharmacological agents (c.g., tetrodotoxin (TTX), 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX), picrotoxin, strychnine, etc.) and/or by electrical stimulation (e.g., electrodes). In
some variations, neuronal activity may be affected by activating certain types of proteins on
the membrane of the neuron, which may hyperpolarize or depolarize the cell membrane.
For example, light-activated proteins that become permeable to certain 10ns (c. g.,' cations,
anions) in the presence of light with a certain wavelength may be expressed in a neuron.
Examples of light-activated proteins may include light-activated ion channels and/or pumps,
which are further described below.

In some variations, microbial opsin genes may be adapted for uses in neuroscience.

These opsins allow transduction of light pulse trains into millisecond-timescale membrane
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potential changes in specific cell types within the intact mammalian brain (e.g.,
channelrhodopsin (ChR2), Volvox channelrhodopsin (VChR1) and halorhodopsin (NpHR)).
ChR2 1s a rhodopsin derived from the unicellular green alga Chlamydomonas reinhardtii. The
term "rhodopsin” as used herein is a protein that comprises at least two building blocks, an opsin
protein, and a covalently bound cofactor, usually retinal (retinaldchyde). The rhodopsin ChR2 is
derived from the opsin Channelopsin-2 (Chop2), originally named Chlamyopsin-4 (Cop4) in the
Chlamydomonas genome. The temporal properties of one depolarizing channelrhodopsin,
ChRZ2, include fast kinetics of activation and deactivation, affording generation of precisely
timed action potential trains. For applications seeking long timescale activation, it has been
discovered that the normally fast off-kinetics of the channelrhodopsins can be slowed. For
example, certain implementations of channelrhodopsins apply 1 mW/mm? light for virtually the
entire time in which depolarization is desired, which can be less than desirable.

Light-activated proteins that generate hyperpolarization or inhibit depolarization of the
membrane in responsc to light with certain wavelength(s) may be expressed in the excitatory
neurons (€.g., glutamatergic neurons) of the dorsal CA1 region of the hippocampus (CA1),
basolateral amygdala (BLA), and anterior cingulated cortex (ACC) regions. Table 1 below
shows various examples of light-activated proteins that may be expressed in the excitatory
neurons to inhibit depolarization or hyperpolarize the neurons in the presence of light of a certain
wavelength. Further description of these and other light-activated proteins may be found in PCT
App. No. PCT/US11/028893, titled “LIGHT SENSITIVE ION PASSING MOLECULES?”, filed
on March 17, 2011. As uscd herein, “NpHR”, “BR”, “AR”, and “GtR3” include wild type

proteins and functional variants (including naturally occurring variants).

Table 1
Light-activated Biological Origin Wavelength Sensitivity | Defined Action
proteins
NpHR Natronomonas 680 nm utility (with Inhibition
pharaonis 3.0 series) (hyperpolarization)
589 nm max
' BR Halobacterium 570 nm max Inhibition
| helobium (hyperpolarization)
AR Acetabulaira 518 nm max Inhibition
acetabulum (hyperpolarization)
GtR3 Guillardia theta 4’72 nm max Inhibition
(hyperpolarization)

CA 2816972 2018-01-03
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Embodiments of the present invention include relatively minor amino acid variants
of the naturally occurring sequences. In one instance, the variants are greater than about
75% homologous to the protein sequence of the naturally occurring sequences. In other
variants, the homology is greater than about 80%. Yet other variants have homology greater
than about 85%, greater than 90%, or even as high as about 93% to about 95% or about
98%. Homology in this context means sequence similarity or identity, with 1dentity being
preferred. This homology can be determined using standard techniques known 1n the tield
of sequence analysis. The compositions of embodiments of the present invention include
the protein and nucleic acid sequences provided herein, including variants which are more
than about 50% homologous to the provided sequence, more than about 55% homologous to
the provided sequence, more than about 60% homologous to the provided .sequence, more
than about 65% homologous to the provided sequence, more than about 70% homologous to
the provided sequence, more than about 75% homologous to the provided sequence, more
than about 80% homologous to the provided sequence, more than about 85% homologous to
the provided sequence, more than about 90% homologous to the provided sequence, or
more than about 95% homologous to the provided sequence.

Provided herein are non-human animals comprising a light-activated protein
expressed on the cell membrane of excitatory neurons in the dorsal CA1l field of the
hippocampus, anterior cingulated cortex, and/or basolateral amygdala of the animal,
wherein the protein is responsive to light and is capable of inhibiting depolarization of the
neurons when the neurons are illuminated with the light, wherein the 1llumination of the
protein reversibly affects memory function. In some embodiments, the light-activated
protein is selected from the group consisting of NpHR, BR, AR and GtR3 described herein.
For example, any of the NpHR proteins described herein may be expressed on the cell
membrane of the target neurons.

Also provided herein are brain tissue slices comprising a brain region selected from
the group consisting of the dorsal CA1 field of the hippocampus, the basolateral amygdala,
and the anterior cingulated cortex, wherein a light-activated protein is expressed on the cell
membrane of excitatory neurons of the brain region, wherein the protein 1s responsive to
light and is capable of inhibiting depolarization of the neurons when the neurons are
illuminated with the light, wherein the illumination of the protein reversibly affects memory
function. In'some embodiments, the brain tissue slices are cultured tissue slices taken [rom
the non-human animals described herein. In some embodiments, the light-activated protein

is selected from the group consisting of NpHR, BR, AR and GtR3 described herein. For
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example, any of the NpHR proteins described herein may be expressed on the cell membrane of

the target neurons.

In some embodiments, neurons of the CA1, BLA, and/or ACC regions may express
ChR2. Unless otherwise stated, the invention includes a number of similar variants. Examples
include, but are not limited to, Chop2, ChR2-310, Chop2-310, and Volvox channelrhodopsin
(VChRI). For turther details on VChR1, reference can be made to "Red-shifted optogenetic
excitation: a tool for fast neural control derived from Volvox carteri," Nat Neurosci. June 2008,
11(6):631-3. Epub 2008 Apr. 23. In other implementations, similar modifications can be made
to other opsin or light-activated molecules. For instance, modifications/mutations can be made
to ChR2 or VChR1 variants. Moreover, the modified variants can be used in combination with
light-activated ion pumps.

As used herein, stimulation of a target cell is generally used to describe modification of
properties of the cell. For instance, the stimulus of a target cell may result in a change in the
properties of the cell membrane that can lead to the depolarization or polarization of the target
cell. In a particular instance, the target cell is a neuron and the stimulus may affect the
transmission of impulses by facilitating or inhibiting the generation of impulses (action
potentials) by the neuron.

For turther details on light-activated proteins (e.g., opsins), reference can be made to PCT
Publ. No. WO 2010/056970, entitled "OPTICALLY-BASED STIMULATION OF TARGET
CELLS AND MODIFICATIONS THERETO," to Deisseroth et al.

Embodiments of the present disclosure are directed toward implementation of bistable

changes in the excitability of targeted populations. This includes, but is not necessarily limited
to, the double-mutant ChR2-C128S/D156A. This double-mutant ChR2-C128S/D156A has been

found to be well-tolerated in cultured hippocampal neurons and preserved the essential SFO
properties of rapid step-like activation with single brief pulses of blue light, and deactivation
with green or yellow light. In particular, the activation spectrum of ChR2- C128S/D156A peaks
at 445 nm. A second deactivation peak was found at 390-400 nm, with faster but less complete
deactivation by comparison with the 590 nm dcactivation peak. Peak photocurrents in cells
expressing ChR2-CI128S/D156A were found to be robust and comparable to those of ChR2-
DI156A (231.08+31.19 s.e.m; n=9 cells and 320.96+78.26 s.e.m; n=7 cells, respectively).

CA 2816972 2018-01-03
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Individual transfected and patch-clamped neurons were next activated with 100 ms
pulses of 470 nm light. To ensure over very long recordings that current decay would not
be attributable to cell rundown, each cell was deactivated with prolonged 590 nm light
pulses at distinct intervals to determine the magnitude of remaining SFO current at each
time point. Surprisingly, neurons expressing ChR2-C128S/D156A gave rise to sustained
photocurrents that were more stable than those from cells expressing either single mutant
alone. Fitting a mono-exponential decay curve to the ratio of Ideactivation/lactivation over
time revealed a spontaneous decay time constant of 29.3 minutes for ChR2-C1285/D156A,
indicating that the C128 and D156 mutations act synergistically to delay the decay ot the
open state of ChR2. Consistent with the required improvement for the anticipated
application to complex mammalian behaviors, significant portions of the double-mutant
SFO current were still present up to 20 minutes after the single photoactivation pulse.

Based on these surprisingly slow decay kinetics, the double-mutant gene is referred
to as SSFO (for stabilized step-function opsin) gene. SSFO is also used as shorthand for the
active protein. Both residues likely are involved in ChR2 channel closure (gating), and both
mutations likely stabilize the open state configuration of the channel

Without being limited by theory, aspects of the present disclosure relate to the
discovery that SSFO may be completely blocked in photocycle pfogression, and may
therefore represent the maximal stability possible with photocycle engineering. For
instance, in contrast to ChR2 C128X and ChR2-D156A, the SSFO photocycle does not
appear to access additional inactive deprotonated side products which likely split ott the
photocycle at later photocycle stages not reached in this mutant, in turn making the SSFO
even more reliable for repeated use in vivo than the parental single mutations.

Embodiments of the present disclosure are directed toward the sensitivity of the
SSFO to light. For instance, channelrhodopsins with slow decay constants effectively act as
photon integrators. This can be particularly useful for more-sensitive, less-invasive
approaches to optogenetic circuit modulation, still with readily titratable action on the target
neuronal population via modulation of light pulse length. It has been discovered that, even
at extraordinarily low light intensities (as low as 8 pW mm™), hundreds of picoamps of
whole-cell photocurrents could be obtained from neurons expressing SSFO, which
increased with monoexponential kinetics in response to 470 nm light during the entire time
of illumination. Other aspects relate to the use of activation time constants that are linearly
correlated with the activation light power on a log-log scale, which 1s indicative of a power-

law relationship and suggesting that the SSFO is a pure integrator, with total photon
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exposure over time as the only determinant of photocurrent. For instance, it 1s believed that
the number of photons per membrane area required for photocurrents to reach a given sub-
maximal activation (time to 1) is constant regardless of activation light power.

Example embodiments of the present disclosure relate to the use of a hybrid
ChRI/VChRI chimera, which contains no ChR2 sequence at all and is derived from two
opsins genes that do not express well individually, and 1s herein referred to as C1V1.
Embodiments of the present disclosure also relate to improvements of the membrane
targeting of VChR1 through the addition of a membrane trafficking si onal derived from the
K 2.1 channel. Confocal images from cultured neurons expressing VChRI-EYFP revealed
a large proportion of intracellular protein compared with ChR2; therefore, to improve the
membrane targeting of VChRI, we added a membrane trafficking signal derived from the
Kir2.1 channel. Membrane targeting of this VChRI-ts-EYFP was slightly enhanced
compared with VChRI-EYFP; however, mean photocurrents recorded from cultured.
hippocampal neurons expressing VChRI-ts-EYFP were only slightly larger than those of
VChRI-EYFP. Accordingly, embodiments of the present disclosure relate VChRI1 that is
modified by exchanging helices with corresponding helices from other ChRs. For example,
robust improvement has been discovered in two chimeras where helices 1 and 2 were
replaced with the homologous segments from ChRI. It was discovered that whether splicé,
sites were in the intracellular loop between helices 2 and 3 (at ChR1 residue Alal4)5) or
within helix 3 (at ChR1 residue Trp163), the resulting chimeras were both robustly
expressed and showed similarly enhanced photocurrent and spectral properties. This result

was unexpected as ChR1 is only weakly expressed and poorly integrated into membranes of
most mammalian host cells. The resulting hybrid ChR1/VChR1 chimera is herein referred
toas C1V1.

Aspects of the present disclosure relate to the expression of C1V1 1n cultured
neurons (e.g., hippocampal neurons). Experimental tests have shown a number of
surprising and useful results, which are discussed in more detail hereafter. C1V1-EYFP
exhibits surprisingly improved average fluorescence compared with VChRI-EYFP. Whole
cell photocurrents in neurons expressing C1V1 were much larger than those of VChRI-
EYFP and VChRI-ts-EYFP, and ionic selectivity was similar to that of ChR2 and VChRL
The addition of the Kir2.1 trafficking signal between C1V1 and YFP further enhanced

photocurrents by an additional 41%. (C1V1- ts-EYFP mean photocurrents were extremely

large, nearly tenfold greater than wild type (WT) VChR1). Mean {luorescence levels

closely matched the measured photocurrents (mean fluorescence 9.3+ 1,19.6 +3.4,19.8 -
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2.8 and 36.3 + 3.8 for VChRI-EYFP, VChRI-ts-EYFP, C1V1-EYFP and C1V1-ts-EYFP,
respectively), suggesting that the increase in photocurrent sizes resulted mainly from the
improved expression of these channels in mammalian neurons. Total somatic fluorescence
(measured as integrated pixel density) was linearly correlated with photocurrent size in
individual recorded/imaged cells across the different constructs (VChRI, VChRI-ts-EYFP, C1V1,
C1VI-ts-EYFP). This suggests (without being limited by theory) that the increased photocurrent
of C1V1 results from functional expression changes in neurons.

Various embodiments of the present disclosure relate to opsins or light-activated proteins
with fast decay constants. This property can be particularly useful for providing precise control
over spiking, e.g., in order to interfere minimally with intrinsic conductances, trigger single
spikes per light pulse and/or minimize plateau potentials during light pulse trains. Experimental
results suggest that the light-evoked photocurrents recorded in C1V1-ts-EYFP decayed with a
time constant similar to that of VChRI. Aspeccts of the present disclosure are therefore directed
toward modifications in the chromophore region to improve photocycle kinetics, reduced
inactivation and/or possible further red-shifted absorption.

One embodiment is directed toward a corresponding ChETA mutation E162T, which
experiments suggest provides an accelerated photocycle (e.g., almost 3-fold), (reference can be
made to Gunaydin, et al., Ultrafast optogenetic control, Nat Neurosci, 2010.). Surprisingly, this
mutation was shown to shift the action spectrum hypsochromic to 530 nm, whereas analogous
mutations in ChR2 or other microbial rhodopsins have caused a red-shift.

Another embodiment is directed toward a mutation of glutamate-122 to threonine (C1V1-

E122T). Experimental tests showed that C1V1-E122T is inactivated only by 26% compared to
46% 1activation of ChR2; in addition, the spectrum was further red-shifted to 546 nm.

Another embodiment of the present disclosure is directed toward a double mutant of
CIVI including both E122T and E162T mutations. Experimental tests have shown that the
inactivation of the current was even lower than in the E122T mutant and the photocycle was
faster compared to E162T. This suggests that multiple useful properties of the individual

mutations were conserved together in the double mutant.

Polynucleotides encoding light-activated proteins
Light-activated proteins or opsins described herein may be delivered into neurons by

methods known in the art, such as by a polynucleotide comprising a sequence encoding the
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proteins. In some embodiments, the polynucleotide comprises an expression cassette. In some
embodiments, the polynucleotide is a vector, such as a viral veetor selected from the group
consisting of an AAV vector, a retroviral vector, an adenoviral vector, an HSV vector, and a
lentiviral vector.

For example, neurons may be contacted with a vector comprising a nucleic acid sequence
encoding a light-activated protein operably linked to a cell specific promoter, wherein said
neurons express the light-activated protein on the cell membrane. In some variations, the cell
specitic promoter is a calcium/calmodulin-dependent protein kinase Ha (CaMKIIa) promoter. In
some variations, a nucleic acid sequence encoding light activatable eNpHR3.1 or eNpHR3.0 is
operably linked to a CaMKIIa promoter in the vector. In some variations, the light-activated
protein is expressed in excitatory glutamatergic neuron in the CA1 region, BLA and/or ACC.
Any vectors that may be used for gene delivery may be used. In some variations, a viral vector
(such as AAV, adenovirus, lentivirus, a retrovirus) may be used.

In some embodiments, the vector is a recombinant AAV vector. AAV vectors are DNA
viruses ol relatively small size that can integrate, in a stable and sitespecific manner, into the
genome of the cells that they infect. They are able to infect a wide spectrum of cells without
inducing any effects on cellular growth, morphology or differentiation, and they do not appear to
be involved in human pathologies. The AAV genome has been cloned, sequenced and
characterized. It encompasses approximately 4700 bases and contains an inverted terminal repeat
(I1R) region of approximately 145 bases at each end, which serves as an origin of replication for
the virus. The remainder of the genome is divided into two essential regions that carry the

encapsidation functions: the left-hand part of the genome, that contains the rep gene involved in
viral replication and expression of the viral genes; and the right-hand part of the genome, that

contains the cap gene encoding the capsid proteins of the virus.

AAYV vectors may be prepared using standard methods in the art. Adeno-associated
viruses of any serotype are suitable (see, e.g., Blacklow, pp. 165-174 of “Parvoviruses and
Human Disease" J. R. Pattison, cd. (1988); Rose, Comprehensive Virology 3:1, 1974; P.
Tattersall “The Evolution of Parvovirus Taxonomy" In Parvoviruses (JR Kerr, SF Cotmore. ME
Bloom, RM Linden, CR Parrish, Eds.) p5-14, Hudder Arnold, London, UK (2006); and DE
Bowles, JE Rabinowitz, RJ Samulski “The Genus Dependovirus" (JR Kerr, SF Cotmore. ME
Bloom, RM Linden, CR Parrish, Eds.) p15-23, Hudder Arnold, London, UK (2006). Methods for
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puritying for vectors may be found in, for example, U.S. Pat. Nos. 6566118, 6989264, and
6995006 and WO/1999/011764 titled “Methods for Generating High Titer Helper-free
Preparation of Recombinant AAV Vectors". Preparation of hybrid vectors is described in, for
example, PCT Application No. PCT/US2005/027091. The use of vectors derived from the AAVs
for transferring genes in vitro and in vivo has been described (See e.g., International Patent
Application Publication Nos: 91/18088 and WO 93/09239; U.S. Patent Nos: 4,797,368,
6,596,535, and 5,139,941; and European Patent No: 0488528.). These publications describe
various AAV-derived constructs in which the rep and/or cap genes are deleted and replaced by a
gene ol interest, and the use of these constructs for transferring the genc of interest in vitro (into
cultured cells) or in vivo (directly into an organism). The replication defective recombinant
AAVs according to the invention can be prepared by co-transfecting a plasmid containing the
nucleic acid sequence of interest flanked by two AAV inverted terminal repeat (ITR) regions,
and a plasmid carrying the AAV encapsidation genes (rep and cap genes), into a cell line that is
intected with a human helper virus (for example an adenovirus). The AAV recombinants that are
produced are then purified by standard techniques.

In some embodiments, the vector(s) for use in the methods of the invention are
encapsidated into a virus particle (e.g. AAV virus particle including, but not limited to, AAV1,
AAV2, AAV3, AAV4A, AAVS5,AAV6, AAVT, AAVS, AAV9, AAV10, AAV11, AAV12,
AAV13, AAV14, AAV1S, and AAV16). Accordingly, the invention includes a recombinant
virus particle (recombinant because it contains a recombinant polynucleotide) comprising any of
the vectors described herein. Méthods of producing such particles are known in the art and are
described in US Patent No. 6,596,535.

For the animal cells described herein, it is understood that one or more vectors may be
administered to neural cells, heart cells, or stem cells. If more than one vector is used, it is
understood that they may be administered at the same or at different times to the animal cells.
For example, in some variations, C1V1 opsin genes in neurons were carried out by generating
lentiviral vectors encoding C1V1-ts-EYFP and various point mutation combinations discussed
herein. The opsins were then expressed in cultured hippocampal neurons and recorded whole-

cell photocurrents under identical stimulation conditions (2 ms
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pulses, 342 nm light, 5.5 mW/mm?). Photocurrents in cells expressing C1V1, C1V1-E162T

and C1V1-E122T/E162T were all robust and trended larger than the photocurrents of
ChR2-H134R. The experiments also included a comparison of integrated somatic YFP

fluorescence and photocurrents from cells expressing C1V1-E122T/E162T and from cells
cxpressing ChR2- H134R. Surprisingly, C1V1-E122T/E162T cells showed stronger
photocu:frents than ChR2-H134R cells at equivalent fluorescence levels. This suggests that
C1V1 could possess a higher unitary conductance compared with ChR2-H134R. The test
results suggest that the kinetics of C1V1-E122T were slower than those of C1V1-
E122T/E162T and that cells expressing C1V1- E122T responded more strongly to red light
(630nm) than cells expressing the double mutant. This can be particularly useful for

cenerating optogenetic spiking in response to red light. _

Consistent with various embodiments of the present disclosure, inhibitory and/or
excitatory neurons residing within the same microcircuit are be targeted with the
introduction of various light-activated proteins (e.g., opsins). Experimental tests were
performed by separately expressed C1V1- E122T/E162T and ChR2-H134R under the
CaMKIIa promoter in cultured hippocampal ncurons. Cells expressing C1VI-E122T/E162T
spiked in response to 2ms green light pulses (560 nm) but not to violet light pulses (405
nm). In contrast, cells expressing ChR2-H134R spiked in response to 2 ms 405 nm light
pulses, but not to 2 ms 561 nm light pulses.

Various embodiments of the present disclosure relate to independent activation of
two neuronal populations within living brain slices. Experimental tests were performed by
CaMKIIa-C1V1-E122T/E162Tts-eYFP and EFla-DIO-ChR2-H134R-EYFP in mPFC of 20
PV::Cre mice. In non-expressing PYR cells, 405 nm light pulses triggered robust and fast
inhibitory postsynaptic currents (IPSCs) due to direct activation of PV cells, while 561 nm
light pulses triggered only the expected long-latency polysynaptic [PSCs arising from
C1V1- expressing pyramidal cell drive of local inhibitory neurons.

Light activation of proteins expressed in neurons

Any device that is capable of applying light having a wavelength to activate the
light-activated proteins expressed in a neuron may be used to depolarize and/or
hyperpolarize the neuron. For example, a light-delivery device (100) for activating ion
channels and/or ionic pumps to affect the membrane voltage of one or more neurons
depicted in FIG. 1 may be used. As shown there, the light-delivery device (100) 1s
configured to provide optical stimulus to a target region of the brain. The light-delivery
device (100) may comprise a base (102), a cannula guide (104) that 1s attached to the base,
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and one or more optical conduits (106) attached to the base via the cannula guide. The base
(102) may comprise one or more light delivery ports (108) that are positioned to deliver
light from the optical conduits (106) to targeted tissue regions (101), such as the CA1 region
(103). The optical conduits (106) may be optical fibers, where the proximal end of the fiber
1s attached to an optical light source (not shown), and the distal end 1s iIn communication
with the light delivery ports (108). The optical light source may be capable of providing
continuous light and/or pulsed light, and may be programmable to provide light in pre-
determined pulse sequences. The light delivery device (100) may have any number of
optical conduits (106) as may be desirable, e.g., 1, 2, 3,4, 5, 10, 15, 20, etc. The optical
conduits (106) may each carry light of the same or different wavelengths. The delivered
light may have a wavelength between 450 nm and 600 nm, such as yellow or green light.
The light delivery device (100) may have any number of light delivery ports (108) as may
be desirable, e.g., 1, 2, 3,4, 5, 10, 15, 20, etc. In some variations, there may be the same
number of light delivery ports as optical conduits while in other variations, there may be
different number of optical conduits and light delivery ports. For example, there may be a
single optical conduit that conveys light to two or more light delivery ports. Alternatively
or additionally, a single optical conduit may connect to a single light delivery port. The
cannula guide (104) may be configured to help sccure and aligﬁ the optical conduits (106)
with the light delivery ports (108). In some embodiments, the light delivery device (100) is
configured to deliver bilateral light to the CA1 region (103) to affect the formation and
retrieval of memories. Light delivery devices may also comprise one or more measurement
electrodes that may be configured for measuring neural activity. For example, measurement
electrodes may record changes in the membrane potential (e.g., action potentials) and/or
current flow across a membrane of one or more neurons as the neurons respond to a
stimulus. In some variations, the measurement electrodes may measure the electrical

response of one or more neurons to optical stimulation. Measurement electrodes may be

extracellular or infracellular electrodes.

Methods of affecting memory function

As described herein, the target tissue regions (101) may include neural tissue with
cells that have light-activated proteins designed to modify the membrane voltage of the cells
in response to light. In some variations, light-activated proteins may be used to disrupt the
formation and/or retrieval of memories by mhibiting the depolarization of the neurons in the
CAl, BLA, and ACC regions of the brain. Embodiments of the present disclosure are

directed towards disrupting memory acquisition, recall and/or associations between memory
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and emotional responses, such as fear. In a particular embodiment, function of a neural
circuit involved in memory is disrupted by activation of light-activated 1on channels (e.g.,
using NpHR, BR, AR, etc.) and/or pumps (e.g., a proton pump GtR3). In certain
implementations, this disruption can be implemented during memory formation. In other
implementations, this disruption can be implemented before or during memory retrieval.
This can be particularly useful for psychiatric or neurological disorders involving memory
recall, such as PTSD. Consistent with certain embodiments, the disruption can be triggered
in response to a memory trigger event or other external stimulus that i1s presented and/or
controlled for the disruption. For instance, the disruption can be provided in response to a
trigger for a memory to an individual conditioned to respond to the trigger. In another
instance, an individual can actively trigger the disruption. For instance, an individual may
trigger the disruption when experiencing a memory associated with PTSD. Other
embodiments of the present disclosure are directed toward encouraging memory acquisition,
recall and/or associations between memory and emotional responses. The methods
described herein may be used to ascertain the role of neuron(s) and/or neuronal circuits in
memory function, and/or to treat disorders associated with memory impairment.

In some embodiments, the methods provided herein for reversibly affecting memory
retricval or formation 1n an individual comprise administering a polynucleotide encoding a
light-activated protein to the dorsal CA1 field of the hippocampus, anterior cingulated
cortex, or basolateral amygdala in the individual, wherein light-activated protein 1s
expressed on the cell membrane of the excitatory neurons in the dorsal CA1 field of the
hippocampus, anterior cingulated cortex, or basolateral amygdala and the protein is
responsive to light and is capable of inhibiting depolarization of the neurons when the
neurons are illuminated with the light, whereby activating the protein by the light reversibly
affects memory retrieval or formation of an event in the individual. In some embodiments,
the methods provided herein for reversibly affecting memory retricval or formation 1n an
individual comprise inhibiting depolarization ot excitatory neurons in the dorsal CA1 field
of the hippocampus, anterior cingulated cortex, or basolateral amygdala during memory
retrieval or formation of an event in an individual, wherein a light-activated protein 1s
expressed on the cell membrane of the excitatory neurons in the dorsal CA1l f{ield of the
hippocampus, anterior cingulated cortex, or basolateral amygdala of the individual, wherein
the protein is responsive to light and is capable of inhibiting depolarization of the neurons

when the neurons are illuminated with the light. In some embodiments, the event is a

fearful event.
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Provided herein are methods for treating post-traumatic stress disorder in an
individual comprising: administering a polynucleotide encoding a i ght-activated protein 1o
the dorsal CA1 field of the hippocampus, anterior cingulated cortex, or basolateral

amygdala in the individual, wherein light-activated protein 1s expressed on the cell

membrane of the excitatory neurons in the dorsal CA1 field of the hippocampus, anterior

cingulated cortex, or basolateral amygdala and the protein 1s responsive to light and 1s
capable of inhibiting depolarization of the neurons when the neurons are illuminated with
the light, whereby activating the protein by the light reversibly affects memory retrieval or
formation of an event in the individual.

Provided herein are methods for screening a pharmacological agent that atfects
memory retrieval or formation comprising: a) contacting excitatory neurons in the dorsal
CAl field of the hippocampus, anterior cingulated cortex, or basolateral amygdala during
memory retrieval or formation of an event in a non-human animal with a pharmacological
agent, wherein the non-human animal comprises a light-activated protein expressed on the
cell membrane of excitatory neurons in the dorsal CA1 field of the hippocampus, anterior
cingulated cortex, or basolateral amygdala of the animal, wherein the protein is responsive
to light and is capable of inhibiting depolarization of the neurons when the neurons are
illuminated with the light; b) inhibiting depolarization of the excitatory neurons in the dorsal
CAl1 field of the hippocampus, anterior cingulated cortex, or basolateral amygdala during
memory retrieval or formation of an event; and ¢) determining if the pharmacological agent
affects memory retrieval or formation in the presence or absence of the light.

As used herein, an “individual” is a mammal including a human. Mammals include,
but are not limited to, farm animals, sport animals, pets, primates, mice and rats.

Individuals also include companion animals including, but not limited to, dogs and cats. In
one aspect, an individual is a human. In another aspect, an individual is a non-human
animal. As used herein, “non-human animals” include non-human mammals.

One example of a method for controlling or modifying memory function consistent
with the embodiments of the present disclosure is depicted 1 FIG. 2. A temporal-trigger
event (202) provides a reference point for implementing control over memory function. As
discussed herein, the temporal nature of the control can be particularly usetul. Although not
limited thereto, the memory-trigger event (202) can be linked to a training event. For
instance, an individual (e.g., non-human animals, mammals, humans) can be introduced to a
stimulus designed to train the individual to respond to a particular stimulus. The memory-

trigger event (202) could be the introduction of the particular stimulus to the individual. In
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another instance, the memory-trigger event could be in response to a response or action of
the individual (e.g., an indication that the individual is experiencing a PTSD event).

Control instructions (204) determine how stimulus source (206) applies a stimulus (208) to
a cell population (210). These control instructions can be determined and applied as a
function of a desired target. The desired target can be defined by, for example, one or more
of temporal attributes, spatial location and/or cell-type. The stimulus (208) results in the
modification of memory function (212). The effect of the stimulus can then be monitored,
observed and/or assessed (214). The monitoring can be used to adjust (216) the control
instructions (204), thereby fine-tuning the stimulus for the intended result. Various
embodiments discussed herein provide further examples that can be used 1n connection with

(or in addition to) such a process for controlling and characterizing the neural circuits that

underlie memory function.

Affecting memory retrieval by inhibiting neurons of CA1 and ACC

One variation of a method for disrupting memory retrieval may comprise inhibiting
the excitatory neurons of the CA1 region (e.g., by blocking or reducing membrane
depolarization, and/or by promoting membrane hyperpolarization). Light-activated ion
channels, such as eNpHR3.1 or NpHR3.0, may be expressed on neurons located in the CAl
region of an individual by administering a polynucleotide encoding the channel protein to
the region. The eNpHR3.1 or NpHR3.0 ion channel is activated in the presence of yellow
light (e.g., having a wavelength of about 591 nm). The individual may be provided with a
light-delivery device, such as the light-delivery device (100) described above. The light-
delivery device may be positioned on the individual such that yellow light is capable of
being delivered to the CA1 neurons. After or during the retrieval of a memory (e.g., any
undesired memory such as a fearful or stressful memory), the light-delivery device may be
activated to deliver yellow light to the CAl neurons, thereby inhibiting their depolarization,
and disrupting the recall of the memory. Once the memory recall has been sufficiently
disrupted, the light-delivery device may be de-activated. Upon de-activation of the light-
delivery device, the individual may regain the ability retrieve memories without disruption.
This method may be used to disrupt recall of recent memories (e.g., memories of events that
occurred less than one day in the past) and recall of remote memories (€.g., memories of
events that occurred more than one day in the past, 1 week in the past, 2 weeks in the past, 4
weeks 1n the past, 8 weeks or more in the past, etc.). In some variations, excitatory neurons
of the ACC may express similar light-activated proteins, and may be similarly inhibited to

disrupt the retrieval of remote memories.
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Methods for disrupting memory retrieval comprising inhibiting the neurons of the
CA1 region may be used in a non-human animal, such as a mouse. For example, mice
expressing eNpHR3.1 or NpHR3.0 in the neurons of the CA1 region were trained in a
customized FC chamber, where they were introduced into context A and then presented
twice with a tone folloWed by a foot-shock. In a testing session, green light delivered to the
eNpHR3.1 or NpHR3.0 CA1 neurons interfered with the ability of the mice to recall the
memory (i.e., a fearful or stressful memory), as measured by a reduction in freezing (e.g.,
contextual freezing). In a separate testing session where the eNpHR3.1 or NpHR3.0 CAl
neurons are not exposed to light, the mice are able to recall the fearful memory formed
during the training session, as measured by normal rates of freezing. In some variations, the
testing session may occur one day or less after the training session, while in other variations,
the testing session may occur four weeks or more after the training session. Applying green
light to the eNpHR3.1 CA1 neurons of the mice reversibly inhibits the depolarization of the
neurons, thereby disrupting the recall of recent and/ or remote contextual fearful memories.
Removing the green light from the eNpHR3.1 or NpHR3.0 CA1 neurons restores fhe ability
of the mice to recall recent and/or remote contextual fearful memories.

Methods for reversibly disrupting the recall or retrieval of remote memories may
also be used after the memory has been repeatedly recalled and consolidated. For example,
mice having CA1 neurons expressing eNpHR3.1 or NpHR3.0 may be trained as described
above. In a testing session five weeks after the training session, the mice were able to recall
the memory formed during training, however, when the eNpHR3.1 or NpHR3.0 CAl
neurons were exposed to green light, they were no longer able to recall the memory.
Subsequent exposure of the eNpHR3.1 or NpHR3.0 CA1 neurons to green light disrupted
retrieval of the fearful memory. In some methods, memory recall may be disrupted by
exposing the eNpHR3.1 or NpHR3.0 CA1 neurons to light upon 1nitiation of the memory
recall and/or during the memory recall. For example, applying green light to the eNpHR3.1
or NpHR3.0 CA1 neurons at the same time as recall mitiation (e.g., at the beginning of the
testing session) disrupts recall of the memory. When green light was applied to the
eNpHR3.1 or NpHR3.0 CAl neurons during memory recall (e.g., applying the light some
time after the testing session has begun, such as in the middle of the testing session), the
mice initially recalled and responded to the fearful memory (by freezing), but then quickly
ceased exhibiting the fear response after the light was applied. These methods may be used
in an individual with PTSD having CA1 neurons expressing eNpHR3.1, where a light-

delivery device may be activated at the same time and/or during the retrieval of a fearful
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memory in order to reversibly disrupt and/or discontinue recall of that fearful memory.
Subsequent de-activation of the light-delivery device may restore the ability of the

individual to recall this and other memories.

Methods for disrupting memory retrieval comprising inhibiting the neurons of the
ACC region may be used in a non-human, such as a mouse. For example, mice expressing
eNpHR3.1 in the neurons of the ACC may be train<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>