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ABSTRACT

CREATION OF A NOVEL FUSION PROTEIN WGA-ENPHR3.0 FOR CIRCUIT
DISSECTION IN THE BRAIN

Lucas Kinsey
George Mason University, 2022

Thesis Director: Dr. Theodore Dumas

Over the last decade, optogenetic manipulation of neuronal activity has redefined functional
circuit analysis in the central nervous system. Combined with promoters for specific neuron
types, optogenetic actuators permit activation or inhibition of select neurons within intact circuits.
A major advance in this field would be to enable movement across synapses to direct the
optogenetic actuator to specific afferents of the target neuronal population. Fusion constructs of
wheat germ agglutinin (WGA) have been shown to move retrogradely across synapses. In this
thesis project, a transsynaptic optogenetic-construct was created by fusing WGA to the N-
terminus of halorhodopsin (eNpHR3.0). This was done so by first amplifying the WGA sequence
using mutagenic primers in a polymerase chain reaction (PCR) to flank the WGA fragment with
restriction sites that match the insert location in eNpHR3.0. The PCR product was then ligated to
the N-terminus of eNpHR3.0 and samples were transformed into E coli. Positive clones were
verified to include the WGA sequence via restriction digest and electrophoresis. Positive plasmid
samples were commercially sequenced in order to verify the WGA orientation. This novel WGA-
eNpHR3.0 plasmid serves as a powerful tool to traffic eNpHR3.0 retrogradely both in vivo and in

vitro.



INTRODUCTION

Background:

Optogenetic constructs allow for the analysis of neural circuits by modulating the activity of
neurons exclusively with light. With the rapid development of the field over the past decade,
there now exists a wide toolset of optogenetic actuators and indicators that allow for complex
analysis of the brain (Kim et al., 2017). What makes optogenetics particularly compelling is the
ability for these constructs to modulate genetically targetable neuronal cell types (Luo et al.,
2008). This feature allows for precise control of neural circuits (De La Crompe et al., 2020). Such
cell-specific stimulation experiments are essential to any neuroscientific question concerning
causal relationships between brain regions, brain activity, and behavior (Jazayeri et al., 2017).
Furthermore, some cited studies even argue precise optogenetic stimulation provides a more
robust method of studying behavioral paradigms than electrophysiological microstimulation, such
as being able to elicit certain aggressive behaviors in rodents that microstimulation techniques are
not able to (Lin et al., 2011). This evidence suggests that it is a worthwhile endeavor to
continuously improve these constructs to increase their specificity, such efforts may lead to
discovery of novel neural mechanisms that drive cognitive states and complex behaviors in
animals. The purpose of the proposed project is to modify an inhibitory optogenetic construct,
halorhodopsin (eNpHR3.0) by fusing it to a retrograde trafficking protein called wheat germ
agglutinin (WGA). With a history of WGA being capable of trafficking through retrograde

synapses of infected neurons, the resulting WGA-eNpHR3.0 construct would enable the selective



inhibition of afferents to target neural populations, further refining the ability of this optogenetic

tool to dissect central neural circuits (Damak et al, 2008, Baker et al, 1986).

There exists a large repertoire of optogenetic constructs that enable the optical
interrogation of neural circuits. Some of the most broadly used optogenetic actuators are
rhodopsin proteins (Guru et al., 2015). Rhodopsin proteins can be either excitatory, such as
channelrhodopsins (ChR), inhibitory, such as halorhodopsins (NpHR), or they can even be
engineered to achieve both excitation and inhibition depending on what wavelength of light that
is used to stimulate them, such as recent variants of ChRs (Wietek et al., 2015). The appropriate
use of each rhodopsin is dependent upon its ion selectivity (Mattis et al., 2011). ChR is
characterized as a depolarizing rhodopsin; in its native state it is a blue light (450 nm) activated
sodium channel. NpHR is characterized as a hyperpolarizing rhodopsin, where it acts as a yellow-
light (588 nm) activated chloride pump. The development of each rhodopsin has involved the
inclusion of mammalian codons and membrane localization signals to allow for more robust
membrane expression, with one of the most recent developments on NpHR, adding a golgi
trafficking sequence and endoplasmic reticulum (ER) export motif to prevent ER localization,
and thus was subsequently named eNpHR3.0 (Gradinaru et al., 2010). In applications where
neuronal inhibition is required, eNpHR3.0 has beneficial applications as well as potential
limitations. As stated, eNpHR3.0 is a yellow-light activated chloride pump, the benefit of using
eNpHR3.0 is that it possesses one of the most red-shifted excitation spectrums out of the other
inhibitory optogenetic constructs in its class which permits photostimulation in deeper tissues
(Ash et al, 2017). However, one limitation of this construct is the intracellular accumulation of
chloride it generates upon prolonged activation. This can alter the effect of GABA receptor

currents and as the intracellular chloride concentration is raised passed the critical concentration



that sets the reversal potential for chloride (Wiegert et al., 2017, Raimondo et al., 2012). Despite
these drawbacks, halorhodopsin possesses the unique ability to pump chloride inside of the cell
against the concentration gradient of chloride, making halorhodopsin an attractive protein for

optogenetic inhibition of neurons.

Optogenetics used in conjunction with neuronal tracing strategies have produced tools to
also enable targeted stimulation of specific neuronal circuits (Grosenick et al., 2015). Optimized
strategies for circuit dissection involve the trafficking of constructs across synapses, either
through viral vectors or with specific protein constructs. Most strategies that use viral vectors for
genetically modifying neurons to express optogenetic constructs involve the use of adeno-
associated viral vectors (AAV). AAV viruses are the most efficient vector for optogenetic
applications due to the low toxicity in developed serotypes and efficient expression of transgenic
proteins (McCarty et al., 2001, Kwon and Schaffer, 2008). Additional functional modifications
have been included in AAV vectors such as AAV-retro, a virus that allows for transfection of
projection neurons for efficient dissection of neural circuits when combined with optogenetic
tools (Tervo et al., 2016). Other approaches also exist to trace connectivity back to projection
neurons using transsynaptic trafficking viruses. For instance, a glycoprotein deleted rabies virus
will traffic retrogradely to monosynaptic afferents if the presynaptic neuron has been transfected
with a rabies compatible envelope protein (Wickersham et al., 2007). An alternative to using a
viral vector for neuronal retrograde tracing would be to use a particular protein that has
transsynaptic retrograde trafficking qualities, such as wheat germ agglutinin (WGA). WGA can
be observed in distant cerebellar granule cells when expressed in Purkinje cells (Yoshihara et al.
1999) and in the nucleus of the diagonal band of OMP-WGA mice when expressed in the

olfactory bulb, indicating retrograde trafficking activity (Shipley et al., 1995). It is theorized that



this mechanism involves a 27 amino acid signal sequence that packages the protein into vacuoles,
allowing for inclusion into dendritic endosomal secretory systems for exocytosis (Yoshihara et
al., 1999, Broadwell and Balin, 1985). WGA was recently shown to be non-toxic in vivo when
used to demonstrate retrograde trafficking of the DNA recombinase, Cre, between neurons within
adjacent ipsilateral cortical regions or across hemispheres from one hippocampus to the other
(Gradinaru et al., 2010). Furthermore, WGA has been successfully demonstrated as a first order
and second order retrograde tracer of neurons that innervate taste cells (Damak et al., 2008).
Thus, WGA offers a promising tool for retrograde transsynaptic neuronal trafficking of

optogenetic constructs for genetic dissection of neural circuits anywhere in the brain.

This project will create a retrograde transsynaptic halorhodopsin viral vector by fusing
WGA to eNpHR3.0 in an adeno-associated viral vector (AAV). AAV enables transgene delivery
of the construct to the desired target. Post-transcription in the target neurons, the
WGA->eNpHR3.0 mRNA will be translated in the endoplasmic reticulum (ER) and trafficking
sequences located within the construct itself direct the protein to the plasma membrane
(Gradinaru et al., 2010). Secretory sequences located in WGA then permit exocytosis from
postsynaptic neurons and endocytosis by associated presynaptic terminals (Broadwell and Balin,
1985, Yoshihara et al., 1999). Following uptake of this fusion construct, we hypothesize that the
protein will be further trafficked to the neuronal soma, where it will then be repackaged in the
endosome and trafficked to the cellular membrane of the neuron due to the Golgi and ER export

motifs included in eNpHR3.0.



Immediate Purpose:

In its current form, the product of this project, WGA-eNpHR3.0-EYFP, will enable the
optogenetic silencing of afferent neurons to Cre-positive target neurons. The dorsal hippocampus
and its associate with spatial learning and memory serves as an attractive model to test our new
construct. The hippocampus contains neurons tuned to specific locations in space, termed “place
cells,” which are believed to permit the animal to understand its location in a geometric space that
has been coded upstream in the entorhinal cortex (O’Keefe and Dostrovosky, 1970, Deshmukh et
al., 2010). The coordination of place cell discharge in the hippocampus has been linked to theta
(4-12 Hz) and gamma (25-140 Hz) oscillations along with sharp wave ripples (SWRs, 120-200
Hz) that can be observed in local field potentials recorded in area CA1 (Buzsaki, 2015, Colgin,
2016). Spatial information encoding and retrieval appear to be separately coordinated by different
subsets of these oscillations (Senior et al., 2008, Headley and Paré, 2017). Theta power has been
linked to spatial exploration, increases during animal movement, and is a function of running
speed. Spatial information encoding, updating, and retrieval are thought to occur at different
phases of each theta cycle (Hasselmo and Stern, 2014) enabling theta oscillations to coordinate
the sequential activity of ensembles of hippocampal pyramidal neurons that guide the animal’s
trajectory during movement towards a goal (Johnson and Redish, 2007, Diba and Buzséki, 2007,
Cabral et al., 2014). Theta phase also modulates the power of gamma oscillations, though this

interaction is only partially understood (Belluscio et al., 2012).

Gamma oscillations have been subdivided into slow (25-55 Hz) and fast gamma bands
(60-120 Hz) (Colgin, 2016). Slow gamma in hippocampal area CAL is thought to be involved in

memory retrieval (Steffenach et al., 2002; Colgin and Moser, 2010) and has been shown to arise



from input activity entering from area CA3 pyramidal neurons that synapse onto parvalbumin
positive (PV+) basket cells in area CAL. In contrast, fast gamma power may reflect ongoing
processing of spatial information (Brun et al., 2002; Fyhn et al., 2004; Hafting et al., 2005) and is
regulated by inputs from the entorhinal cortex (EC, layer I11)(Colgin et al., 2009; Colgin and
Moser 2010) and also synapse onto PV+ basket cells in area CAL. Thus, these PV+ basket cell
interneurons appear to be the focal point for the regulation of slow and fast gamma. An increase
in slow gamma power occurs during animal immobility, and the activity of neuronal ensembles
during SWRs that code for future movement to a remembered location occur across slow gamma
cycles (Pfeiffer and Foster, 2015; Zheng et al, 2016). During epochs of increased fast gamma
power, sequences of pyramidal cell discharge more closely track the position of the animal and
occur within each gamma cycle (Zheng et al, 2016). Overall, these data support the notion that
activation states in area CA1 (slow versus fast gamma) are driven by separate inputs onto the
same internal architectures (PV+ basket cells) and that these activation states reflect the cognitive
state of the animal, either updating current location or projecting future movement trajectory.
While anatomical and physiological data indirectly support these notions, it has yet to be
demonstrated directly that PV+ interneurons regulate the generation of both slow and fast
gamma. Moreover, causal links between CA3 and EC afferents to PV+ interneurons and slow and

fast gamma oscillations have not been established.

Confirmation or refutation of these postulates will be made possible by our new WGA-
eNpHR3.0 construct. In the AAV vector backbone, eNpHR3.0-EYFP sits ina 3’ to 5’ orientation
between pairs of lox sites. WGA will be inserted on the 5 side of eNpHR3.0 within the lox pairs.
In the presence of Cre-recombinase, the sequence between the lox sites is inverted and WGA.-

eNpHR3.0-EYFP will be expressed. As such, when this construct is incorporated into viral



particles and injected into area CA1 of PV-Cre mice, it will be expressed in these basket cells and
transported retrogradely to the CA3 and EC afferents enabling target specific silencing of either
or both inputs. More broadly, this transsynaptic optogenetic technology has the potential
applications in numerous brain regions, in various organisms, and organic and synthetic tissue

preparations.



METHODS

Acquiring and Preparing Plasmid Stock:

Two plasmids were used to create the fusion protein construct WGA-eNpHR3.0-EYFP, both
ordered from AddGene. The plasmid containing eNpHR3.0-EYFP was pAAV-DIO-EF 1a
eNpHR3.0-EYFP (Gradinaru et al. 2010), while the plasmid containing WGA was pAAV-THP-
GFP/WGA. Both plasmids were received in the form of a bacterial stab from which they were
simultaneously grown for 16 hours in Luria-Bertani (LB) broth (shaking at 37°C). Serial dilutions
of 1:10, 1:100, and 1:000 for each plasmid culture were then prepared and 100 pL of each
dilution was plated on LB agar containing ampicillin (20 pg/mL). Plates were then incubated

overnight at 37°C.

Isolating DNA:

Plasmid DNA was purified from bacterial cultures through alkaline lysis (AL) miniprep. Cells
were pelleted through centrifugation for 5 minutes containing RNase A, and then lysed with
sodium hydroxide/sodium dodecyl sulfate (pH 8.0). A potassium acetate/acetic acid neutralization
buffer was added to precipitate out the cell membrane, proteins, and genomic DNA (pH 4.7). The
samples were centrifuged (14,000 RPM at 4°C) and the supernatant was kept. Two and a half
volumes of 100% isopropanol were added, and the tubes were chilled at -80°C for 15 minutes
prior to centrifugation for 10 minutes (14,000 RPM at 4°C). The supernatant was discarded, and
DNA pellets were washed with 70% ethanol at room temperature and centrifuged for 5 minutes

(14,000 RPM at room temperature). The 70% ethanol was aspirated, and pellets were allowed to



dry on the bench for at least 30 minutes. After ethanol evaporated, DNA pellets were resuspended
in RNase-free sterile dH20. Concentration of the DNA was measured via a spectrophotometer

and quality was tested via agarose gel electrophoresis.

Confirming Plasmid Identity:

Diagnosis of each plasmid was performed via restriction enzyme digestion (restriction enzyme,
buffer, and plasmid incubated at 37°C for one hour). Enzymes EcoRI and BsrGl each cut the
WGA plasmid and the NpHR3.0 plasmid once. For the WGA plasmid, EcoRI cuts at 2660 bp,
while BsrGl cuts at 3395 bp. For eNpHR3.0 plasmid, EcoRI cuts at 3379 bp and BsrGl cuts at
1595 bp. Single digests with either enzyme produce full length linearized plasmids for the WGA
plasmid (7322 bp total length) and the NpHR3.0 plasmid (7276 bp full length). Double digests
with both enzymes produce bands at 6587 bp and 735 bp for WGA and 5492 bp and 1748 bp for

eNpHR3.0.

PCR Amplification of WGA gene with Mutagenic Primers:

The WGA sequence was amplified from the WGA plasmid with a PCR reaction that contained
mutagenic primers. A diagram is illustrated in Figure 1. A unique Nhel restriction site at the end
of the amino terminus of eNpHR3.0 and within the lox sites served as the insertion site for WGA.
Nhel sequences were included in both forward and reverse primers along with an extra platform
base pair for better DNA polymerase annealing. The following primers produced single bands at

the predicted length:

Forward — 5’-GGCTAGCTCCGGCCGGACTC-3’ (annealing temp = 71.7 °C)

Reverse — 5’CGCTAGCTTAAGCGTCACAGCCGCC-3’ (annealing temp = 73.9 °C)



The underlined portions indicate the Nhel sequences and the base pair to include the 5” side of the
restriction enzyme sequence served as the platform. DreamTag DNA Polymerase (Invitrogen)
was used in this PCR reaction because of its low error rate (2.2e-5 errors per nucleotide per
cycle). PCR products were diagnosed by gel electrophoresis and only reactions that showed a

single band at the predicted length were used for ligation.

Open Reading Frame

Mutagenic Nhel Primers

loxP and lox2272 GOIgj of\d ER
sequences trafficking
sequences

Nhel cut site

5 F—*@ eNpHR3.0 (- ¥

Open Reading Frame

Figure 1. Conceptual Diagram of a Mutagenic PCR Reaction. On top, a symbolic
representation of a linearized wheat germ agglutinin plasmid is demonstrated with the
approximate placement of the WGA gene with mutagenic primers placed on each flank. Below, a
symbolic representation of a linearized halorhodopsin plasmid is depicted with eNpHR3.0-EYFP
orientated 3’ go 5” between double lox sites (enabling inversion in the presence of Cre
recombinase). A unique Nhel restriction site at the N-terminus of eNpHR3.0 serves as the

insertion site for WGA (green bar).
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Ligation of WGA into eNpHR3.0 Plasmid:

Two preparations of WGA PCR product were prepared for ligation into eNpHR3.0 plasmid. The
first WGA PCR product along with the eNpHR3.0 plasmid were digested with Nhel (in CutSmart
buffer at 37°C) for one hour followed by addition of another 0.5 pL of Nhel and another hour of
incubation to optimize the digestion. Digest products from this preparation were isolated by
phenol:chloroform:isoamyl alcohol extraction and purified by ethanol extraction. For ligation, the
vector (NpHR3.0) and insert (WGA) were mixed at molar ratios of 1:3, 1:6, and 1:12 and
incubated in T4 DNA ligate and reaction buffer (Invitrogen). The second preparation involved a
blunting reaction that uses a DNA Polymerase I, Large Klenow Fragment (New England Biolabs)
to remove the 5° overhang on the Nhel cut site in the eNpHR3.0 plasmid. For this reaction,
purified eNpHR3.0 plasmid was digested with Nhel (in CutSmart buffer at 37°C) before it was
dissolved in T4 DNA Ligase Reaction buffer supplemented with 33 uM of each dNTP. A Klenow
DNA Polymerase was then added to the DNA and the mixture was incubated on a tabletop for 15
minutes (25°C). For ligation, vector (NpHR3.0) and insert (WGA) were mixed at molar ratios of

1:3, 1:6, and 1:12 and incubated in a T4 DNA Ligate (Invitrogen).

Transformation of WGA->eNpHR3.0 plasmid into E. Coli:

The ligation reaction products were transformed into Stbl3 ultra chemically competent E. Coli
cells (UCCs) (New England Biolabs) by adding 5 L of the ligation reaction to 50 pL of the
UCCs as soon as they thawed on ice and mixing well with the pipette tip used for the column
transfer. The cells and the plasmid were allowed to incubate on ice for 30 minutes to allow the
plasmid to attach to the UCC’s outer membrane before a brief heat shock at 42°C for 45 seconds
to induce uptake of the plasmid into the UCCs. The UCCs were immediately returned to ice for 5

minutes followed by addition of glucose enriched Super Optimal Broth with Catabolite

11



Repression (SOC Broth — 250 pL) and then incubated in a shaker at 225 RPM at 37°C for once
hour. Transformed UCCs were plated on ampicillin (20 pug/mL) agar plates for ampicillin

selection. Plates were then allowed to incubate overnight at 37°C.

Isolation and Identification of the WGA-eNpHR3.0 Fusion Construct:

Colonies were selected at random and incubated in 3 mL LB broth with 3 pL of 20 pg/mL
ampicillin for 16 hours at 37°C and shaking at 225 RPM. Plasmid was purified from these
cultures by alkaline lysis miniprep and then diagnosed by restriction digest to identify plasmids
with inserts. Nhel digests liberated the WGA insert. The ligation reaction produced at least 2
plasmid variants because the same restriction site exists on both ends of the WGA insert. Thus,
when ligated into the eNpHR3.0 vector, WGA can be inserted 5’->3” or 3’->5". In order to
distinguish plasmids containing separate orientations of the WGA fragment, plasmids with inserts
underwent DNA sequencing (GeneScript). Sequencing results will be used to verify the location

and direction of the insert.

12



RESULTS

Halorhodopsin and wheat germ agglutinin plasmids were obtained from AddGene. We chose to
work with the enhanced halorhodopsin, eNpHR3.0, which was contained in the plasmid pAAV-

Efla-DIO eNpHR3.0-EYFP. WGA fragments were amplified from the plasmid pAAV2.5-THP-
GFP/WGA. Plasmid maps are illustrated in Figures 2 and 3 below.

d Miut 1)
(M862) Ahwi

Apad [sen)
-

At .,.._,'.

RAAV-EF1e-DI0 aNpHR 3.0-2YFP
NN

i)

Figure 2. The plasmid map for pAAV-Efl1a-DIO eNpHR3.0-EYFP (7276 bp).
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PAAVIS- THP-GFPWGA
N w

Figure 3. The plasmid map for pAAV2.5-THP-GFP/WGA (7322 bp).

Both plasmids were transformed into ultra-chemically competent E. Coli (pAAV-EF1a-
DIO eNpHR3.0-EYFP into Stbl3 cells; pAAV2.5-THP-GFP/WGA into DH5a cells) and plated
on Luria Bertani agar with ampicillin (20 pg/mL). Amplified plasmids were extracted from the
cultures via an alkaline lysis miniprep procedure that included RNase A (10 pg/mL)in the
resuspension buffer to remove bacterial RNA. Gel electrophoresis was used to verify plasmid

quality (Figure 4) and concentration was determined via UV spectrophotometry.
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Figure 4. Agarose gel electrophoresis image of the pAAV-Efla-DIO eNpHR3.0-EYFP
(eNpHR3.0) and the pAAV2.5-THP-GFP/WGA (WGA). 1KB indicates a GeneRuler © 1KB
ladder, while 1, 2, and 3, indicate the reaction number for each alkaline miniprep performed for

WGA and eNpHR3.0. Concentrations for each plasmid were recorded using a nanodrop

spectrophotometer and are 1 = 4.585 %, 2 = 2550 %, and 3 = 1948 % for each WGA recording and

1=180428 2=1751"8 and 3 =838.4 =2 for each eNpHR3.0 recording.
uL uL uL
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The WGA gene was located at the 3403 bp from the ori in pAAV2.5-THP-GFP/WGA.
In order to confirm that the sequence located from 3403 — 4020 bp was WGA, a nucleotide
BLAST was performed on this 620 bp sequence (Figure 5). A match with WGA isolectin D was

found with a paired identity of 98.83% and an E value of 0.

Wheat (Taestivum) germ agglutinin isolectin D, complete cds
Sequence I0; M25637.1 Length: 988 Number of Matches: 1

Rangs 1: 5 ts 302 Canial A

1064 s S 70)

Bce
Quu 64
Shict &
nery 1

1111 [11]1]
ot 125 ACAMCTICTOL el
Query 18

AL TGC CAGRAAL GG

1| |

bict 18 ol

Query 364 CLCGLOAMLTATIACCCAALAM CTCTOL TELAGCCAGTROLOAT T TGLGLLCTAGGT 43
| |1 1 1) Il L || ||
Sbyct 165 GAOGLOCAMCTATIA 4 TCTRCTELACC CAGTRGLOA TTOT AL LU TACLT

.

' des

Que = TACTGTTGTAGCALGTY TET 543
111 [J10) 11 488! |

pice TTECACTASCAM TACTETTGTAGCALSTGLGEATCCTET 544

582

Figure 5. Nucleotide BLAST results for WGA from plasmid compared to a similar sequence
of WGA-D from cDNA.
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Previous work demonstrated that modification of nucleotides at the N-terminus of
eNpHR3.0 did not detract from the functionality of the actuator (Gradinaru et al., 2010). Using
NEBCutter V2.0 (http://nc2.neb.com/NEBcutter2/), a unique Nhel restriction site within the lox
sequences and at the N-terminus of eNpHR3.0 was identified as the insertion site, 3255 bp from
the Ori of the pAAV-EF1a-DIO eNpHR3.0-EYFP plasmid (Figure 6). Therefore, Nhel restriction
enzyme sequences were added to mutagenic PCR primers in order to flank the WGA fragment
with Nhel sequences. A single nucleotide was added to the 5” of each restriction enzyme cut site

in order to aid the binding of the Nhel endonuclease. These primers are:

Forward — 5°-GGCTAGCTCCGGCCGGACTC-3’ (annealing temp = 71.7 °C)

Reverse — 5’-CGCTAGCTTAAGCGTCACAGCCGCC-3’ (annealing temp = 73.9 °C)

The Nhel binding sequence is underlined. A primer dimer calculating software was used from
Thermofisher, and minimal primer dimers were found to be present with these two primer
sequences. Annealing temperatures were also calculated using a Thermofisher primer calculator

tool, thus a temperature of 71.7 °C was used for the annealing phase of the PCR.

17
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Figure 6. Nhel restriction site on pAAV-Efla-DIO eNpHR3.0-EYFP

After performing a PCR on pAAV2.5-THP-GFP/WGA with mutagenic primers at an
annealing temperature of 71.7 °C, it was anticipated that the PCR product would be
approximately 620 bp long, the length of the WGA gene. This was verified using an agarose gel
electrophoresis of the PCR product (Figure 7). However, additional bands can be seen. Since this
degree of amplification non-specificity would negatively impact the ligation process, and
performing a gel extraction procedure to extract the correct PCR product would only decrease the
yield, the PCR reaction was performed again but with an annealing temperature of 72.4°C. These
subsequent PCR reactions produced single bands at the target length and can be seen post

restriction digest in Figure 8.
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8/29/2022 WGA PCR Product

Figure 7. Gel electrophoresis of the mutagenic PCR

It was necessary to digest both the eNpHR3.0 plasmid and the WGA PCR product with

Nhel restriction endonucleases in order to insert the WGA gene into the eNpHR3.0 plasmid.
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Figure 8. Nhel digests of eNpHR3.0 and WGA PCR product

Following successful digestion (confirmed via agarose electrophoresis) and removal of
the restriction enzyme by phenol:chloroform extraction, T4 ligation reactions were prepared on
two preparations of PCR product and vector insert DNA, each having vector to insert ratios of
1:1, 1:3, 1:6, and 1:12. The first preparation included WGA and eNpHR3.0 DNA both digested

with Nhel restriction endonuclease, while the second preparation did not digest the WGA PCR

20



fragment and instead blunted the 5° overhang on the Nhel cleavage site in eNpHR3.0 with a DNA

Polymerase I, Large Klenow Fragment. Ligation reactions were incubated at 16 °C overnight and

reaction samples were then transformed into Stbl3 UCCs with ampicillin selection (20 T‘;—gL) onLB

agar. Minicultures were prepared and plasmids were extracted by alkaline lysis miniprep.
Potential clones were classified as sticky end or blunt end in an agarose electrophoresis (Figure
9). Isolated plasmids from these cells were then verified to contain successful inserts of WGA by
comparing eNpHR3.0 plasmids to WGA->eNpHR3.0 plasmids, where the latter would be 620 bp
longer than the former. Samples that showed positive results were sent to IDTDNA for

sequencing.

12-16-22 Restriction Digests of Ligation Products
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Figure 9. Electrophoresis gel results of WGA->eNpHR3.0. The top of the gel represents
minipreps of sticky-end ligation reactions. The bottom of the gel represents minipreps of blunt-

end ligations.
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DISCUSSION

This thesis demonstrates the creation of a transsynaptic halorhodopsin where the WGA peptide
was successfully fused to the N-terminus of eNpHR3.0-EYFP. The WGA sequence was
amplified by PCR and ligated just upstream of the N-terminus of eNpHR3.0 on pAAV-Efla-DIO
EYFP-eNpHR3.0. Our novel WGA-eNpHR3.0 provides an innovative tool for retrograde
transsynaptic trafficking of an optogenetic actuator to afferent neurons for in vivo and in vitro
dissection of neural circuits.

Before in vivo application of this construct, in vitro tests will be performed to confirm
trafficking and to test the functional efficacy of WGA-eNpHR3.0. To test for translocation of the
WGA-eNpHR3.0-EYFP construct, co-cultures of Cre-positive and Cre-negative neurons will be
prepared and infected with AAV_WGA-eNpH3.0-EYFP or AAV_eNpHR3.0-EYFP.
Immunohistochemistry and confocal microscopy will be performed on these cultures. Primary
antibodies targeting Cre recombinase (with a red secondary antibody) and eNpHR3.0 (with a
green secondary antibody) will be co-applied. We expect that infection with AAV_eNpH3.0-
EYFP will produce an eNpHR3.0 (and EYFP) signal only in Cre-positive neurons. In contrast, we
predict that infection with AAV_WGA-eNpHR3.0-EYFP will produce eNpHR3.0 (and EYFP)
signal in Cre-positive and Cre-negative neurons due to transsynaptic movement of the construct.
It is possible to also patch clamp record and depolarize the neurons during illumination of the
culture. If eNpHR3.0 is present at sufficient levels, it should be possible to prevent depolarization
induced action potential discharge in the Cre-negative neurons. To further test function, PV-Cre

mice will be infected in area CA1 with AAV_WGA-eNpHR3.0-EYFP. One week later,
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hippocampal slices will be prepared, and stimulated electrodes will be placed to activate either
CA3 or EC afferents. We will then patch clamp record from PV+ interneurons and apply
electrical stimulation with or without co-activation of eNpHR3.0. We expect electrical
stimulation to induce excitatory postsynaptic currents in PVV+ interneurons in the absence of
eNpHR3.0 illumination and reduced or no synaptic currents during eNpHR3.0 illumination.
Following these basic tests of function, we propose to use this construct to infect PV+
interneurons in area CAL of the rat hippocampus to selectively inhibit excitatory afferents
arriving from area CA3 or the entorhinal cortex during execution of a goal-directed spatial
learning and memory task (Figure 10). We predict that the illumination of area CA3 will
selectively inhibit slow gamma and illumination of the EC will selectively inhibit fast gamma.
We further predict that illumination of area CA3, but not the EC, only while the animal is
immobile at the start of memory probe trials will impair goal location recall. In contrast, we
predict that illumination of the EC, but not area CA3, while the animal is moving will impair
navigation to the goal location. If these predictions hold, we will have definitively described how
network oscillations in CAL regulate the cognitive state of the animal with respect to its ability to
retrieve a goal location from long-term memory and to execute efficient paths to remembered

goal locations.
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Figure 10. Area CAL network under investigation. Diagram shows a pyramidal cell (PY) and a
PV-positive FSI (PV+) with afferents from area CA3 and layer 111 of the EC. ChR2 is expressed

in the PV-positive FSIs. NpHR3.0 is expressed in the afferent cells.

If our WGA-eNpHR3.0 construct is capable of transsynaptic trafficking, there are
additional hurdles that would need to be overcome. There is likelihood of expression of WGA-
eNpHR3.0 in both the originally transfected neuron as well as the trafficked afferent neuron and a
possibility of disynaptic trafficking to afferents of the afferent neurons upstream of the ROI. The
former issue is minimal due to the ability to restrict activation to area CA3 or the entorhinal
cortex. The latter issue will be investigated with immunohistochemistry. Another potential

drawback to this approach would be the possibility of a bottleneck in trafficking, limiting the
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number of constructs that are able to be expressed in afferent neurons. This obstacle may be
overcome through a high throughput directed evolution approached via error-prone PCR
techniques that selectively evolve constructs that traffic a sufficient concentration of WGA-
eNpHR3.0 proteins from neuron to its afferent.

When considering the effect that a trafficking bottleneck could potentially have on the
efficacy of the construct, a physiologically functional amount of eNpHR3.0 expression can be
calculated a priori. The current version of eNpHR3.0 has been empirically measured in Xenopus
Laevis oocytes and is recorded to transport approximately 219 (+/- 98) chloride ions/protein/s
across the membrane, thus converting to amperes by multiplying the number of chloride
ions/protein/s by the charge of chloride gives 3.5084x10~° pA (Feroz et al., 2018). Combining
this information with records of a peak current of approximately 62 pA being capable of silencing
a pyramidal neuron with 594 nm, 5 mW light, a calculation can be performed to generate the total
number of halorhodopsins necessary to silence a neuron under physiological conditions, which is
approximately 1.767x10° proteins/neuron (Zhang et al., 2019). In contrast, optogenetic inhibitors
that are ion channels may require less expression yields and may not be affected by a trafficking
bottleneck to the extent that halorhodopsin might be. This is because ion channels are not
dependent upon an isomerization for each ion transported across the membrane.

As described above, protein-based trafficking strategies may suffer from limitations due
to the quantity of construct that is required for full functionality. Alternatively, there exist viral-
based strategies that transmit genetic material and are capable of transfecting projection neurons
by entering their axons and trafficking to their soma (Tervo et al., 2016). Such viruses include
rabies viruses, but perhaps more relevant, rAAV2-retro. rAAV2-retro is the most promising
approach for retrograde trafficking of transgene constructs to afferent neurons as it is capable of

transfecting an afferent neuron with a minimal aliquot of virus. A downside to this is a relative
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lack of cellular specificity since transformation is based on spatial reach of the injected virus.
This specificity problem can be partially overcome with incorporation of cell specific promoters.
For instance, rAAV2-retro may be combined with WGA-eNpHR3.0 to efficiently transfect
afferent neurons in a general vicinity and limit expression of WGA-eNpHR3.0 to target cell
populations through genetically defined promoters with trafficking to the neuronal soma
facilitated by WGA.

In summary, WGA represents an interesting approach to trafficking optogenetic
constructs retrogradely and transynaptically. Since modern functional dissection of neural circuits
now involve optogenetics, optimizing tools for cell-specific protein trafficking holds tremendous

promise.
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