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Abstract

The delivery of therapeutics across the blood-brain barrier remains a considerable
challenge in investigating central nervous system related processes. In this work, a liposome
vehicle was surface-modified with an aptamer that binds to the transferrin receptor and was
loaded with two different dopamine-binding aptamer payloads. This system was effectively used
to promote the delivery of the aptamer cargo from the peripheral injection site into the brain. The
effect of these delivered aptamers on behaviour was investigated in vivo in a locomotor task. The
first dopamine binding aptamer assessed was a DNA aptamer, the binding of which had been
previously validated through the aptamer-based biosensor development reported by several
independent research groups. The second aptamer investigated was the result of a novel in vitro
selection experiment described herein. Our data suggest that systemic administration of the
modified liposomes led to delivery of the dopamine aptamers into the brain. Fluorescence
microscopy revealed differential distribution of fluorescence based on the presence or absence of
the transferrin receptor aptamer on the surface of fluorescently modified liposomes. In a
behavioral experiment using cocaine administration to induce elevated concentrations of neural
dopamine, systemic pre-treatment with the dopamine aptamer-loaded liposomes reduced
cocaine-induced hyperlocomotion. Multiple controls including a transferrin-negative liposome
control, and transferrin-positive liposomes loaded with either a non-binding, base-substituted
dopamine aptamer or a random oligonucleotide were investigated. None of these controls altered
cocaine-induced hyperlocomotion. Chronic systemic administration of the modified liposomes
produced no deleterious neurobehavioral or neural degenerative effects. Importantly, this work is
one example of an application for this versatile multi-aptamer payload/targeting system. Its
application general application is limited only by the availability of aptamers for specific neural

targets.
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Introduction

Aptamers are short, single stranded DNA or RNA oligonucleotides, typically less than
100 bases in length, which exhibit unique three-dimensional structures capable of binding targets
ranging from small molecules to whole cells.[1] Aptamers are selected by an iterative in vitro
screening process termed Systematic Evolution of Ligands by EXponential enrichment (SELEX)
and can be chemically synthesized on a large scale with a high degree of reproducibility.[2—4] As
such, they are relatively inexpensive and neither animals nor cell cultures are required for their
production. Moreover, aptamers are reversibly denaturable and have extended shelf lives.[5]
They exhibit long in vivo half-lives (hours to days) when properly modified, are nontoxic and
exhibit low immunogenicity.[6,7] For these reasons, aptamers have many potential analytical,
diagnostic, and therapeutic applications.[5]

An important characteristic underlying the success of diagnostic and therapeutic
protocols based on aptamer technology lies in the ability of the aptamer to bind to its target with
high affinity and selectivity (discriminating between closely-related molecules), exhibiting
binding properties comparable to monoclonal antibodies.[5,7] High specificity, increased
affinity, ability to be therapeutically controlled, and good safety margins make aptamers optimal
therapeutic and detection candidates.[8—10] Further, an advantage of aptamers over traditional
therapeutics is that the complementarity of nucleic acids naturally provides each aptamer with its
own antidote. This is especially beneficial for therapies associated with high risk complications,
such as anticoagulation.[11] The potential of aptamers as molecular recognition elements for
diagnostic and therapeutic applications within the central nervous system was previously

reviewed.[12—-14]
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An RNA aptamer for dopamine (DA) with a moderate binding affinity was reported in
the late 1990s.[15] More recently, DeRosa and colleagues developed the DNA homolog of this
RNA aptamer sequence which exhibited improved binding affinity and stability over the RNA
sequence, and was found to target DA and norepinephrine simultaneously.[16] Injection of this
aptamer, referred to as DBA (dopamine binding aptamer), into the nucleus accumbens reversed a
dopamine-dependent increase in behavioral perseveration to control levels suggesting that the
aptamer, when injected directly into the brain, bound to DA and to some degree norepinephrine,
rendering those neurotransmitters unable to activate postsynaptic targets.[17]

While targeted intra-cranial injections of aptamers represent a huge step in not only basic
research but also preclinical investigations, designing a strategy to deliver the aptamer across the
blood-brain barrier (BBB) and investigating its effects on neurobehavioral function are essential
steps in the development of novel therapeutic compounds for central nervous system disorders.
The objectives of the present study were to provide proof-of-concept for the development of a
multi-aptamer payload/targeting system for delivery of an aptamer across the blood brain barrier.
This multi-aptamer payload/targeting system may present novel therapeutic potential as well as
diagnostic and analytical research value.

An effective strategy for the delivery of nucleic acids to the brain exploits receptor
mediated transcytosis to carry a loaded vehicle across the BBB, an approach coined as a
“Molecular Trojan Horse”.[18-22] Liposomes, spherical vesicles consisting of one or more lipid
bilayers enclosing aqueous compartments, have been widely investigated for the past forty years
as carriers to improve the delivery of therapeutic payloads, including nucleic acids to specific
sites in the body.[23-26] Aptamers have been conjugated to the surface of liposomes for the

effective specific delivery of their payload, such as anti-cancer drugs, and have been shown to
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improve specific cellular uptake and toxicity.[27] In the context of delivery to the brain, this has
been attempted by modifying liposomes with a recognition element, typically monoclonal
antibodies, capable of targeting transferrin receptors to increase their access through the BBB by
receptor or absorptive-mediated transcytosis.[19] Transferrin receptors are highly expressed on
endothelial cells, components of the BBB and the blood cerebrospinal fluid barrier, and are
known to be involved in transport of their ligand, transferrin across these brain barriers.[28-30]
Strategies to specifically deliver cargo to the brain via receptor mediated transcytosis across the
BBB have exploited the role of transferrin and the transferrin receptor by conjugating either
transferrin, or an anti-transferrin receptor antibody to the surface of a nanoparticle, such as an
immunoliposome, or directly to another antibody.[21,31-34] In fact, oligonucleotide cargo has

been delivered to the brain in this manner.[35]

Given the practical advantages that aptamers have in terms of cost and ease of synthesis,
as well as the promise that aptamers hold for diagnostic and therapeutic applications in the CNS,
an aptamer-based modification of the Molecular Trojan Horse, where both the targeting agent
and the payload (DBA) were aptamers, was investigated in the present work. The targeting agent
chosen was a transferrin receptor DNA aptamer (TRA), which was conjugated to the surface of
aptamer-loaded liposomes in this study. This aptamer was previously selected by Chen et al
(2008) to bind to the extracellular domain of the mouse transferrin receptor.[36] The transferrin
binding domain of the TRA has been well characterized.[37,38] The ability of the TRA to
specifically activate the transferrin receptor and induce cellular internalization compared to
mutant aptamer controls has been shown in mouse fibroblasts, B16 cells (melanoma) and
bENDS cells (in vitro BBB model).[36,37,39,40] Additionally, a minimized version of the TRA

was shown to transcytose the BBB in a NOD/SCID mice.[41]
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Results & Discussion

Selection of the novel dopamine binding aptamer DA20m

Both the RNA dopamine binding aptamer originally selected by Mannironi et al., and the
DNA homolog (DBA) showed good affinity for dopamine, with dissociation constants of 1.6 +
0.2 uM and 0.7 uM respectively, however these aptamers exhibited some affinity for the
neurotransmitter norepinephrine.[15,16] In fact, the DBA exhibited a slightly better affinity for
norepinephrine (0.4 uM) than for dopamine. In this study, the Systematic Evolution of Ligands
by EXponential enrichment (SELEX) method was used to obtain a novel DNA aptamer for
dopamine.[2,4,15,42] After four rounds of affinity chromatography-based selection using a
dopamine-agarose column, aptamer candidate sequences were identified by molecular cloning
and Sanger sequencing. Selections for small molecules can be particularly challenging due to
methodological limitations imposed by the small molecular target.[43,44] To achieve a balance
between good secondary structure representation and the limitations of practical synthesis, a
moderately sized selection template of 96 bases, where the random region was 60 bases long,
was chosen.[44,45] The best aptamer from the candidates identified was truncated to yield the
minimer aptamer, DA20m. Since both the RNA and DBA aptamers were predicted to form two
stem loops which came together to form a dopamine binding pocket, the secondary structure of
DA20m was examined. The secondary structure of DA20m was predicted using RNAStructure
and 1s shown in Figure S1A.[46] The predicted secondary structure was similar to that of both
the RNA and DBA aptamers in that it had three stem loop domains (alternatively described as a
3-way junction), however the middle and 3’-domains contained fewer base pairs and would
therefore be theoretically less stable than the RNA and DBA binding aptamers respective
domains.[15,16,47] Aptamers tend to have high G and C content and consequently the G-

quadruplex is a common secondary structure.[48—51] To determine if the DA20m aptamer may
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form a G-quaruplex rather than a three-way junction, the base composition of the DA20m
aptamer sequence was examined (Figure S1 B) and its ability to form a G-quadruplex was
predicted using QGRS Mapper.[52,53] Two possible G-quadruplex regions were identified (see
supplemental Table S1). Thermal denaturation was used to examine the secondary structure in
both the presence and absence of dopamine. By this method, the secondary structure was
determined to exhibit more duplex, rather than G-quadruplex character (indicated by the lack of
hyperchromicity observed at 295 nm with increasing temperature in Figure S2). Finally, the
affinity of the DA20m aptamer for dopamine was evaluated using fluorescence anisotropy
(Figure S3). The apparent dissociation constant was determined to be 0.11 £ 0.08 pM.

Multiple sensors for the detection of dopamine have been developed using either the
RNA or DNA DBA.[54-86] In one instance, both the DNA and RNA aptamers were
investigated in the same platform and the DNA homolog aptamer showed increased sensitivity
and specificity.[87] Since the binding affinity and selectivity of the DBA has been well
characterized by several independent research groups, the DBA was investigated as the main
aptamer of interest in this work and the novel aptamer selected in this work was used to validate

the generality of the system.

Design and synthesis of dopamine aptamer-loaded, transferrin receptor aptamer-modified (DAL-
TRAM) liposomes

Delivery across the BBB is a persistent challenge in the development of new therapeutics
targeted to the brain. Only a minor class of drugs can actually cross the BBB: lipid soluble
molecules of less than 400 Da in size. Large molecule therapeutics such as recombinant proteins,

siRNAs and non-viral gene medicines cannot cross the BBB.[20] Aptamers, being relatively
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large (~10-15 KDa), charged, polar molecules, are no exception. Although some work has been
done to specifically select aptamers that cross the blood brain barrier, and recently RT-qPCR has
shown that low levels of systemically administered aptamer has been detected in the brain, the

development of vehicles for efficient BBB passage remain an important goal.[28,88]

The biocompatibility and biodegradability of liposomes has been extensively
demonstrated and characterized, therefore liposome were selected as the delivery vehicle for the
multi-DNA aptamer based payload/targeting system.[25] PEGylated liposomes were used in this
payload/targeting design as inclusion of the polyether polyethylene glycol (PEG) has been shown
to increase circulation time. Consequently, this design is not only an effective delivery modality
but is cost effective, and easily transferable to mass production.[23] Given the chemical and
physical properties of liposomes (stability, ease of synthesis and surface modification, and batch-
to-batch reproducibility),liposomes were especially compatible with aptamers for the
development of targeted delivery systems for the central nervous system. In fact, the clinical use
of several liposome-based drug delivery systems to treat disease has been approved by the

FDA..[27,89,90]

Inspiration for the design of the DAL-TRAM liposomes examined in this research came
from work done by Shi et al., 2001.[18] In that work, monoclonal transferrin receptor antibodies
were conjugated to PEGylated liposomes containing plasmid DNA. By this strategy, the
peripherally administered “Molecular Trojan Horse” formulation was transported across the
BBB. Further, this particular liposome formulation was chosen as these anti-transferrin receptor
monoclonal antibody modified liposomes had previously been shown to exhibit stability in blood
and had been successfully used to delivery of an exogenous gene to the brain.[19] Additionally,

PEG-stabilized immunoliposomes composed of the same lipids used in the study presented
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herein, were shown to be size-stable in 50 mM HEPES buffer (pH = 7.0) at room temperature for
at least 24 days.[91] Importantly, DNA encapsulation remained constant for at least 48 hours in
both 50 mM HEPES buffer (pH=7.0) at room temperature as well as in Dulbecco’s Modified
Eagle’s Medium (DMEM: used to model in vivo conditions), at 37°C for at least 48 hours.[91]

In the current study, aptamers were used as both the transport mediator and payload. The

schematic design of the multi-aptamer payload/targeting system is shown in Figure 1A.

Figure 1: A) Schematic of the multi-aptamer payload/targeting system. The blue sphere
represents the lipid vesicle composed of: POPC, 18:0 DDAB, 18:0 PEG 2000 PE, DSPE-
PEG 2000-malemide, and either Liss Rhod PE or 16:0 NBD PE. The liposomes were loaded
with payload aptamer (black ribbons), and surface modified with transferrin receptor
aptamer (TRA: blue ribbons). Inclusion of a fluorescently modified lipid (represented by
pink stars) allowed for fluorescent imaging of the liposome vehicle. B) Representative
transmission electron microscope image of aptamer loaded-TRAM liposomes.

The payload of the TRAM delivery vehicles was either a dopamine binding aptamer
(DBA), a non-binding, base-substituted dopamine aptamer control (Sub), a random
oligonucleotide (ROL) or the newly selected dopamine aptamer (DA20m) (see Table 1 for more
details). To allow for fluorescence imaging of the central distribution of the peripherally injected
DAL-TRAM and control liposome formulation, either rhodamine or NBD-modified lipid was
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included in the design. In place of monoclonal antibodies for the transferrin receptor, a thiol
modified transferrin receptor aptamer (TRA) was conjugated to the surface of the liposome via a

thioether bond to maleimide-modified lipid.[36]

Encapsulation within the liposomal vehicle affords protection to the unmodified nucleic
acid payload. This allows the aptamer to be delivered to the brain intact and in its natural state.
Alternative strategies to increase nucleic acid circulation time include 5°- and 3’- end
modifications, inclusion of modified nucleotides and modifications to the nucleic acid
backbone.[6,92] However, when these modifications are made post aptamer selection, they can
disrupt the secondary structure of the aptamer as well as the affinity of the aptamer to its target.
Further, encapsulation of the aptamer payload into the targeting liposome effectively
concentrates the aptamer payload by facilitating specific delivery to the cellular target.
Therefore, delivery of the unmodified oligonucleotide via encapsulation within the protective
liposomal vehicle was investigated. Small, unilamellar liposomes were prepared as previously
described with some notable differences, namely the incorporation of a DNA aptamer targeting
moiety and encapsulation of a DNA aptamer payload.[19,93] The synthesis process is described
schematically in supplemental Figure S4. Successful synthesis, lamellarity, and monodispersity
of the DAL-TRAM formulation was determined by gel electrophoresis (supplemental Figure S5)
and transmission electron microscopy (TEM) (Figure 1B and supplemental Figure S6). The final
loaded-TRAM formulations consisted of small unilamellar liposomes with an average diameter
of 57 +/- 11 nm. Additionally, the stability of liposomes in 90% human serum at 37°C was
assessed by TEM imaging (see supplemental Figure S7). DAL-TRAM in 50 mM HEPES buffer
(pH=7.0) was combined 1:9 with human serum. These samples were incubated at 37°C for 24
hours. At specific time points (0 min, 15 min, 30 min, 1 h, 12 h and 24 h) an aliquot of the

11
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sample was removed and deposited on a grid for TEM imaging. Although some aggregation was
observed over time, features consistent in size and shape with intact liposomes were observed at
each time point. Representative images for DAL-TRAM+serum at 0 min, 1 h and 24 h are
shown. The long-term stability of the liposomes (in 50 mM HEPES buffer (pH=7.0) over time
was assessed by nanoparticle tracking analysis (NTA) and TEM after 2 and 5 months
respectively (see supplemental Figure S8). Intact liposomes were observed by NTA after 2
months, and by TEM imaging after 5 months; however some aggregation was also observed in
the TEM images. The difference in the size measured by TEM and NTA can be attributed to
differences in the methods.[94] In TEM the particles are dried on a grid and their size is
measured based on the diameter of the dried particle. In NTA, the particle size is measured in
solution. Hydration of the particle can increase the observed radius. Additionally, the particle
size is measured in 2-dimensions where as the particle moves in 3-dimensions, this can lead to an
increase observed size.[94] Based on the distribution of particle sizes observed, it is also possible
that aggregates of smaller particles skewed the distribution. Nevertheless, loaded-TRAMs were
prepared and used within 4 days for all further experiments. A number of variations to the DAL-
TRAM design, described in table 1 were also synthesized as controls. The DNA sequences used
in each formulation are shown in Table S2.

Table 1: Aptamer and multi-aptamer payload/targeting system and control variation
abbreviations

Abbreviation Aptamer details
DBA Dopamine binding aptamer
Sub Non-binding/base substituted dopamine binding aptamer. The sequence

is identical to DBA with the exception of specific point mutations, the
presence of which eliminates dopamine-aptamer binding[16]

ROL Random oligonucleotide of comparable length to the DBA previously
shown not to affect dopamine-related behavior[17]
DA20m Newly selected dopamine binding aptamer of similar size to the DBA

that was used during the liposome synthesis phase as a complex
secondary structure analog. To validate the generality of the delivery
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| system, this aptamer was evaluated in the behavioral testing.
Abbreviation Component details

DAL-TRAM Dopamine aptamer loaded-transferrin receptor aptamer modified
liposome (TRA-positive liposome)

DAL Dopamine aptamer loaded liposome (TR A-negative liposome)

TRAM Transferrin receptor aptamer modified liposome (no oligonucleotide
payload)

Sub-TRAM Non-binding/base substituted dopamine binding aptamer loaded —
transferrin receptor aptamer modified liposome

ROL-TRAM Random oligonucleotide loaded-transferrin receptor aptamer modified
liposome

DA20m-TRAM DA20m aptamer loaded-transferrin receptor aptamer modified
liposome (TRA-positive liposome)

Detection of DAL-TRAM in the Brain

The central distribution of peripherally administered DAL-TRAM and DAL were
qualitatively assessed by fluorescence microscopy. Mice (n=3) were injected (0.15 mL) with an
equimolar combination of TRA-positive DAL-TRAM (rhodamine labelled) and TRA-negative
DAL (NBD labelled) liposomes prepared in 50 mM HEPES buffer (pH=7.0). Representative

images from coronal sections through the nucleus accumbens are shown in Figure 2.

100 pm

DAL-TRAM DAL Overlay

Figure 2: The distribution of rhodamine and NBD fluorescence in a coronal section (35 pm
thickness) of the nucleus accumbens (20X magnification) was imaged by fluorescence
microscopy. Prior to imaging, mice (n=3) were injected with an equimolar solution
containing TRA-positive liposomes (DAL-TRAM: rhodamine (red) labelled) and TRA-
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negative liposomes (DAL: NBD (green) labelled). The scale bars for the DAL and overlay
images are the same as that shown in the DAL-TRAM image.

The fluorescent distribution of the rhodamine-labeled DAL-TRAM (Figure 2) suggests that the
DBA was successfully delivered to the brain via the DAL-TRAM. When examining the
fluorescent images, there was a very clear difference between the fluorescent distribution of
TRA-positive DAL-TRAM (red) and TRA-negative DAL (green) liposomes. The red
fluorescence of the DAL-TRAM was much more diffuse, suggesting diffusion within the
interstitial space and around the cell bodies as compared to the punctate fluorescence signal of
the green DAL. Based on these patterns of overlapping (red and green puncta) and non-
overlapping (diffuse red) fluorescent signals, it was concluded that the DAL-TRAM diffused
beyond the capillaries and into neural tissue while the TRA negative DAL did not diffuse into
the neural tissue and remained trapped within the capillaries. A second imaging study was
preformed to ensure that the differences in distribution observed were not due to the differences
in the lipid conjugated dye used in the preparation of the DAL-TRAM and DAL formulations.
Two experimental groups were examined: transferrin aptamer negative liposomes (DALs:
rhodamine labeled, n=3) and transferrin aptamer positive liposomes (DAL-TRAMs, rhodamine
labeled, n=3). A control group was injected with saline (n=3). Representative images from
coronal sections through the nucleus accumbens are shown in Figure S9. These results were
consistent with that observed for the dual colour imaging assay (Figure 2). In the TRA-negative
liposome group (DAL), rhodamine was observed mostly around the capillaries, and did not seem
to have significantly diffused into the interstitial space. In contrast, the distribution of the TRA-
positive liposomes (DAL-TRAM) is much more diffuse. The contrast between cell bodies (black

spheres) and rhodamine fluorescence (white areas) is much more obvious in the TRA-positive

14

ACS Paragon Plus Environment



Page 15 of 47

oNOYTULT D WN =

ACS Chemical Neuroscience

(DAL-TRAM) image compared to the control liposomes (TRA-negative DAL) and saline
representative images.

In addition to the fluorescence-based detection of the liposomes within the brain, direct
detection of the aptamer sequences themselves were attempted using RT-qPCR (see
supplemental Table S3 and Figure S10). Unfortunately, due to similarity between the aptamer
sequence and mouse genomic DNA, primers could not be designed that allowed for specific,
reproducible amplification of the aptamer target from tissue extract (see Table S3).[95]
Additionally, since the amplicons produced by non-specific amplification were predicted using
NCBI software Primer-Blast to be non-specific and of various sizes (~75-3500 base pairs), RT-
qPCR amplification data was analysed using gel electrophoresis in an attempt to minimize the
effect of non-specific amplification which could not be eliminated by examining the quantitation
cycle alone.[96]

To determine whether the addition of TRA resulted in a significant difference in the
delivery of DBA to the brain, the delivery of DBA by DAL-TRAM was compared to that of
DAL (Figure S10). There was no difference between the average quantitation cycle (Cq) of
DAL-TRAM (21.8 £0.1) and DAL (21.8 £ 1.0), suggesting the DBA is delivered to the brain by
both vehicles. However, Analysis by One-way ANOVA revealed a statistically significant
difference in the observed optical density between groups (F(3,9) =20.843, p<0.001 at 0=0.05).
Post-hoc analyses by Fisher’s LSD revealed that the mean optical density of both the DAL-
TRAM (p<0.001) and DAL (p=0.003) were significantly higher than the NTC whereas the
difference between the mean optical density of DAL-TRAM (37.7 £ 3.6) and DAL (28.2 £ 1.5)
approached significance (p=0.053 at 0=0.05). These results mirror what has been observed in a

recent study attempting to select brain-penetrating aptamers using a novel in vivo SELEX
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approach.[28] In this experiment, RT-qPCR did not reveal a statistically significant difference in
concentration of the BBB-crossing sequence within separated capillary and parenchymal tissue.
Given that our fluorescence microscopy data indicate that DAL appears to be primarily trapped
in the capillaries it is perhaps not surprising that the DBA is detected by RT-qPCR in these

controls.

Acute Systemic Aptamer Injection and Cocaine-Induced Locomotion

In order to assess the efficacy of systemically administered DAL-TRAM, several
experiments were run to determine 1) the ability of an acute systemic administration of DAL-
TRAM to attenuate hyperlocomotion in cocaine-treated animals 2) validation of the system with
a second dopamine binding aptamer, DA20m , 3) the specificity of the DBA component of the
DAL-TRAM in mitigating cocaine-induced behavioral changes, and 4) whether chronic systemic
administration of DAL-TRAM produced any motor deficits or noticeable neuronal degeneration.
Cocaine is known to be a potent activator of the dopamine-reward system as well as the
noradrenergic and serotonergic systems.[97] Despite the significant role of dopamine in motor
behaviour, this is an appropriate model to test the DAL-TRAM as the authors have shown
previously that direct intra-accumbens injection of the unmodified DBA aptamer does not impair
locomotion.[17] Treatment strategies for cocaine addiction and particularly, the prevention of
craving and relapse are limited, and their effectiveness is still questionable.[98] Therefore, not
only is cocaine a well-characterized drug for experimental purposes in the laboratory but it also

has human, clinical relevancy for treatment need.

Examining the efficiency of DAL-TRAM in reducing cocaine-induced hyperlocomotion and

validation of the system with DA20m-TRAM
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In the first behavioral assessment mice (n = 53) were assigned to one of 7 conditions:
pretreatment (i.p.) with a Sub control oligonucleotide packaged within the TRAM (Sub-TRAM)
followed by an injection (i.p.) of 10 mg/mL cocaine (Sub-TRAM+10 mg/mL cocaine; n =8);
pretreatment (i.p.) with DAL-TRAM followed by an injection (i.p.) of 10 mg/mL cocaine (n =
8), an i.p. injection of 5 mg/mL cocaine (n = 8), an i.p. injection of 1 mg/mL cocaine (n = 7) or
an 1.p. injection of saline (n = 8); pretreatment (i.p.) with an injection of TRAM containing no
oligonucleotide payload followed by a saline injection (n = 8); or pretreatment (i.p.) with an
injection of saline followed by saline (n = 6). Mice received their first injection (loaded-TRAM
or TRAM) followed 5 minutes later by the second injection (cocaine or saline) and then 5 min
later were individually placed into the locomotor apparatus for a 30 min session. Horizontal
activity was recorded every 5 minutes and total locomotor activity was compared between
treatment conditions. To validate the delivery system, the effectiveness of a second dopamine
binding aptamer, DA20m, was assessed in a similar assay where pretreatment (i.p) with an
injection of DA20m-TRAM followed by 10 mg/mL cocaine (n=8), pretreatment (i.p) with an
injection of DAL-TRAM + 10 mg/mL cocaine (n=8), pretreatment (i.p) with DA20m-TRAM
followed by saline (n=9), and pretreatment (i.p) with DAL-TRAM followed by saline (n=8)
were compared to Sub-TRAM + 10 mg/mL cocaine (n=7) were assessed. These data are shown

in Figure 3 (DBA), Figures S11-13 (cocaine controls) and Figure S14.
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Figure 3: The ability of DAL-TRAM to reduce cocaine-induced hyperlocomotion at
different cocaine doses was assessed over 30 min. The total horizontal activity recorded is
shown. A significant effect of group was revealed following ANOVA (F(6,46 ) =22.71,
p<0.001). Significant differences between treatment conditions were revealed by Fisher’s
LSD post-hoc analyses as indicated (*p < 0.05).

One way ANOVA on the total number of activity counts during the 30 min test revealed
a significant group effect (F(6,46) =22.71, p <0.001; Figure 3). Fisher’s LSD post-hoc
analyses revealed that group Sub-TRAM + 10 mg/mL cocaine was more active than all other
groups (p < 0.05). Groups DAL-TRAM + 10 mg/mL cocaine and DAL-TRAM + 5 mg/mL
cocaine were more active than groups DAL-TRAM + 1 mg/mL cocaine and the 3 saline-treated
control groups (p < 0.05). A breakdown of activity counts per 5 min time bin for the groups
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pretreated with DAL-TRAM or TRAM followed by cocaine (10, 5 or 1 mg/mL) are shown in
supplemental Figures S11-S13. These data suggest that the DAL-TRAM pretreatment was
effective in reducing the cocaine-induced hyperlocomotion across the entire 30 min test. To
validate this system, a second dopamine binding aptamer (DA20m) with similar affinity to the
DBA was evaluated for its ability to decrease cocaine-induced hyperlocomotion (Figure S14). A
significant effect of group (F(4,34) =20.12, p<0.001) on the cumulative locomotor activity over
the entire 30 min session was revealed using analyses by One-way ANOVA. Significant
differences between treatment groups were revealed by Fisher’s LSD post-hoc analyses. A
significant decrease in cumulative locomotor activity was observed for the DA20m-TRAM + 10
mg/mL cocaine treated group compared to the Sub-TRAM + 10 mg/mL cocaine treated control
group (p=0.009). Additionally, the difference between the two aptamer groups (DAL-TRAM vs
DA20m-TRAM) was not significant (p=0.054), as expected given the aptamers exhibited similar
affinity. As with the DAL-TRAM + 10 mg/mL cocaine treated group compared to the DAL-
TRAM + saline treated group, the locomotor activity of DA20m-TRAM + 10 mg/mL cocaine
was significantly higher than that of DA20m-TRAM + saline (p<0.001). There was no difference
between the DA20m-TRAM + saline, or DAL-TRAM + saline groups. These data were
interpreted to suggest that the TRAM vehicle is effective at delivering aptamer cargo to the
brain, and that another dopamine binding aptamer could be delivered this way to mediate
locomotor behaviour. Since the novel aptamer, DA20m did not show a significant decrease in the
locomotor activity compared to the DBA, additional experiments focused on the DBA given that
its dopamine binding had been externally validated by several research groups.

The differences in locomotion observed between experimental and control groups can be

attributed to the specific affinity of the DBA and DA20m aptamers for dopamine. Although
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locomotor behaviour was not normalized to the level of the saline controls in either DBA or
DA20m treated mice, overall, both the DAL-TRAM and DA20m-TRAM were effective in
decreasing cocaine-induced hyperlocomotion. The reduction seen is similar to that expected from
traditional D1/D2 antagonists, however the dopamine binding aptamers examined in this study
are proposed to function by a different mechanism. Based on the affinity of the aptamers for free
dopamine, the DBA and DA20m are thought to bind directly to synaptic DA, effectively
decreasing the available concentration of DA in the synaptic cleft. By this mechanism, locomotor

behaviour was nearly normalized.

Variations of the multi-aptamer payload/targeting system (DAL-TRAM) were assessed for
specificity

To examine the possible effects of the non-active components of the multi-aptamer
payload/targeting system on cocaine induced hyperlocomotion, several controls were examined
and compared to DAL-TRAM. The following control (saline treated) and experimental (10
mg/mL cocaine treated) groups were examined: saline/saline (n=6), TRAM/saline (n=8), DAL-
TRAM/saline (n=8), DAL-TRAM/cocaine (n=8), DAL/cocaine (n=9), ROL-TRAM/cocaine (n=
7), TRAM/cocaine (n= 8), and Sub-TRAM/cocaine (n=8). Mice received their first injection
(loaded-TRAM variation) and then 5 minutes later received the second injection (cocaine or
saline). After a 5 min delay, mice were placed into the locomotor apparatus for a 30 min session.

Horizontal activity over the 30 min session was compared between the treatment conditions

(Figure 4).
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Figure 4: The specific efficacy of the multi-aptamer payload/targeting system in cocaine-
induced hyperlocomotion was evaluated by comparing its action to multiple system
variations. Total horizontal activity is shown. A significant group effect was revealed by
one-way ANOVA (F(7,54) = 14.22, p < 0.001). A significant difference between groups was
revealed by Fisher’s LSH post-hoc analyses (*p < 0.05).

A One way ANOVA on the total number of activity counts during the 30 min test
revealed a significant group effect (F(7,54) = 14.22, p <0.001;Figure 4). Fisher’s LSD post-hoc
analyses revealed a significant difference between the DAL-TRAM/cocaine group and all other
groups (p<0.05). The DAL/cocaine, ROL-TRAM/cocaine, TRAM/cocaine and Sub-
TRAM/cocaine groups all showed significantly elevated locomotor activity compared to both the

aptamer (DAL-TRAM/cocaine; p<0.05)) and saline control groups (p<0.001). These data
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suggest that the TRA mediated delivery of the DBA payload was responsible for the observed
decrease in hyperlocomotion. A reduction in hyperlocomotion was only observed when the
multi-aptamer payload/targeting system (DAL-TRAM) was intact. When the payload (DBA)
was administered in the absence of the targeting moiety (TRAM) via the DAL liposome, no
significant reduction in hyperlocomotion was observed. Therefore, even when the aptamer was
administered systemically, it was not delivered to the brain without the TRAM component of the
system. Additionally, the non-specific effect of a random oligonucleotide (ROL-TRAM) or a
non-binding variant of the DBA (Sub-TRAM) on hyperlocomotion were examined and no
significant reduction in hyperlocomotion was observed in either case. Therefore, the presence of
foreign DNA alone was not responsible for the observed decrease in locomotor behaviour in
cocaine treated animals. Finally, when the TRAM liposome was administered with no payload,

no significant reduction in hyperlocomotion was observed.

Importantly, the significant decrease in locomotor behaviour of the DAL-TRAM/cocaine
treated animals compared to the transferrin-negative liposomes (DAL/cocaine)), random
oligonucleotide (ROL-TRAM/cocaine), non-binding DBA variant (Sub-TRAM/cocaine) and the
liposome with no oligonucleotide payload (TRAM/cocaine) suggested the DBA was solely
responsible for the observed decrease in locomotor behaviour. Moreover, acute treatment with
the DAL-TRAM/saline did not produce significant motor deficits in saline treated animals
compared to saline/saline treated animals. Consistent with our previously published data, this is
an important advantage of the multi-aptamer payload/targeting system, specifically the DBA
over traditional D1/D2 antagonists, as these therapeutics often cause disruptive extrapyramidal

side effects.[99]
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Chronic administration of DAL-TRAM in saline treated animals

Horizonal movement was recorded directly following treatment with DAL-TRAM (n=

oNOYTULT D WN =

5), TRAM (n=5) or no injection (n=5), each day for six days. Statistical analysis by one-way
10 ANOVA revealed no main effect of group on total locomotor activity (F(3,24)=0.949, p=0.433).
Recorded values of horizontal movement for each treatment group, on the last day (day 6) are

15 shown in Figure 5. Additionally, a daily record of horizontal movement for each 5 min time bin,
17 for each treatment condition is shown in supplemental Figure S15. These data suggest that

locomotor activity is not affected by chronic DAL-TRAM or TRAM administration.

25 6000+

4000-

Locomotor Activity

Treatment

Figure 5: No effect on motor behaviour was observed after chronic administration of DAL-
53 TRAM, in the absence of cocaine. The total horizontal activity recorded during the final 30
54 min session of the experiment is shown. Statistical analysis by one-way ANOVA revealed
55 no significant group effect (F(3,24)=0.949, p=0.433).
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With preliminary evidence to suggest that acute injection of the DAL-TRAM did not
produce motor deficits in saline treated animals, further experiments were initiated to determine
if chronic injection of either the DAL-TRAM/saline or the TRAM/saline would produce motor
deficits (Figure 5). These groups were compared to the locomotor activity of a no injection
group. There were no significant motor deficits observed for either experimental group
suggesting chronic systemic administration of neither DAL-TRAM nor TRAM produces

locomotor consequences.

Investigation of neuronal degeneration by Fluoro-Jade B Staining

Potential cellular damage following chronic administration of either DAL-TRAM or
TRAM was assessed using Fluoro-Jade B staining forty-eight hours after the last locomotor
assessment..[100] Images of stained tissue were acquired from the DAL-TRAM, TRAM and no
injection groups and subsequently compared to images of control tissue obtained from a
published report. In the control image, visible damage had been caused by implantation of a
chronic, indwelling cannulae (Figure 6).[100,101] Extensive Fluoro-Jade B staining of the
Positive control, which originated near the cannula tip and extended outward was likely due to
neuronal damage, and reactive astrocytes or gliosis. Damaged neurons stained by Fluoro-Jade B
in the positive control (Figure 6 A) are indicated by white arrows (A). In comparison, no
evidence of degeneration or damage by Fluoro-Jade B staining following chronic administration
of the DAL-TRAM (B) and the TRAM (C). The staining patterns of these images appeared most

similar to the negative, no injection control (D).
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B. DAL-TRAM_

D. No Injection

Figure 6: No indication of neural damage was observed following Fluoro-Jade B staining in
39 animals that had been chronically treated with DAL-TRAM (B), TRAM (C), or were given
40 no injection (D). Regions of neural damage in the control image (A) are indicated by white
arrows. Magnification is at 20X.

45 Fluoro-Jade B is known to stain the cell bodies, axons, axon terminals and dendrites of

47 degenerating neurons with high affinity and results in minimal background staining regardless of
the source or mechanism of injury.[100,102] As an initial indication of cellular viability

52 following chronic administration of either DAL-TRAM or TRAM, no sign of cellular damage

54 after repeated injections was observed in the nucleus accumbens. Future experiments are
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necessary to more thoroughly investigate early indications of inflammation and cellular

damage.[103]

Results of the experiments performed in this study have shown that the multi-aptamer
payload/targeting system, DAL-TRAM, described is effective in decreasing cocaine-induced
hyperlocomotion without causing motor side effects or cellular damage. Given the results of our
previously published data, it is feasible this system with the particular DBA payload is not only
to cocaine addiction but that it could help normalize cognitive deficits associated with
schizophrenia as well.[17] This is an especially important development as, to the authors’
knowledge these data presented here demonstrate the first example of an IP delivered multi-
aptamer payload/targeting system to cross the BBB and successfully attenuate behaviour in an
animal model of mental illness-associated behaviours. The potential of this multi-aptamer
payload/targeting system is limited only by the availability of aptamers for specific targets within
the CNS. Neither is the functionality of the aptamer limited; currently applications of aptamers
within the CNS include but are not limited to diagnostics, therapeutics, contrast and imaging
agents, receptor modulators etc.[12] Additionally the incorporation of modified aptamers such as
SOMAmers and aptazymes could expand the target diversity as well as add additional elements
of structural stability, biostability and functionality to the multi-aptamer payload/targeting
system.[104,105] Future work will examine modifications to this system to optimize it for more
generalized CNS treatment approaches. For example, changes to the TRA targeting moiety of the
multi-DNA aptamer payload/targeting system will be investigated. Recently, a truncated version
of the originally reported TRA as well as rationally designed full length mutations were reported
that showed increased structural stability and biological activity compared to the TRA

investigated in this work.[37] The combination of aptamer modifications for increased in vivo
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stability and circulation time post liposome release as well as optimization of the properties of

the payload/targeting liposomal system to enhance therapeutic efficacy by means of increased
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payload release from the liposome vehicle will be explored.
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Materials and Methods
Chemicals and reagents for liposome preparation

All DNA synthesis reagents and modifiers were purchased from Glen Research (Sterling,
VA). Synthesis columns were purchased from BioAutomation (Irving, TX). Urea, ammonium
persulfate, TEMED, HEPES, EDTA, Boric Acid and Tris were purchased from BioShop Canada
(Burlington, Canada). 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (16:0-18:1 PC, POPC),
dimethyldioctadecylamonium bromide salt (18:0 DDAB), 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (ammonium salt) (18:0 DSPE-
PEG 2000 PE), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[malemide(polyethylene
glycol)-2000] (ammonium salt) DSPE-PEG 2000-malemide, Liss Rhod PE (1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt)), 16:0
NBD PE (1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-
yl) (ammonium salt)), mini extruder, 100 nm polycarbonate membranes and filter supports were
purchased from Avanti Polar Lipids, Inc (Alabaster, AL). Slide-A-Lyser G2 dialysis cassettes
were purchased from Thermo Fisher Scientific Canada (Nepean, Canada). Cocaine (ecgonine
methyl ester benzoate HCI) and saline solution (0.9% sodium chloride) were purchased from
Sigma-Aldrich Canada (Oakville, Canada).
Oligonucleotide Preparation

Standard phosphoramidite chemistry was performed on a MerMade DNA synthesizer
(Bioautomation, Irving, TX) to prepare the oligonucleotides shown in Table 2. DNA was
purified by polyacrylamide gel electrophoresis prior to molecular weight confirmation by ESI-

MS.
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Table 2: Sequences of oligonucleotides

Oligonucleotide Sequence (5°=23’) Notes
Unmodified GTCTCTGTGTGCGCCAGAGACACTGGGGC
Aptamer (DBA)

5’-thiol (Thiol-
modifier C6 S-S)

GAATTCCGCGTGTGCACACGGTCACAGTT
AGTATCGCTACGTTCTTTGGTAGTCCGTT

modified TRA CGGGAT
Unmodified GTCTCTGTGCCAAACAGAGACACTGGGG | base substitutions
Substituted DBA CAGATATGGGCCCGCACAGAATCCGGCC | corresponding to the DBA

control (Sub)

C

made to eliminate binding
are underlined[16]

Random AGAATCTGTCGGGCTATGTCACTAATACT
Oligonucleotide TTCCAAACGCCCCGTACCGATGCTGAACA
(ROL)

DA20m aptamer AGCGGGAGGATATGCTCTGCTGTTGGATA

GGTGTATATGTGGAGATAGTAAGTGCAA
TCT

Identification of DA20m aptamer by SELEX

The DA20m aptamer is a minimal aptamer that was identified following the selection of

dopamine binding aptamers from a selection library with the following template: 5’-

ATACCAGCTTATTCAATT-Ng-AGATAGTAAGTGCAATCT-3’, where N¢ represents the

number of randomized nucleotides.[15,42] Briefly, aptamers candidates were identified upon the

completion of four rounds of selection using the affinity chromatography method and a

dopamine-agarose column (BioRad, Saint-Laurent, QC, Canada). The selection buffer contained

50 mM Tris-HCI pH 7.4, 5 mM MgCl,, 0.5 M NaCl and 0.02% L-ascorbic acid. Round-by-round

enrichment was monitored by fluorescence spectroscopy where the intensity of the fluorescein

modified library was measured using excitation and emission wavelengths of 490 nm and 520

nm respectively). Before each round, the enriched library was amplified by PCR by combining
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2X PCR buffer (0.2 M Tris-HCI pH 9, 0.1 M KCI, 2% triton X-100) with 3.8 pL of 15 mM
MgCl2, 2 uL of dNTP mix, 0.5 puL of each of the forward and reverse primers, 1 pL of TAQ
DNA polymerase, 41.2 uL of deionized water and 1 uL of either the pool, control DNA (positive
control) or deionized water (negative control) using the following thermal profile: 94°C for 10
min then either 30 or 45 cycles of 94.0°C (1 min), followed by 47.0°C (1 min) then 72.0°C (1
min). After the final cycle was complete, the reactions were held at 72.0°C (10 min), then cooled
to and held 4°C. Aptamer candidate sequences were identified using traditional cloning and
sequencing methods. Initially, the affinities of aptamer candidates were screened using
fluorescence anisotropy.[106] The top aptamer candidate DA20 was identified based on
sequence abundance and affinity. The sequence was arbitrarily truncated and potential minimers
were screened by fluorescence anisotropy. The best minimal aptamer, DA20m, had the lowest
apparent dissociation constant, and was therefore chosen to be examined in this work.
DA20m aptamer characterization

The secondary structure of the DA20m was predicted using RNAStructure by inputting
the DNA sequence, setting the nucleic acid parameter to DNA, and leaving all other parameters
at deault.[46] The presence of possible G-quadruplex domains were identified using QGRS
Mapper.[52] Thermal denaturation profiles were obtained as previously described using a Cary
300 Bio UV-Visible spectrophotometer (Agilent, Santa Clara, CA, USA) equipped with a Cary
Temperature Controller (Agilent) running the Cary Win UV Thermal application software
(Version 3.00 (1.820).[107] The absorbance was measured at 295 nm over the temperature range
of 20°C to 80°C using a ramp rate of 5°C/min.

Liposome Preparation
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Liposomes were prepared as previously described with some important
modifications[19,91,93] Briefly, POPC (19.2 umol), DDAB (0.2 pmol), DSPE-PEG 2000 (0.4
umol), Liss Rhod PE (0.2 umol) and DSPE-PEG 2000-malemide (30 nmol) were dissolved in
chloroform in a 10 mL round bottom flask. 16:0 NBD PE (0.2 umol) in place of Liss Rhod PE
was used for the purpose of dual-colour fluorescent imaging. The flask was capped with a
septum and chloroform was evaporated off while shaking and under a flow of argon to produce a
thin uniform lipid film. The lipid film was hydrated with 0.2 mL of 50 mM tris-HCI (pH=7.0)
and then vortexed for 30 min. Following hydration, the flask was stored under argon and
sonicated in a bath sonicator at room temperature for 10 minutes. 38 nmol of either DBA, Sub or
ROL were added in a volume of 0.2 mL (50 mM Tris-HCI). The DNA was encapsulated by
slowly adding 0.6 mL of 67% ethanol (to yield a final concentration of 40% ethanol). Samples
were again stored under argon before being subjected to 10 cycles of 5 min in an ethanol/dry ice
bath followed by 2 min in a 40°C water bath. Samples were subjected to 25 passes through 100
nm polycarbonate membranes contained in a mini-extruder. The samples were dialysed into 50
mM HEPES buffer (pH=7.0) overnight to remove the ethanol using Slide-A-Lyser cassettes (20
000 MWCO). DNA that was non-specifically interacting with the exterior of the liposome was
removed via nuclease digestion. Samples were dialysed into 50 mM HEPES buffer (pH=7.0)
overnight to remove the digested DNA. The disulfide bond protecting the thiol modified
transferrin receptor aptamer (TRA) was cleaved in 50 mM Tris-HCI (pH=8.4) containing 100
mM DTT. The TRA was purified using biospin columns, and was buffered exchanged into 50
mM HEPES (pH=7.0) containing 7 mM EDTA. The liposomes and TRA were allowed to react
for 2 hours at room temperature with gentle shaking. The samples were then dialysed overnight

into 50 mM HEPES buffer (pH=7.0) to remove EDTA and unreacted TRA. Using the Stewart
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Assay, it was determined that the liposome solutions generally contained a concentration of
approximately 6 mg/mL of total lipids; this translates to 0.6 mg of total lipid per 100uL injection.
To determine the number of liposomes delivered per injection, a theoretical calculation reported
by Montanari, J., Bucci, P., and Alonso, S. was used.[108] From this calculation, it was
determined that per 100uL injection, approximately 3.00x10" liposomes were delivered. To
maintain consistency between separate sample preparations, the liposome concentration was
characterized via UV-Vis spectroscopy. The approximate concentration of the DAL-TRAM
stock preparation was determined by measuring the rhodamine peak (570 nm) absorbance of a 1
in 100 dilution of the stock preparation. Rhodamine peak absorbance values of the 1 in 100
dilution of ~0.05 was assigned as 1X concentrations. Liposome sample homogeneity was
characterized by TEM microscopy. Aptamer encapsulation and liposome stability over time were
confirmed by gel electrophoresis and, TEM and NTA respectively. In vitro liposome
characterization was done with liposome preparations in 50 mM HEPES buffer (pH=7.0) unless
otherwise stated. Experimental details are provided in the supplemental information.
Stability of DAL-TRAM in human serum

To assess the stability of DAL-TRAM in human serum, DAL-TRAM in 50 mM HEPES
buffer (pH=7.0) was combined in a 1:9 ratio with human serum, effectively diluting the liposme
1 in 10 in human serum. Pooled human male AB plasma serum was obtained from Sigma-
Aldrich (Oakville, Canada). Both the DAL-TRAM and serum had been pre-warmed to 37°C. At
each time point a small aliquot was removed and deposited on a grid for TEM imaging as
described in the supplemental details. Between time points, the liposomes in serum were
incubated at 37°C. Time points examined were at 0 min, 15 min, 30 min, 60 min, 6 h, 12 h and

24 h.
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Fluorescent Detection of DAL-TRAM in the Brain

To provide an initial, qualitative assessment of DAL-TRAM entry into the brain, mice
were injected (0.1 mL i.p.) with either the Rhodamine-labeled DAL-TRAM (TRA-positive
liposome; n=3), Rhodamine-labeled DAL (TRA-negative liposome; n=3) or saline (n=3). Five
minutes later, mice were rapidly decapitated and brains were removed then immersion fixed in
4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). In a second experiment, mice (n=3)
were injected (0.15 mL i.p.) with equimolar Rhodamine-labeled DAL-TRAM (TRA-positive
liposome) and NBD-labeled DAL (TRA-negative liposome). The concentration of each liposome
preparation was estimated using the extinction coefficients for rhodamine (95 000 M em™ at
560 nm) and NBD (13 000 M cm™ at 458 nm).[109] The excitation and emission wavelengths
for Liss Rhod PE and NBD PE respectively, were 560 nm/583 nm and 460 nm/535 nm. Imaging
experiments were done at 1X concentration. Mice were rapidly decapitated 10 minutes
following the injection. Brains were removed then immersion fixed in 4% paraformaldehyde in
0.1 M phosphate buffer (pH 7.4). Tissue was not perfused. All tissue was stored at 4° C for 24
hours, then stored in 30% sucrose/ 0.1 M phosphate (pH 7.4) at 4° C for a minimum of 72 hours.

Brains were sectioned on a cryostat (35 pm) through the nucleus accumbens (anterior
posterior plane of the Paxinos and Watson atlas: 2.20 — 1.0 mm from bregma). Tissue sections
were mounted on glass slides and coverslipped with Fluoromount. Using an Olympus BX61
microscope (Olympus Canada Inc., Richmond Hill, Canada), digital images of the nucleus
accumbens were obtained (20x). Distribution of the rhodamine and NDB fluorescence was
visualized by applying red (594 nm) and green (488 nm) filters during imaging. The exposure
time was set to 350 ms for both fluorescent channels during imaging to minimize background

fluorescence.
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Behavioural testing and histochemical analysis
Subjects

Male CD-1 mice (32 — 38 days old) were purchased from Charles River (St. Constant,
Canada) and housed individually in 27 x 21 x 14 cm clear, polycarbonate cages. The vivarium
temperature (19 — 22 °C) and humidity (50 — 60%) were controlled in a fixed range while
lighting (12 hour dark/ light cycle, lights on at 08:00) remained on a constant cycle. Purina mice
chow and water were available ad libitum. All animal procedures were approved by the Carleton
University Animal Care Committee in accordance with guidelines set by the Canadian Council
on Animal Care (CCAC).
Apparatus

Locomotor assessment took place in enclosed 48 x 26 x 20 cm clear, polycarbonate cages
in a windowless room. Horizontal mouse movement was recorded by 16 sensors (TSE-Systems,
Inc., Chesterfield, MO) separated by 2.5 cm along the bottom of the locomotor box. Horizontal
movement was detected and counted when there was a break in the infrared sensor. Activity
counts were collected on a computer running Fusion HC software (AccuScan Instruments Inc.,

Columbus, OH).

Examining the efficiency of DAL-TRAM in reducing cocaine-induced hyperlocomotion and
the specificity of the DAL-TRAM components
Drugs

DAL-TRAM and control variations were prepared as described under liposome
preparation. Mice (n = 77) were assigned to the following conditions: DAL-TRAM/10 mg/mL

cocaine (n = 8), DAL-TRAM/5 mg/mL cocaine (n = 8), DAL-TRAM/1 mg/mL cocaine (n = 7);
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DAL-TRAM/saline (n = 8); TRAM/saline (n = 8); saline/saline (n = 6), Sub-TRAM/10 mg/mL
cocaine (n =8); DAL/10 mg/mL cocaine (n=9); ROL-TRAM/10 mg/mL cocaine (n= 7); and
TRAM/ 10 mg/mL cocaine (n= 8). Cocaine hydrochloride (Sigma-Aldrich, USA) was dissolved
in 0.9% NaCl at a concentration of 10 mg/mL. The 10 mg/mL solution was also used to prepare
the 5 mg/mL and 1 mg/mL doses. Cocaine was prepared within 24 hours of being used. To
validate the system, mice (n= 40) were assigned to the following conditions in a separate
experiment: Sub-TRAM + 10 mg/mL cocaine (n=7), DA20m-TRAM +10 mg/mL cocaine (n=8),
DAL-TRAM + 10 mg/mL cocaine (n=8), DA20 m-TRAM + saline (n=9) and DAL-TRAM +
saline (n=8). Cocaine was prepared as described above.
Behavioral Procedure

Mice were acclimated to the laboratory housing conditions for a minimum of 7 days prior
to any experimental manipulations. Following this, all mice underwent a habituation phase to
the locomotor apparatus that took place over 3 days. Mice remained in the locomotor cages for
30 min on each of 3 consecutive days. All habituation trials took place between 08:00 and 10:00
am. On the test day, DAL-TRAM or control variations (0.1 mL i.p.) were injected 5 min prior to
cocaine or saline injection (0.1 mL i.p.). Five minutes after the cocaine injection, animals were
placed in the locomotor apparatus and locomotor testing commenced. Locomotor activity was
recorded in 5 min bins over a 30 min period.
Chronic administration of DAL-TRAM in saline treated animals
Drugs

DAL-TRAM and TRAM were prepared as described under liposome preparation. Mice
were assigned to the following groups; DAL-TRAM (n= 5), TRAM (n= 5) or no injection (n=15).

Behavioral Procedure
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Mice were acclimated to the laboratory housing conditions for a minimum of 7 days prior
to any experimental manipulations. Following this, all mice underwent a habituation phase to
the locomotor apparatus that took place over 3 days. On each habituation day, mice were
transported to the room containing the locomotor apparatus and individually placed into separate
locomotor cages. Mice remained in the locomotor cages for 30 min on each of 3 consecutive
days. All habituation trials took place between 08:00 and 10:00 am.

Depending on the group, mice received an i.p. injection (0.1 mL) of either DAL-TRAM
or TRAM, or received no injection 5 min prior to placement in the locomotor apparatus on each
of 6 test days following the habituation phase. On each test day, mice were placed in the
locomotor apparatus and their horizontal activity was recorded in 5 min bins over a 30 min
period.

Fluorescent histochemical Staining by Fluoro-Jade B

As an initial assessment of the toxicity of the DAL-TRAM and TRAM in a chronic
model of administration mice were sacrificed by rapid decapitation. Brains were extracted and
post fixed in a solution of 30% sucrose in 4% paraformaldehyde (PFA), were flash frozen, and
then were cryostat sliced into 35 pm coronal sections. Frozen sections were mounted, were
allowed to dry and then were washed 6 times for 10 minutes in 0.1M phosphate buffer (pH 7.4).
Subsequently tissue was immersed in 100% ethanol (3 mins), 70% ethanol (2 mins), 30% ethanol
(2 mins), and then distilled H,O (2 mins). Sections were incubated in filtered 0.06% KMnO, for
15 minutes and then rinsed with distilled H,O for 2 minutes. Next sections were incubated in
0.001% Fluoro-Jade B (EDM Millipore, Etobicoke, Canada) in 0.1% acetic acid solution for 30
minutes and then were briefly rinsed in distilled H,O. Immediately following Fluoro-Jade B

incubation sections were dried using a drier set on high for 2 minutes so that all excess water was
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removed from the slides. Sections were then placed in Clearene Solvent (Leica Biosystems,

Concord, Canada) for 2 minutes and were cover slipped using DPX Mountant for histology
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(Sigma-Aldrich Canada, Oakville, Canada).

58 37

60 ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Chemical Neuroscience Page 38 of 47

Supporting Information: Additional materials and methods; S1: The secondary structure of
DopaA20min as predicted by RNAstructure (A) and the nucleobase composition of the sequence
(B); Table S1: Possible G-Quadruplexes predicted by QGRS Mapper; S2: Evaluation of DA20m
secondary structure in the presence and absence of dopamine ; S3: Determination of the
dissociation constant of DA20m using fluorescence anisotropy; S4: Synthesis of the multi-DNA
aptamer payload targeting system; S5: Encapsulation of a control oligonucleotide into non-
rhodamine labelled liposomes; S6: Characterization of homogeneity of the liposome targeting
system by transmission electron microscopy (TEM); S7: Characterization of liposome stability in
serum by TEM imaging; S8: Characterization of liposome stability over time by TEM and
Nanoparticle Tracking Analysis; Table S2: Oligonucleotide sequences used in the multi-aptamer
targeting/payload system design; S9: Fluorescence distribution of rhodamine labeled DAL-
TRAM and DAL in nucleus accumbens tissue; Table S3: Analysis of complementary mouse
genomic and transcript targets by NCBI Blast to the forward and reverse primer regions of the
dopamine binding aptamer (DBA); S10: Estimation of DBA in prefrontal cortex tissue by optical
density analysis; S11-S13: Administration of DAL-TRAM at A) 10 mg/mL (S11), B) 5 mg/mL
(S12) and C) 1 mg/mL (S13) cocaine compared to dosage specific controls; S14: Cumulative
horizontal locomotor activity of DA20m-TRAM compared to controls over an entire 30 min

session.; S15: Chronic administration: locomotor activity by day.
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