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Abstract

Context—Marine cyanobacteria offer a robust resource for natural products drug discovery due
to the secondary metabolites they produce.

Objective—To identify novel cyanobacterial compounds that exhibit CNS psychoactive effects.

Materials and methods—Cyanobacteria were collected from Las Perlas Archipelago, Panama
and subjected to dichloromethane/methanol extraction and fractionation by column
chromatography before being screened for affinity against a panel of CNS targets. A 50:50 ethyl
acetate:methanol fraction of one cyanobacterial extract (2064H) was subjected to HPLC and the
major peak was isolated (2064H3). At a dose of 20 g per animal, 2064H and 2064H3 were tested
in mice using behavioral assays that included the forced swim, open field, and formalin tests.

Results—2064H was shown to bind to the serotonin 2C (5-HT,¢) receptor, a known target for
depression and pain treatment. 2064H showed 59.6% inhibition of binding of [3H]-mesulergine
with an ICgq of 179 ng/mL and did not show inhibition of binding greater than 45% with any other
receptors tested. Both 2064H and 2064H3 decreased immobility time in the first min of the tail
suspension test. 2064H increased time, distance and number of entries in the center region in the
first half of the open field test. 2064H increased overall nocifensive behaviors in the formalin test.

Discussion and Conclusion—Overall, manipulating the 5-HT,¢ receptor with these receptor-
specific ligands derived from cyanobacteria altered pain, depression and anxiety-like behaviors,
illustrating the importance of this receptor in affective behaviors. These results demonstrate the
potential of cyanobacteria as a source for CNS active compounds.
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Introduction

Cyanobacteria are a diverse group of organisms that are ubiquitous in aquatic and terrestrial
environments around the world. These organisms are photosynthetic prokaryotes that often
form multicellular, filamentous colonies. Cyanobacteria are known to produce a wide variety
of chemically complex secondary metabolites, some of which are thought to act as a means
of protection by exuding antiherbivory effects on other organisms (Nagle & Paul 1999). For
many years, marine pharmacognosy researchers have explored the pharmacological potential
of some of these marine cyanobacteria metabolites (Dixit & Suseela 2013). These
compounds have been shown to have diverse bioactivities, including anticancer,
antibacterial, and antiparasitic activity (Gutierrez et al. 2010; Tripathi et al. 2011; Tripathi et
al. 2012; Costa et al. 2014). Interestingly, many of the metabolites produced by marine
cyanobacteria are cyclic peptides, short linear peptides, and mixed polyketide/peptide
sections that resemble endogenous mammalian ligands for G-protein coupled receptors
(GPCRs) (Tan 2007). Several species from the genus Moorea (formerly known as Lyngbya),
for example, produce compounds that were serendipitously shown to have activity on the
GPCR subfamily of cannabinoid receptors (Sitachitta & Gerwick 1998; Han et al. 2003;
Gutierrez et al. 2011; Montaser et al. 2012). The goal of our work is to screen marine
cyanobacteria extracts against a large panel of CNS-active targets in order to find novel
ligands with a focused approach against CNS targets. Cyanobacterial extracts were screened
for activity against a panel of 48 known CNS GPCRs, ion channels, and transporters for
affinity to receptors involved in depression, anxiety, and pain.

Serotonin, one of the main monoamine neurotransmitters in the nervous system, acts as a
ligand for the family of seven serotonin receptors (5-HT1.7), and plays a role in many
physiological processes including learning, memory, mood, behavior, pain, sleep, and
appetite (Pytliak et al. 2011). Many mood disorders are associated with dysfunction
involving the 5-HT receptors. Of particular interest, the serotonin receptor subtype 2C (5-
HT,c) has been implicated as a target for depression and anxiety treatment (Artigas 2013).
Pharmacological manipulation of this receptor can modulate depression and anxiety-like
behaviors in animal models. In both mice and rats, antagonists for 5-HT,¢ tend to decrease
depression-like behaviors (Dekeyne et al. 2008; Nahata et al. 2013). Changes in anxiety-like
behaviors tend to occur with activation of 5-HT,¢ receptors in the basolateral amygdala
(BLA), dorsal periaqueductal gray (PAG) or ventral hippocampus (Campbell & Merchant
2003; Alves et al. 2004; Overstreet et al. 2006; Gomes & Nunes-De-Souza 2009; Yamashita
et al. 2011; Pockros-Burgess et al. 2014; Vicente & Zangrossi 2014). Similarly, ligands for
5-HT,¢ can also alter pain-like behavior. Spinal or peripheral activation of 5-HT,¢ decreases
pain-like behavior while brain activation of 5-HT,¢ increases pain-like behavior in animals
(Jeong et al. 2004; Obata et al. 2004; Nakajima et al. 2009; Nakai et al. 2010; Baptista et al.
2012; Gregoire & Neugebauer 2013).
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In the clinical setting, the 5-HTo¢ receptor antagonist agomelatine was approved for the
treatment of major depressive disorder (MDD) by the European Medicines Agency in 2009
(Gahr 2014) and was found to be significantly more effective than placebo in reversing
depression symptoms as measured by the Hamilton Rating Scale for Depression (Taylor et
al. 2014). In humans, this drug was also found to work as effectively as other antidepressant
agents such as the selective serotonin reuptake inhibitors (SSRIs) fluoxetine, paroxetine,
sertraline, and escitalopram as well as the serotonin-norepinephrine reuptake inhibitor
(SNRI) venlafaxine (Guaiana et al. 2013). The 5-HT,¢ receptor antagonist Agomelatine
works to inhibit both anxiety- and depression-like behaviors, as seen in coat state
degradation and home cage activity in mice with chronic corticosterone treatment as well as
responses in the open field test, novelty suppressed feeding, splash test, and forced swim test
(Rainer et al. 2012). Given the similarity of cyanobacterial secondary metabolites to
endogenous ligands of GPCRs and the integral role of the GPCR 5HTy¢ in pain, depression,
and anxiety, we sought to find novel 5-HT ¢ receptor-binding ligands derived from marine
cyanobacteria that could induce similar /in vivo effects in a mouse model and that could also
serve as novel scaffolds for the design of more effective compounds for treating psychiatric
disturbances in humans.

In our study, extracts of cyanobacteria collected in the Las Perlas Archipelago, Panama,
were used for screening. Crude extracts from the cyanobacteria were fractionated using
silica gel chromatography and screened by the Psychoactive Drug Screening Program
(PDSP) at the University of North Carolina Chapel Hill (Besnard et al. 2012). The PDSP
screens researcher-supplied fractions for affinity to an array of GPCRs, ion channels, and
transporters, including the 5-HT,¢ receptor. Fractions are screened through competitive
inhibition assays to determine binding affinity at specific targets. Fractions with selective
affinity for the 5-HT,¢ receptor were injected into the lateral ventricle of mice via
intracerebroventricular (ICV) injections. Following compound administration, mice were
tested in a series of depression, anxiety and pain behavioral paradigms, including the tail
suspension, open field, and formalin tests. We hypothesized that fractions demonstrating
selective affinity to the 5-HTy¢ receptor would induce pain-like behavior in animals when
applied through ICV injection. We further hypothesized that these fractions would similarly
impact anxiety-like and depression-like behavior in these animals.

Materials and methods

Field Sampling

A green cyanobacterial mat was collected in September 2011 (collection code
PAL-22Sepl11-4) by hand using SCUBA in 8-10 ft of water off of sandy bottom substrate
near Mogo Mogo in the Las Perlas Archipelago, Panama (GPS coordinates: N8 34.837 W79
01.177; Figure 1). The cyanobacterial mat had large green filaments and grew in dispersed
clumps in the sand. A voucher sample was taken for storage at the Smithsonian Tropical
Research Institute in Panama. Upon collection, the cyanobacteria were excreting a reddish
pigment into the water, which was saved in seawater and combined with cyanobacterial
biomass for extraction purposes. The total volume collected was 4 L.
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Compound Extraction

Collected cyanobacterial biomass was transported in sea-water and stored at —20°C until
extraction. A small sample was preserved in an RNA preserving solution (RNALater,
Qiagen), but no viable genetic material could be obtained, making phylogenetic
determination impossible. Cyanobacterial biomass and water were extracted repeatedly with
a 2:1 mixture of dichloromethane:methanol (5 x 500 mL for each extraction) and filtered
through cheese cloth. Organic layers obtained from each extraction were combined and
concentrated by rotary evaporation at 25°C to obtain 4.2 g of the crude extract. This crude
extract was then subjected to flash silica gel column chromatography and eluted with
hexane:ethyl acetate (100:0, 80:20, 60:40, 40:60, 20:80 and 0:100) and ethyl
acetate:methanol (75:25, 50:50 and 0:100) to obtain nine fractions (2064A to 20641).
Fractions and crude extracts were then subjected to bioassays.

Leishmania bioassay

Axenically grown (cell free) amastigotes of Lershmania donovani (LD-1S/MHOM/SD/00-
strain 1S), the species responsible for the visceral and lethal forms of leishmaniasis, were
used to assess parasite growth and survival. Samples were tested in duplicate at 10 ug/mL.
The results were expressed as a percentage of growth inhibition (IG) compared to controls.
Samples that showed above 70% IG were considered active and were then assayed at four
different concentrations (0.08, 0.4, 2, and 10 pug/mL) to determine IC50 values.
Amphotericin B was used as a positive control with the typical 1Cgq response of 0.08-0.13
UM (Williams et al. 2003).

Chagas’ disease bioassays

Trypanosoma cruzi bioassays were performed using a colorimetric method, and the
inhibition of parasite growth was assessed by the expression of the reporter gene for -
galactosidase (B-Gal) in the recombinant Tulahuen clone C4 of 7. cruzi. Assays were
performed in duplicate on the amastigote, the intracellular form of the parasite infecting
African green monkey kidney (Vero) cells, exposed during 120 h to different concentrations
(10, 2 and 0.4 pg/mL) of the test compounds at 37°C under an atmosphere of 5% CO,/95%
air. The resulting color from the cleavage of chlorophenol red-p-D-galactoside (CPRG) by
B-Gal expressed by the parasite was measured at 570 nm. The concentration that inhibited
50% expression of B-Gal (ICsg) was calculated by log regression of the obtained optical
density values, and compared with the untreated controls. Nifurtimox was used as a positive
control (IC5g 10-16 pM) (Buckner et al. 1996).

Malaria Bioassays

Antiplasmodial activity was evaluated using a fluorometric method based on the detection of
parasite DNA with the fluorochrome PicoGreen using a chloroquine-resistant strain
(Indochina W2) of Plasmodium falciparum. The sample was considered active if it inhibited
>70% of the growth of the parasites as compared to their untreated controls at 10 ug/mL.
The 1Csq was calculated by normal regression of the resulting inhibition percentages at 0.08,
0.4, 2, and 10 pg/mL. The parasites were maintained /n vitro by a modification of the
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method of Trager and Jensen (Trager & Jensen 1976). Chloroquine was used as a positive
control (ICsg 80-100 nM) (Corbett et al. 2004).

Cytotoxicity Assay

H-460 cells were added to 96-well plates at 3.33x10* cells/mL of Roswell Park Memorial
Institute (RPMI) 1640 medium with fetal bovine serum (FBS) and 1% penicillin/
streptomycin. The cells, in a volume of 180 uL per well, were incubated overnight (37°C,
5% CO») to allow recovery before treatment with test compounds. Compounds were
dissolved in DMSO to a stock concentration of 10 mg/mL. Working solutions of the
compounds were made in RPMI 1640 medium without FBS, with a volume of 20 L added
to each well to give a final compound concentration of either 30 or 3 pg/mL. An equal
volume of RPMI 1640 medium with FBS was added to wells designated as negative controls
for each plate. Plates were incubated for approximately 48 h before staining with
dimethylthiazolyl-diphenyltetrazolium bromide MTT. Using a ThermoElectron Multiskan
Ascent plate reader, plates were read at 570 and 630 nm (Mevers et al. 2011).

Psychoactive Drug Screening Program (PDSP) CNS-activity screening

HPLC

Animals

All binding assays for 2064 (including crude fraction and fractions 2064A to 20641) were
generously provided by the National Institute of Mental Health’s Psychoactive Drug
Screening Program (NIMH PDSP) using a radioligand competition-binding assay.
Experimental details are available online at http://pdsp.med.unc.edu/. Fractions that showed
greater than 50% inhibition of binding of [3H]-mesulergine at 4 ug/mL were further
analyzed to determine ICg at the specific target of interest. [3H]-mesulergine binds with
high affinity to the serotonin 2 receptor (Closse 1983).

HPLC separation was carried out on a Dionex UltiMate 3000 equipped with a diode array
detector. A Synergi 4u Fusion-RP-80A (150 x 10 mm, 4 micron) column was used for the
separation. The reverse phase separation started at a constant flow rate of 2 mL/min with a
linear gradient from 50% acetonitrile (ACN) in water to 84% ACN over 20 min followed by
an increase to 100% ACN and holding at 100% ACN for 10 min. For each run, 100 pL of
each sample was injected at a concentration of 10 mg/mL. Fractions were collected based on
UV absorption at 235 nm and 2064H3 was collected at a retention time of 16.4 min.

All animal procedures were reviewed and carried out in accordance with the National
Institutes of Health Guide for the Care and Use of Animals and the Institutional Animal
Care and Use Committee at Duquesne University. All experiments were carried out on male
C57BI/6J mice that were 8-10 weeks old. Animals were individually housed and maintained
on a 12 h light/dark cycle (lights on between 7:00 AM and 7:00 PM) with ad /ibitum access
to food and water. All procedures were carried out during the light cycle. All behaviors
performed were recorded and analyzed by a male experimenter blinded to experimental
treatment.
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Surgical Procedures

Animals were anesthetized with 3% isoflurane/0.6% O, during all surgical procedures.
Intracerebroventricular (ICV) cannulation surgeries were performed as described previously
(Glascock et al. 2011). Briefly, mice were placed in a stereotaxic frame and an 8.00 mm
steel cannula was placed into the right lateral ventricle at the following anatomical
coordinates: 0.5 mm anterior to bregma, 1.0 mm lateral to midline and 2.0 mm ventral to the
skull. A dental cement skullcap secured with two bone screws was used to hold the cannula
in place. Mice recovered on heating pads and were given one week of recovery prior to the
beginning of behavioral testing. Following all behavioral tests, cannula placement was
verified with necropsy.

Compound Preparation and Administration

Cyanobacterial extracts from collection 2064, fraction H (2064H) and HPLC peak 3
(2064H3) were dissolved in a mixture of 50% DMSO and 50% artificial cerebrospinal fluid
(aCSF) containing the following (in mM): 125 NaCl, 2.5 KCI, 1.25 NaH,PQOy, 25 NaHCOs3,
2.0 CaCly, 1.0 MgCl, and 25 D-glucose, bubbled with 95% O,/5% CO, for 20 min prior to
use. Microinjections were performed using a 32-gauge injector that extended 0.5 mm
beyond the tip of the ICV cannula. The injector was attached to flexible tubing and a 1.0 pL
syringe (Hamilton) that was used to deliver a total volume of 0.5 L over a 2 min period.
The injector was kept in place for an additional 1 min to allow complete compound infusion.
For all injections, fraction 2064H and 2064H3 were administered at a 20 pg dose. 50%/50%
aCSF/DMSO was used as a vehicle control.

Behavioral Testing

Mice were habituated for 1 h with 60 dB of white noise to block any ambient noise. All
animals received fraction/compound (2064H/2064H3) or vehicle 5 min prior to the
beginning of testing. Depression-like behaviors were measured using the tail suspension test
as described previously (Can et al. 2012). Briefly, mice were suspended by the distal ends of
their tail in a Plexiglas enclosure (35 x 25 x 25 cm) with white sides. The animals’
movements were recorded for scoring offline in 1-min bins for a total of 6 min. Immobility
was defined as when the mouse was not exhibiting any outward movement of its limbs or
body. Anxiety-like behaviors were measured with the open field test as described previously
(Seibenhener & Wooten 2015). In this assay, mice were placed in a brightly lit Plexiglas box
with high walls (25 x 25 x 35 cm) and tracked with an over-head camera and ANY-maze
software (Stoelting Co., version 4.98). Time spent in the center and outside regions of the
box were recorded for the 10 min long test. Finally, spontaneous pain-like behaviors were
measured using the formalin test as described previously (Bhave et al. 2001). Mice were
habituated in clear, ventilated Plexiglas boxes (12 x 12 x 20 cm) for 2 h. Five min after
compound or vehicle injection, the animal received a 10 uL intradermal injection of 4%
formalin into the right paw and was videotaped for 1 h followed by offline scoring. The mice
were analyzed for nocifensive behaviors (lifting, biting, lifting and flinching of the injected
paw) in 5 min bins.
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A green cyanobacterial mat was collected by hand using SCUBA from a sandy bottom in
~10 feet of water off of Mogo Mogo, an island in the Las Perlas Archipelago, Panama
(Figure 1A). The cyanobacterium was excreting a reddish pigment upon being removed
from the sandy substrate, so both seawater and the cyanobacterial mass were saved and used
for extraction. Based on morphology, the collection was given the field identification of
Oscillatoria sp. but could also be from the Moorea or Okeania genera (Figure 1A and B).
Phylogenetic determination was not possible since no viable genetic material could be
obtained. A total of 4 L of cyanobacterial biomass and pigmented water were brought back
to the laboratory in Panama City for extraction.

Following extraction and fractionation, fractions of extract 2064 were screened in
antiparasitic (L. donovanii, P. falciparum, T. cruzi) and cytotoxicity assays, as well as
screened by the PDSP for CNS activity. For the PDSP screening, the fractions were screened
against a panel of 48 targets (receptors, transporters and ion channels) with importance in
the CNS, ranging from serotonergic and opioid receptors to dopaminergic among others.
The PDSP first screens compounds with a competitive radioligand-binding assay. Anything
showing greater than 50% inhibition of binding is further screened to determine a K;.
Typically, a K; value would be reported as a molar concentration but because our extracts are
mixtures of compounds rather than a pure compound of known molecular weight, we refer
to these secondary values from PDSP as “apparent K;” or 1Cgg and report them in units of
ng/mL. The apparent K; is very important for our prioritization of “hits” in that it allows us
to determine if inhibition of binding appears to be because of a truly potent compound (i.e.
low apparent K;) or simply a large concentration of a weakly binding compound (i.e. high
apparent Kj).

No fractions showed any activity in the antiparasitic or cytotoxicity assays (data not shown),
but there were a number of hits from the PDSP screen (Table 1). Fractions that showed
greater than 50% inhibition of binding, but an apparent K; > 10 uM, were considered non-
specific hits. Fractions 2064H and 20641 showed greater than 50% inhibition of binding
(Table 1) and also a low apparent K; (ng/mL) (Table 2) for the 5-HT. receptor, meaning that
these fractions possessed true affinity for the receptor. Figure 1C shows the apparent K;
curve for 2064H and also gives a comparison curve for ritanserin, a potent serotonin receptor
antagonist (Boess & Martin 1994). The curve shows a clear affinity dose response profile for
2064H and gives an apparent K; value in the ng/mL range. 2064H was chosen for further
HPLC purification due to the fact that it showed higher affinity than 20641 (179 ng/mL
versus 512 ng/mL, respectively). 2064H also showed higher specificity given that 20641 also
showed some non-specific binding to 5-HT3, delta opioid and kappa opioid receptors (Tables
land 2).

Chromatography

The initial HPLC showed a single major peak with a number of smaller peaks (Figure 2).
HPLC conditions were determined to separate the major peak with a short run time. Final

Pharm Biol. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lax et al.

Page 8

HPLC conditions used were the following: a gradient from 50% acetonitrile(ACN):water to

84% ACN:water over 20 min followed by increasing to 100% ACN and holding for 10 min

before re-equilibration. The major peak had a retention time of 16.440 min, with some small
satellite peaks nearby. The major peak (2064H3) was isolated for additional analysis.

Alteration of Depression, Anxiety and Pain-like Behaviors in vivo with 2064H

After determining that 2064H showed affinity for the 5-HT,¢ receptor, we sought to test its
potential effects using an /n vivo mouse model. Since the structure and exact nature of the
active compound in this fraction were unknown, intracerebroventricular (ICV)
administration was used to directly administer the compounds into the cerebrospinal fluid of
the lateral ventricle of the brain (Glascock et al. 2011), circumventing the need for a
compound structure capable of crossing the blood-brain barrier. Through this administration
route, compounds disperse throughout the CNS. This is important because it is unknown
where the active component of 2064H acts in the brain or if it has the ability to cross the
blood-brain barrier.

We first sought to test if there might be any effects induced by the vehicle used to dissolve
both 2064H and 2064H3 (50% artificial cerebrospinal fluid (aCSF)/ 50% DMSO). We found
no statistically significant differences between the 100% aCSF, 50% DMSO0/50% aCSF and
100% DMSO vehicles (administered ICV 0.5 pL) in the open field test (mean time in center
of open field (sec) £ SEM — 100% aCSF: 44.28 + 7.75, 50% DMS0/50% aCSF: 38.30

+ 2.63, 100% DMSO: 47.72 + 7.94, one-way ANOVA p=0.602; mean distance traveled in
open field (m) +/- SEM — 100% aCSF: 34.14 + 2.91, 50% DMSO/50% aCSF: 38.06 + 3.72,
100% DMSO: 32.43 + 3.79, one-way ANOVA p=0.521). These data confirm that vehicle
administration alone did not influence basal measures of rodent activity indicating that it
was a suitable vehicle to proceed with further behavioral assays.

The first set of behavioral experiments were conducted to test both the fraction 2064H and
the purified HPLC peak 2064H3 via the tail suspension test. This assay measures the amount
of time an animal spends immobile when it is suspended upside down by the distal end of its
tail. A longer duration of immobility is a proxy for greater depression-like behavior and a
shorter duration of immobility indicates a compound demonstrates antidepressant-like
effects. We verified the efficacy of ICV antidepressant delivery with a pilot study using the
well-characterized SSRI, fluoxetine. Following ICV pretreatment with fluoxetine or vehicle
(aCSF), fluoxetine-treated mice spent statistically significantly lower amount of time
immobile compared to control mice (fluoxetine n = 4 128.8 + 14.8 sec; control n =4 177.8

+ 4.9 sec; ttest p = 0.02). Following a 5 min pretreatment with 2064H3 or vehicle via ICV
injection, mice spent a statistically significantly lower amount of time immaobile in the first
min of the test compared to vehicle-treated mice (Figure 3A, unpaired #test, *p = 0.048).
Similarly, mice pretreated with 2064H showed a trend towards lower immobility compared
to vehicle-injected mice also in the first min of the test (Figure 3A, unpaired #test, p =
0.067). This effect was not seen in the latter half of the test during the one-to-six min time
period [Figure 3B, unpaired #test, p = 0.893 (2064H), p = 0.439 (2064H3)]. These decreases
in immobility time suggest a modest antidepressant-like effect of the active compound
contained in 2064H and 2064H3 vs vehicle.
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In addition to effects in depression assays, anxiety and locomotor behaviors were measured
using the open field test. Due to the limited amount of pure compound available, only
fraction 2064H, which includes the 2064H3 compound, was tested in this assay. Here, 5 min
pretreatment of 2064H significantly increased the amount of time that animals spent in the
center region of the open field apparatus compared to vehicle-injected animals during the
first half of the test (Figure 3C, unpaired £test, *p = 0.047) suggesting antianxiety effects of
the compound. Similarly, 2064H-treated animals spent less time in the outside region of the
open field box compared to vehicle-treated animals during this same portion of the test
(Figure 3D, unpaired #test, *p = 0.047). Together, these measurements indicate an
antianxiety-like effect of 2064H. The open field test also allows for the measurement of
locomotion by tracking how far an animal travels in the open field apparatus. Mice treated
with 2064H traveled more in the center of the open field box during the first half of the test
(Figure 3E, unpaired £test, p = **0.006) further indicating an anxiolytic-like effect.
Moreover, 2064H caused mice to trend towards entering the dead center of the open field
apparatus a greater number of times as compared to vehicle-treated mice in the first half of
the test (Figure 3G, unpaired £test, p = 0.075). Finally, 2064H did not alter overall
locomotive behavior. Mice treated with 2064H did not travel farther in the apparatus
compared to vehicle-treated mice (Figure 3H, unpaired #test, p = 0.1408). This suggests that
the effects of 2064H are likely anxiolytic and not hyperactive or hypoactive. Nonetheless, to
account for any overall changes in locomotion, the percent distance traveled in the center
zone was calculated (center distance/total distance x 100). Animals treated with 2064H had
a small, but statistically insignificant increase in percent distance traveled in the center of the
open field box compared to vehicle-injected animals in the first part of the test (Figure 3F,
unpaired #test, p = 0.051). These data also suggest an antianxiety effect of 2064H that was
not likely confounded by hyper or hypolocomotion. No differences in any of these
parameters of the open field test were seen in the latter half of the test (data not shown).
Finally, 2064H was tested in an inflammatory pain model, the formalin test. In this assay,
2064H had an overall effect of increasing pain-like behaviors compared to vehicle-injected
mice (Figure 31, 2-way ANOVA, overall effect of treatment, *p = 0.0011).

Discussion

Overall, our results show that fraction 2064H and HPLC peak 2064H3 induce
antidepressant, anxiolytic, and nocifensive behavioral effects in an /7 vivo mouse model.
These behaviors correspond to those obtained when manipulating the 5-HTo¢ receptor with
previously described ligands. In tests of depression, antidepression-like behaviors were seen
with administration of 5-HTy¢ antagonists (Dekeyne et al. 2008; Nahata et al. 2013), data
suggesting that blocking the 5-HTo¢ receptor induces these antidepression-like behaviors. In
terms of anxiety-like behaviors, more anatomical specific data is known. Activation of 5-
HT,c in the lateral/basolateral amygdala (BLA) (Campbell & Merchant 2003; Pockros-
Burgess et al. 2014; Vicente & Zangrossi 2014) or ventral hippocampus induced anxiety-like
effects (Alves et al. 2004). Administration of a 5-HT,¢ inverse agonist reversed anxiety-like
behavior in rats (Overstreet et al. 2006). In dorsal PAG administration, agonists of the 5-
HT,¢ receptor induced anxiolytic-like effects (Gomes & Nunes-De-Souza 2009), while
others have found activation of 5-HT,¢ receptors increased anxiety-like behaviors
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(Yamashita et al. 2011). Taken together, these known effects on depression and anxiety-like
behaviors suggest that the active compound in 2064H may be an antagonist of the 5-HTo¢
receptor. Since activation of 5-HT,¢ in the amygdala and hippocampus increases anxiety-
like behavior (Campbell & Merchant 2003; Alves et al. 2004; Gomes & Nunes-De-Souza
2009; Pockros-Burgess et al. 2014; Vicente & Zangrossi 2014), it is possible that the
antagonist in 2064H/2064H3 is acting in these regions to cause the anxiolytic-like and
antidepressant-like effects demonstrated in this study. The amygdala and hippocampus are
also located close to the site of ICV injection, making this a distinct possibility. Future
studies will be necessary to address the anatomical specificity of 2064H behavioral effects.

Ligands of the 5-HT,¢ receptor have also been shown to alter pain-like behaviors, with
anatomical-dependent effects. Local paw administration of 5-HT,¢ receptor antagonists
reduced the total number of flinches in phase 2 of the formalin test (Nakajima et al. 2009).
Activation of 5-HT,¢ in the spinal cord reduced pain in the formalin test (Jeong et al. 2004)
and prevented the development of allodynia in rats with infraorbital nerve ligation (Nakai et
al. 2010) or spinal nerve ligation (Obata et al. 2004). While there are limited data on the
effects of the 5-HT,¢ receptor in specific brain regions, it is possible that the compound in
2064H could be acting to increase pain-like behavior by binding with these receptors in the
PAG. Activation of 5-HTy receptors in this region is analgesic (Baptista et al. 2012), so it is
possible that antagonism causes an increase in nociceptive responses. The PAG also
surrounds the cerebral aqueduct, which contains the cerebrospinal fluid where 2064H is
dispersed in ICV injections, further supporting this hypothesis.

The behavioral results seen in this study and their effects seen in depression, anxiety, and
pain assays were expected based on the known comorbidity that exists between depression,
anxiety, and pain. Patients that suffer from a chronic pain condition often report
accompanying feelings of depression — 15 to 100% of patients that suffer from depression
are described as also having some type of chronic pain, with percentages varying with the
type of pain studied (Bair et al. 2003). Correspondingly, rates of depression among chronic
pain patients are also high, ranging from 13 to 82% (Bair et al. 2003). Comorbidity of
chronic pain and depression in turn appears to amplify each individual condition, with
patients often reporting more intense symptoms when the diseases occur together (Von Korff
etal. 1992). There is also a synchronicity between anxiety and pain over time, with patients
who have anxiety reporting more severe pain and higher levels of pain even after remission
compared to healthy controls (Gerrits et al. 2015). This overlap implies that a common
mechanism may link psychiatric conditions and pain and that a single treatment used for one
disorder may prevent the development of the other. Most early drug screenings look only at
affective assays (i.e. depression and anxiety) or pain assays, not both. Novel compounds that
have activity at receptors such as the 5-HTo¢ should be screened for effects in affective and
pain conditions. Finding one compound that could help alleviate the effects of both
conditions would lead to a better understanding of how these comorbid conditions arise. In
the present study, our 5-HToc compound had opposing therapeutic effects on depression and
anxiety compared to pain. However, it should be appreciated that the lack of anatomical
targeting in the present study may contribute to an incomplete picture of the potential for
5HT,c in treating comorbid pain and depression. Direct administration of the 5-HTo¢
receptor antagonist SB242084 to the BLA along with intraperitoneal administration of the
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SSRI fluvoxamine inhibited pain-like vocalizations and anxiety-like behaviors in rats using
an arthritis pain model (Gregoire & Neugebauer 2013), suggesting that specific antagonism
of 5-HT, receptors in this brain region may be a key to understanding comorbid pain and
depression.

Our results also highlight that differences exist between the screening of a fraction of raw
compounds (2064H) and an isolated HPLC peak obtained from that fraction (2064H3).
These differences are illustrated in the tail suspension data (Figure 3A and 3B), the only
assay in which we were able to test both 2064H and 2064H3 (we were not able to test
2064H3 in any other behavioral assays due to the low amount obtained following
purification). During the first min of the tail suspension test, the pure compound 2064H3
induced a significantly lower immobility time in these mice compared to vehicle-treated
mice. In contrast, when the fraction 2064H was administered, a similar, but not statistically
significant trend was seen. These data imply that the behavioral trends seen with 2064H
were due to the presence of 2064H3 in that fraction. In both cases, 20 pg of 2064H or
2064H3 was injected. When the pure compound is administered in isolation at a full 20 ug
dose, the effect becomes significant. The presence of other inactive compounds in fraction
2064H (such as chlorophylls and other inactive metabolites) means that less than 20 ug of
the active 2064H3 in this mixture is being administered.

Conclusions

Marine cyanobacterial natural products is an area of active investigation in the search for
new pharmacological agents. Due to the similarity of marine cyanobacterial secondary
metabolites to endogenous GPCR ligands (Tan 2007), these organisms are ideal candidates
for screening at CNS targets for ligand discovery. In contrast to previous screenings that
looked only at cannabinoid receptor ligands from cyanobacteria (Sitachitta & Gerwick 1998;
Han et al. 2003; Gutierrez et al. 2011; Montaser et al. 2012), our study is the first to broadly
screen cyanobacteria for GPCR ligands and other CNS targets. We were able to show that
one fraction, 2064H with affinity for the 5-HT¢ receptor and a purified HPLC peak isolated
from this fraction, 2064H3, induced a series of behavioral effects in mice including
antidepressant-like effects in the tail suspension test, anxiolytic-like effects in the open field
test, and an increase in pain-like behaviors in the formalin test. Our results highlight the
potential of cyanobacterial-derived compounds in CNS drug discovery.
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Figure 1. Picture of cyanobacteria 2064 and apparent K; curvefor fraction 2064H
(A) Photo of the cyanobacterium in the field; (B) microscope image of the cyanobacterium

shown at 40X (left) and 10X magnification; (C) Apparent K; curve for fraction 2064H
showing the standard 5-HT ligand ritanserin for comparison.
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Figure 2. HPL C chromatogram of 2064H
Reverse Phase HPLC (100 pL injection; 10 mg/mL); Major peak at 16.440 min and 2573

mAU was isolated as pure compound 2064H3.

Pharm Biol. Author manuscript; available in PMC 2017 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lax et al.

Page 17
A Tail Suspension 0-1 Minute B Tail Suspension 1-6 Minute C Time in Center Open Field
20 . 200 20 —_—
o )
) )
3 15 3 1% e 5 15
3 3 8
g 10 g 100 o 10
E E E
Q [0}
£ 5 € 50: 5.
= [
o o y 0:
Vehicle 2064H 2064H3 Vehicle 2064H 2064H3 Vehicle 2064H
Time in Outside Open Field Distance in Center Open Field Percent Distance in Center Open Field
* *x
35( | —— | . [ E———— . 10
300 § i
—_ = @
g > E g
£ 20 @ S 6
2 e o)
£ 15 S o,
= 10 g é
5 2 2
(7]
a
Vehicle Vehicle Vehicle 2064H
G Number of Entries into Dead Center H Total Distance Traveled Open Field I Formalin Test
1 30 5 250
” 28 ~e— Vehicle
@ 25 =R *
2 & - =2 200 -~ 2064H
€ E 20- =]
w ns
) I w @ 150 T
> c 15 2
5 4 g £ D 100
2 °
g a 10 }; g
2 2 5 3 £ s0
=
; 0 , & b
Vehicle Vehicle 510 15 20 25 30 35 40 45 50 55 60

5 Min Bins

Figure 3. Behavioral effects of fraction 2064H and pure compound 2064H3 in vivo
(A) Mice treated with 2064H3 (n = 6) significantly decrease time immobile compared to

vehicle (n = 6) in the first min of the tail suspension test; mice treated with 2064H (n = 6)
show a similar trend. (B) These same animals show no difference in immobility time in the
latter half of the test. (C) Mice treated with 2064H (n = 8) spend more time in the center of
the open field box compared to vehicle treated mice (n = 8). (D) 2064H-treated mice also
show a decrease in the time spent in the outside of the open field apparatus. (E) Mice treated
with 2064H travel more in the center of the open field box compared to vehicle. (F) Mice
treated with 2064H show a trend of having a greater percent distance traveled in the center
of the open field box compared to vehicle (p = 0.051). (G) 2064H-treated mice also show a
trend in entering the dead center of the open field box more than vehicle-treated mice (p =
0.075). (H) 2064H-treated mice show no difference in total distance traveled compared to
vehicle-treated mice. (1) Mice treated with 2064H (n = 8) show an overall main effect of
treatment (2-way ANOVA) of increasing pain-like behaviors compared to vehicle-treated
mice (n = 8) in the formalin test. A,C,D,F - * p<0.05, **p<0.01, unpaired #test; | - * p<0.01,
2-Way ANOVA main effect of treatment. Data shown as mean + SEM.
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