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Cone snails are carnivorous marine mollusks, utilizing their neuropeptide-rich 

venom for prey capture. The venom of Conus brunneus, a wide-spread Eastern Pacific 

vermivore, has not been extensively studied. In the current work, peptides from the 

dissected venom were characterized and tested using preliminary bioassays. Six peptides 

(A-F) were isolated and tested. Three peptide identities were determined by comparison 

with previously reported data: bru9a (A), bru3a (F), and an α-conotoxin (E). Preliminary 

screening in a stroke-related model of induced glutamate excitotoxicity in primary 

neuronal cells and PC12 cell cultures indicated potential neuroprotective activity of 

peptide fractions A, D, and F. Further testing is necessary to determine and verify 

structure, activity, target, and mechanism of action of the promising peptides from         

C. brunneus, which may prove effective neuropharmacological agents to treat stroke.
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1. INTRODUCTION 

1.1. Cone snails and conopeptides 

 Cone snails are venomous marine mollusks that live mainly in tropical waters, 

especially on or near coral reefs, including the tropical waters in the Atlantic Ocean, the 

Panamic region (tropical west coast of the Americas), and the Indo-Pacific region [1,2]. 

The geographical locations in which cone snails have been found to dwell are shown 

below in Figure 1. 

 
Figure 1. Geographical localization of cone snails throughout the world. 

Cone snails are classified within the genus Conus, subfamily Coninae, family Conidae, 

and superfamily Conoidea. The number of Conus species has been approximated at 700 

[3]. As slow-moving animals, these gastropods have developed sophisticated prey capture 

techniques in order to survive.
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 While all cone snails are predatory carnivores, each specializes in capturing and 

feeding on just one of the following: fish (piscivores), worms (vermivores), or other 

mollusks (molluscivores). The snails, in general, use 1 of 2 different strategies to paralyze 

and ingest their prey, the hook and line strategy or the net strategy, shown below in 

Figure 2 [4]. To date, only some fish-hunting cone snails have been observed using the 

net strategy. Both strategies employ the cone snails’ characteristic venom, which contains 

a highly complex and specific mixture of specialized peptides and proteins called 

conopeptides and conoproteins, respectively. Researchers have mainly been interested in 

investigating the conopeptides, which have been shown to play key roles in the 

neurophysiological effects observed in the cone snails’ prey when they are injected with 

or surrounded by the venom. 

 

Figure 2. Cartoon representation of the 2 general strategies of cone snail prey capture.    

A) Hook and line strategy, B) Net strategy. [4] 

 In the hook and line strategy, a snail uses its proboscis (loaded with a single 

disposable radula tooth from its radula sac) to harpoon its prey. At this point, venom is 
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ejected from the venom bulb through the venom duct and proboscis. The radula tooth 

then acts as a hypodermic needle to inject the prey with a venom cocktail of conopeptides 

that immobilizes it almost instantaneously. Once immobilized, it is engulfed by the cone 

snail [4]. Conversely, some snails are able to use a net strategy to capture their prey (fish-

eaters only). In this strategy, a cone snail first releases conopeptides that have a calming 

effect on the fish as a result of sensory deadening. Next, the snail captures the fish within 

its highly stretchable rostrum, and finally injects them with paralyzing conopeptides and 

ingests them [4]. 

1.1.1 Molecular diversity of the venom 

 As mentioned above, cone snail venom is composed of many components, 

including conopeptides, with 1000-8000 specific peptides depending upon the species of 

snail [3]. This venom is used by the snails for more than just prey capture; it is also used 

for defense and competition. Using its venom, a cone snail is able to interact with its 

environment in a manner much like the interactions among different bacteria (quorum 

sensing) or insects (pheromones), in that the communication among individuals takes 

place via a chemical signal. No matter the situation, the snails are able to use their venom 

effectively due to the biodiversity of conopeptides and other molecules it contains. 

 The term conopeptide actually includes several different groups of peptides 

known as conotoxins, conopressins, contryphans, and others [5]. The most studied group 

of conopeptides are the conotoxins, due to their potent and selective activities at specific 

axonal or post-synaptic target at neuromuscular junctions. The three main classes of 

targets are voltage-gated or ligand-gated ion channels and G-protein coupled receptors. 
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 Each conotoxin is unique in its 3-D structure and neurophysiological activity. 

This is due to a wide range of biodiversity, resulting not only from the hypervariability of 

the peptide amino acid sequence, but also from diverse patterns of cysteine groups and 

disulfide bond connectivity, as well as other post-translational modifications (PTMs) that 

the short peptides (6-40 amino acids) undergo [6]. Such PTMs include γ-carboxylation of 

glutamate, epimerization of L- to D-amino acids, bromination of tryptophan, sulfation of 

tyrosine, O-glycosylation, hydroxylation of proline, C-terminal amidation, proteolysis, 

and disulfide bond formation [3]. The conotoxins with known sequence and structure 

have been organized into a classification system of superfamilies, based on their common 

cysteine frameworks (Figure 3) [3], even while their molecular targets and functions may 

be quite different. Superfamilies A, M, and O are the most studied and most populous. 

The peptides may be classified further, depending on their general neurological target; 

these will be discussed in the next section and are included in a more detailed 

organizational diagram shown below in Figure 4 [7]. 

 

Figure 3. Conus conopeptide superfamilies, showing cysteine framework, 

pharmacological family, number of species, and characteristic PTMs. [3] 
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1.1.2 Neurotoxicity and pharmacology of venom 

 As mentioned above, the activities of several conopeptides have been linked to 

their specific interaction with certain ion channels or G-protein coupled receptors 

(GPCRs) at neuronal or neuromuscular synapses which disrupts synaptic signaling and 

causes different forms of paralysis [3,8]. The general targets of each group of 

conopeptides are shown below in Figure 4. 

 

Figure 4. Organizational diagram of Conus peptides, showing the pharmacological 

family, gene superfamily, Cys framework, and molecular target. [7] 

 As shown in Figure 4, there are several many conotoxins (55) in 5 different 

superfamilies that target nicotinic acetylcholine receptors (nAChRs). While both α- and 

αA-conotoxins are competitive inhibitors of nAChRs, the ψ-conotoxins are 

noncompetitive inhibitors. The κ conotoxins (including κA-, κ-, and κM-conotoxins) 

target voltage-gated K+, the δ- and µ-conotoxins target voltage-gated Na+ channels, and 
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the ω-conotoxins target voltage-gated Ca2+ channels. The κ-conotoxins and κA-

conotoxins act by blocking voltage-gated K+ channels, while the µ-conotoxins and µO-

conotoxins act by blocking voltage-gated Na+ channels. Meanwhile, the ω-conotoxins act 

by blocking voltage-sensitive Ca2+ channels. Interestingly, δ-conotoxins act by delaying 

the inactivation of voltage-sensitive Na+ channels. 

 Contrary to the simplified diagram shown in Figure 4, the M superfamily can be 

divided into several more subfamilies. As of 2010, there were 5 families, M-1 – M-5 [9]. 

All M superfamily conotoxins have the same cysteine motif in their amino acid sequence, 

but not all have the same disulfide bonding pattern. M-4’s and M-5’s (with identical 

disulfide bonding patterns) make up the maxi-M’s, including the well-known µ-, κM-, 

and ψ-conotoxins. M-1 – M-3’s are called the mini-M’s. While maxi-M’s have been 

found primarily in fish-hunting cone snails, mini-M’s have mainly been found in non-

fish-hunters. The disulfide bonding patterns of M-1’s and M-2’s are unique. The first 

known mini-M was mr3a from Conus marmoreus (an M-2 that has a distinctive “triple-

turn” backbone) [10]. Also from C. marmoreus is the mini-M mr3b. Several other mini-

M’s have been isolated from Conus textile, including tx3a (an M-1 that also has a “triple-

turn” motif), tx3b, and tx3c. The mini-M’s are, structurally, extremely constrained by the 

nature of their short amino acid sequences (17-20) and 3 disulfide bridges. When tested 

in mice, each of the 5 mini-M’s mentioned above caused one or more behavior effects 

including scratching, hyperactivity, circular motion, and/or barrel rolling [11]. 
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Figure 5. Organizational diagram of the M superfamily of conotoxins. [adapted, 9] 

 To detail more specifically how the conotoxins coordinate their activities upon 

injection into a cone snail’s prey in order to bring about the paralytic effects observed in 

nature, a more complete visual picture must be drawn of the spatiotemporal separation of 

each of the steps that lead to total paralysis. In a basic model, there are 2 main stages, 

with the first being an almost instantaneous immobilization within 2 seconds of injection 

and the second being a complete block of neuromuscular function (irreversible paralysis) 

within 20 seconds of injection. The first stage is required in order to observe the 

excitotoxic effects seen in nature (see Figure 2A above) – if the second stage alone is 

used, only a flaccid state of paralysis is observed. The key players in the first stage are 

collectively called the “lightning strike cabal” and consist at minimum of a δ-conotoxin 

that increases axonal sodium channel conductance and a κ-conotoxin that blocks 

potassium channels. In the absence of δ-conotoxin, sodium channels in the closed 

position will open normally when signaled, then will immediately shift into an inactive 

state, which blocks the channel pore, but when δ-conotoxin is present, it binds to the 

sodium channel so that the inactive state is inhibited and the channel is always open, 

producing a persistent current. Similarly, in the absence of κ-conotoxin, the potassium 

channel will open normally when signaled, allowing potassium ions to flow out of the 

cell; however, when κ-conotoxin is present, it binds to the pore of the potassium channel 
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and blocks potassium from flowing out. In addition, some other conotoxins are present in 

the “lightning strike cabal” that act to depolarize the neuronal cell membrane by causing 

sodium to flow inside and potassium to remain inside (makes cell interior more positive). 

The combined result is that the neuronal axons fire uncontrollably, making the prey 

unable to control its movements. The key players in the second stage of paralysis via 

cone snail venom are collectively called the “motor cabal” and consist of 4 groups of 

conotoxins that ultimately result in complete and irreversible immobilization of the prey. 

The 4 groups of conotoxins are ω-conotoxins that target presynaptic (axonal) calcium 

channels, α-conotoxins that target postsynaptic nAChRs, γ-conotoxins that target 

postsynaptic nAChRs at ion channels, and µ-conotoxins that target postsynaptic voltage-

gated sodium channels in skeletal muscle cell membranes, shown in Figure 6. [12] 

 

Figure 6. Mechanism by which the “motor cabal” blocks neuromuscular synaptic 

transmission. In order, 1) a presynaptic Ca2+ channel becomes blocked by an ω-
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conotoxin, 2) a postsynaptic nAChR becomes blocked by an α-conotoxin, and 3) a 

postsynaptic voltage-gated Na+ channel becomes blocked by a µ-conotoxin. [12] 

 Thus, while the activities of the conotoxins involved in the “lightning strike 

cabal” and the “motor cabal” may seem contradictory or counterproductive in some 

cases, they actually work synergistically to inhibit multiple targets, functioning together 

to give the result of total paralysis. The cone snails have also developed completely 

unrelated peptides (structurally) to obtain the same effect, so that there is overlap of 

activity of many conotoxins. One example is shown below in Figure 7, in which α-

conotoxins and ψ-conotoxins bind in a different way to a nAChR to block its channel 

from allowing sodium ions to pass through [12]. 

 

Figure 7. Activity of both α-conotoxins and ψ-conotoxins to inhibit nAChRs. [12] 

 Still, other conotoxins target 5-HT3 (serotonin) receptors (σ-conotoxins) or NE 

(norepinephrine) transporters (χ-conotoxins). Meanwhile, the contualkins target 

neuropressin receptors, the conantokins target N-methyl-D-aspartate (NMDA) receptors, 

and conopressins target vasopressin receptors. Contualkins and conopressins are GPCR 
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agonists. Many of these conopeptides play a role in the calming effects (through sensory 

deadening) observed in the initial stage of the net strategy of prey capture [4].  

1.1.3 Conus brunneus 

 The first specimen of Conus brunneus (“brown cone”) was described by Wood in 

1828, dredged from a depth of 75 feet off of the Pacific coast of Gubernadora Island in 

Panama. It is a fairly common cone snail species that is found in intertidal to moderately 

deep waters throughout the Eastern Pacific Ocean, from the Gulf of California to 

Ecuador. C. brunneus is a worm-eating (vermivorous) snail that uses a hook and line 

strategy to capture mainly polychaete worms. The prey capture apparatus and technique 

of this cone snail were previously studied by this laboratory [13]. It was observed that the 

snail extends its proboscis until locating a worm, which it immediately harpoons with its 

radular tooth (containing two barbs) and injects with its venom which travels through its 

large, off-white to yellow venom duct from the venom bulb to the tip of the proboscis. 

The venom of this cone snail paralyzed the prey immediately, and the snail began pulling 

the worm towards its mouth using the radular tooth hooked into the worm’s flesh. 

Interestingly, the paralytic effects of the venom were observed to be localized and 

reversible, though it was not determined if this was due to a defense mechanism of the 

worm. The cone snails were rarely observed ingesting an entire worm and instead 

ingested only part of the worm, while the other part pinched off near the venom injection 

site and swam away with no lasting effects of the venom. Additionally, if a worm was 

able to escape from the cone snail’s grasp, the paralytic effects of the venom would wane, 

and the worm would eventually have complete freedom of motion again. Thus, it was 
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concluded that the effects of conopeptides isolated from C. brunneus may be reversible 

also, suggesting that they are likely capable of reversibly binding to specific target ion 

channels or receptors, and making them highly desirable as potential 

neuropharmaceuticals [13]. 

 Several conopeptides have been isolated and characterized from the venom of    

C. brunneus in this laboratory. One of these was an α-conotoxin (MW: 2360 Da) which 

had the sequence TWDγCCKNPACRNNHKDKCG (where γ is a post-translationally-

modified γ-carboxyglutamate), consistent with an α-conotoxin from the A superfamily. 

The γ-carboxyglutamate has been found to bind Ca2+ and has been shown to be necessary 

for Ca-induced interactions with membrane surfaces, in addition to adding structural 

rigidity to the conopeptide itself [14-16]. This particular α-conotoxin is referred to as an 

α4/7 conotoxin due to its 4 non-Cys amino acids in the first loop and the 7 non-Cys 

amino acids in the second loop, with disulfide bonding pattern Cys1-Cys3 and Cys2-

Cys4. As discussed above, α-conotoxins are known to competitively and selectively 

inhibit neuronal nicotinic acetylcholine receptors; however, the specific target of this α-

conotoxin has not been determined. 

 Also discovered was a novel P superfamily conotoxin called bru9a. The 24-amino 

acid sequence was determined to be SCGGSCFGGCWOGCSCYARTCFRD (MW: 2534 

Da), where O is a post-translationally-modified 4-hydroxyproline. The disulfide bond 

pattern was also determined: Cys2-Cys14, Cys6-Cys16, and Cys10-Cys21, consistent 

with the P superfamily pattern (I-IV, II-V, and III-VI), and forming a classic inhibitory 

cysteine knot motif. Since there are no adjacent Cys residues in P superfamily peptides, it 
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is thought that these conotoxins may display a great diversity of structure and function. 

The molecular target of this peptide is still unknown. 

 Additionally discovered were two novel mini-M conotoxins from the M 

superfamily called bru3a and bru3b. The sequence of the 18-amino acid peptide bru3a 

was determined to be CCRWPRCNVYLCGOCCOQ (MW: 2127 Da), where again each 

O is a post-translationally-modified 4-hydroxyproline. Meanwhile, bru3b was a 15-amino 

acid peptide with the sequence CCQAYCSRYHCLPCC (MW: 1746 Da). Both bru3a and 

bru3b contain 3 disulfide bonds, both of them in the pattern belonging to the M-2 

subclass (I-VI, II-IV, III-V). The molecular targets of these mini-M conotoxins have yet 

to be determined. 

 As a side note, C. brunneus was also used in this laboratory as a test organism to 

develop a new bioassay that allows testing and comparison of venoms and peptides from 

various species, and even gives an indication of potential molecular targets, in vivo using 

the D. melanogaster giant fiber system [17]. 

1.1.4 Current and future applications 

 Since the discovery of conopeptides, their pharmacological potential has been the 

driving force behind their extensive study. To date, several conopeptides have gone 

through various phases of clinical testing, and some have made it all the way through 

clinical trials and are actually commercially available treatment options for certain 

neurophysiological conditions. Their appeal as drug candidates is enhanced by the fact 

that most have been shown to be highly selective for certain target receptors versus others 

in the same family [6]. 
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 A major advance in the treatment of neuropathic pain came with the discovery of 

the ω-conotoxin MVIIA, an N-type calcium channel blocker called ziconotide that was 

originally isolated from Conus magus by the Olivera group at the University of Utah 

[18]. Ziconotide was shown to be 10-100 times more potent than morphine, and it did not 

produce the same tolerance or addiction. In December 2004, this conotoxin was approved 

by the U.S. Food and Drug Administration to be marketed as a drug (called Prialt) that 

could be injected directly into the spinal cord via an intrathecal pump. During the same 

time frame, another conotoxin was being studied by the Livett group (at the University of 

Melbourne) that they originally isolated from Conus victoriae to be used to treat the same 

chronic neuropathic pain. This peptide called ACV1 (analgesic component of venom 1) 

had the same positive effects as Prialt but without the undesirable side effects including 

extremely high blood pressure, and with injection under the skin or into the muscle rather 

than directly into the spinal cord. This conotoxin entered Phase II clinical trials in 2007, 

but the trials were abandoned when it was determined that the concentration of peptide 

required for efficacious treatment was too high. For the past couple of years, the Craik 

group at the University of Queensland has been studying peptides from Conus victoriae 

which they have cyclized and which have shown even more powerful effects as pain 

relievers as a result of their increased stability [19,20]. 

 Other examples include contulakin-G (an O-linked glycopeptide similar to 

endogenous neurotensin), originally isolated from Conus geographus, which has been 

studied as a treatment for intractable pain. Contulakin-G acts as an agonist of neurotensin 

receptors. This conopeptide entered Phase II clinical trials in 2006. Meanwhile, another 
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peptide called conantokin entered Phase I clinical trials in 2006 as a treatment for 

epilepsy. Both of these peptides act to calm down the neuronal circuitry. 

 As of yet, the targets of many conopeptides have not been determined. With 

1000-8000 unique peptides in each of the 700+ Conus species, over 1 million neuroactive 

peptides could be characterized and studied for their pharmacological potential [3]. It has 

been suggested that the conopeptides present in cone snails could still find uses as 

therapeutics to treat a wide range of conditions and diseases. Several of these include 

anxiety disorders, Parkinson’s disease, pain, muscle tension, hypertension, and cancer, 

which could be treated by specific α- or ψ-conotoxins that work as antagonists of 

neuronal and skeletal muscle nAChRs. Additionally, µ-conotoxins could be used as 

neuromuscular blocking agents, as local anesthetic/analgesic agents, or as neuro-

protective agents due to their interaction with skeletal muscle sodium channels [21]. 

Other major diseases such as stroke could be treated with ω-conotoxins (act on calcium 

channels) or conantokins (act on NDMA receptors). And, κ-conotoxins have shown 

promise as treatments for hypertension, arrhythmia, and asthma by acting on potassium 

channels. Finally, conantokins may also help alleviate symptoms of epilepsy by acting on 

NMDA receptors. [22] 

1.2. Stroke 

1.2.1. Symptoms and epidemiology 

 Stroke is a condition characterized by the rapid deterioration of brain function due 

to a sudden decrease in the supply of blood (ie, glucose and oxygen) to the brain. 

According to the American Heart Association [23], approximately 795,000 people in the 
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U.S. experience a stroke each year, with about 610,000 being first strokes and about 

185,000 being recurrent strokes. This means that, on average, 1 person has a stroke every 

40 seconds in the U.S. [23]. Statistics show that, out of all strokes, approximately 87% 

are ischemic (thrombotic or embolic), 10% are intracerebral hemorrhage, and 3% are 

subarachnoid hemorrhage strokes [24]. In 2005, stroke mortalities accounted for more 

than 5% of deaths in the U.S, making stroke the 3rd leading cause of death behind heart 

disease and cancer [23]. 

 Fortunately, the number of deaths due to stroke decreased in the decade from 

1995-2005 by 13.5%, with a decrease in the annual stroke death rate of 29.7% [25]. 

However, even though stroke death rates have been decreasing, approximately 15-30% of 

persons who do suffer a stroke are faced with permanent disabilities, with 20% requiring 

institutional care [26]. In particular, among ischemic stroke survivors aged ≥ 65 years, 

50% had some hemiparesis (localized muscle weakness on one side of the body due to 

nerve damage), 30% required some assistance to walk, 26% required assistance in daily 

living activities, 19% had aphasia (difficulty understanding or formulating either written 

or oral language), 35% had symptoms of depression, and 26% were institutionalized in an 

adult-care facility [27]. Because 8-12% of ischemic strokes and 37-38% of hemorrhagic 

strokes result in death within 30 days in 45-64 year-old persons [28], there is still much 

work to be done to improve the treatment of stroke. Much can be done by first examining 

what happens to the brain during a stroke, and then devising novel therapeutic approaches 

to prevent strokes and treat stroke victims. 
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1.2.2. Biological effects – glutamate excitoxicity and ER stress 

 As mentioned above, there are 3 main types of stroke: ischemic (due to lack of 

oxygen in brain tissue), intracerebral hemorrhage (due to bleeding in the interior of the 

brain tissue), and subarachnoid hemorrhage (due to bleeding in the space between the 

brain and the surrounding tissue) [29]. A diagram displaying general ischemic and 

hemorrhagic stroke is shown in Figure 8. In both cases, a lack of glucose and O2 

eventually lead to reduced protein synthesis and energy failure [30]. 

 

Figure 8. Ischemic versus hemorrhagic stroke. 

 On the molecular level, ischemia leads to an increase in the extracellular 

concentrations of excitatory amino acids, especially glutamate [31]. This increase may be 

due to one or both of the following: 1) increased release of glutamate from neuronal 

axons, and/or 2) reduced clearance of glutamate by glial transporters. Both of these 

would result from ATP depletion caused by the lack of glucose and O2 in the affected 
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area, eventually making ATP-dependent active transport impossible. Due to the reduced 

capability of ATP-dependent ion pumps (including the extremely important Na+/K+-

ATPase) to operate, membrane depolarization results, and the neurons are unable to 

maintain normal transmembrane electrochemical gradients [32]. An influx of 

extracellular Ca2+ into the neurons through voltage-sensitive Ca2+ channels occurs, 

followed by the uncontrolled release of excitatory amino acids (ie, glutamate) into the 

extracellular space [33]. 

 In times of normal neuronal functioning, small amounts of glutamate (the most 

prevalent excitatory neurotransmitter) are essential; however, at the excessive levels 

experienced during ischemia, glutamate becomes excitotoxic—poisonous—to the 

neurons [34]. Glutamate (whose exocytosis, as mentioned above, results from Ca2+-

induced stimulation of presynaptic axons) itself activates N-methyl-D-aspartic acid 

(NMDA) and other receptors, further stimulating Ca2+ influx into the neurons and 

perpetuating the cycle of glutamate release [35]. At the same time Ca2+ is flowing in, Na+ 

and Cl- ions are allowed to passively flow into the neurons, while K+ ions also stay inside 

the cells (just as it occurs with conopeptides in the “lightning strike cabal”). Additional 

nonselective cation channels and acid-sensing ion channels add to the calcium ion 

imbalance [36,37]. All of these things lead to an influx in H2O, resulting in cytotoxic 

edema and rapid cell death [38,39]. In addition, several Ca2+-requiring enzymes (ie, 

proteases, lipases, nucleases, and kinases) become activated and carry out their 

destructive, catabolic functions which lead to cell death by degrading structural 
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components and circumventing the anabolic processes [40,41]. Finally, apoptosis occurs, 

leading to the loss of cognitive and motor function experienced by stroke victims. 

 Meanwhile, during an ischemic stroke, a high level of endoplasmic reticulum 

(ER) stress is also observed [42]. This can be due to a high level of protein misfolding 

and/or aggregation, which may be due to an insufficient amount of ER chaperones, such 

as GRP78 (glucose-regulated protein 78), one of the most abundant and best studied ER 

chaperones. As the site of protein synthesis and folding, the ER must function properly in 

order for the cell to survive. Specific proteins are essential for transmembrane 

electrochemical gradient regulation, intracellular Ca2+ homeostasis, and activation (or 

deactivation) of cell death pathways [43]. When, for any reason, proteins are not being 

folded properly, the ER stress response signaling pathways called the Unfolded Protein 

Response (UPR) are activated [44]. Several recent studies have highlighted the important 

role of ER stress response in the pathogenesis of neuronal cell injury during and after 

cerebral ischemia [45-47]. 

 There are three main signaling pathways associated with the UPR. Each one is 

initiated by an ER-membrane-associated protein: 1) protein kinase R-like ER kinase 

(PERK), 2) inositol-requiring enzyme 1 (IRE1), and 3) activating transcription factor 6 

(ATF6). These three proteins activate three distinct UPR signaling cascades [48-50]. It 

has been shown that cardiac ischemia induces all three of these pathways and their 

downstream targets [51,52], while the ER stress response in cerebral ischemia has not 

been well-studied. 
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 While only the IRE1 and ATF6 pathways stimulate production of ER protein 

folding chaperones (such as GRP78), all three pathways stimulate production of a 

transcription factor called C/EBP homologous protein (CHOP) or growth arrest and DNA 

damage-inducible gene 153 (GADD153) [53-55]. CHOP/GADD153 is important, as it 

regulates the expression of several pro- or anti-apoptotic members of the Bcl-2 family of 

proteins. While it inhibits expression of the anti-apoptotic Bcl-2 [56], it induces 

expression of the pro-apoptotic Bim [57]. 

 Although IRE1 in complex with certain proteins (ex: XBP1) has been shown to be 

anti-apoptotic, if it is overexpressed or complexed with other proteins (ex: TRAF2), 

apoptotic cell death results [49, 58, 59]. It may be that IRE1-XBP1 activity occurs during 

short-term ER stress, while IRE1-TRAF2 activity occurs during long-term ER stress. 

IRE1 also activates a protein called c-Jun N-terminal kinase (JNK) which regulates Bcl-2 

family proteins (like CHOP/GADD153), suppressing the anti-apoptotic and enhancing 

the pro-apoptotic activities [60]. Thus, both JNK and CHOP/GADD153 eliminate the 

anti-apoptotic effects of Bcl-2, CHOP/GADD153 by blocking expression of Bcl-2, and 

JNK by phosphorylating it. It also activates the pro-apoptotic Bcl-2 family proteins Bax, 

Bak, and Bim. Thereby, a death signal is sent to the mitochondria, and cytochrome c is 

released, followed by caspase activation. 

 The PERK pathway also aids in cell survival during short-term ER stress by 

inhibiting protein translation and thereby decreasing the load of nascent proteins arriving 

at the ER needing to be folded. However, at the same time, PERK upregulates activating 

transcription factor 4 (ATF4), and ATF4, in turn, induces transcription of several genes 
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necessary to restore ER homeostasis. Yet, another protein ATF4 upregulates is the pro-

apoptotic CHOP/GADD153. In addition, the PERK pathway can activate caspase-12, a 

key pro-apoptotic protein. Therefore, it seems that, with short-term ER stress, the anti-

apoptotic and repair pathways are upregulated, enhancing the ER’s protein folding 

capabilities and initiating the degradation of protein aggregates; however, as ER stress 

persists, the pro-apoptotic pathways take over and lead to apoptotic cell death [61]. 

1.2.3. Current stroke treatment options 

 Currently, only one FDA-approved treatment is available to patients suffering 

from an acute ischemic stroke. It is a thrombolytic agent called tissue plasminogen 

activator (tPA). Thrombolytic agents are administered intravenously in order to dissolve 

or break up a blood clot, and most are only administered within a certain time period of 

the onset of symptoms, 3 hours in the case of tPA. Additionally, before a patient is given 

tPA, hemorrhagic stroke must be ruled out (to prevent excessive, and likely lethal, 

bleeding) using neuroimaging scans. Due to these limitations, only about 1-3% of acute 

ischemic stroke patients are estimated to actually receive tPA [61]. Other than tPA, the 

only agent that has been shown to confer some benefit to patients is aspirin, with less 

than 1% of patients benefiting measurably [62]. Therefore, more effective and more 

widely applicable treatments for this condition must be found. 

 Recently, research has been done to develop neuroprotective therapies to treat 

ischemic stroke. Since the molecular pathways which are affected during stroke and 

which lead to cell death have been studied, several key cellular components have been 

identified as possible therapeutic targets. For instance, as described earlier, excessive 
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activation of glutamate receptors, intracellular Ca2+ accumulation, and initiation of the 

ER UPR pathways leading to apoptosis are key factors in neuronal cell damage resulting 

from ischemic stroke. By interrupting one or more of these signaling cascades, the 

affected neurons may be able to survive. For this reason, several possible neuroprotective 

agents have recently been studied. These include the selective estrogen receptor 

modulator raloxifene, which was shown to reduce the glutamate-induced increase in 

intracellular calcium in rat cortical neurons [63], as well as schizandrin, which was 

shown to protect cortical neurons from glutamate-induced excitotoxicity, prevent 

intracellular calcium influx, maintain membrane integrity, and attenuate pro-apoptotic 

protein synthesis [64]. In addition, the granulocyte colony-stimulating factor (G-CSF), S-

methyl-N,N-diethylthiolcarbamate sulfoxide (DETC-MeSO), and taurine have also been 

studied for their neuroprotective effects [65-69]. 

 G-CSF is currently approved for use as a treatment of neutropenia (low neutrophil 

level); it is also used in bone marrow reconstitution and stem cell mobilization [70]. As a 

20-kDa member of the cytokine family of growth factors, G-CSF works primarily by 

stimulating cell proliferation, differentiation, and maturation by binding to specific G-

CSF receptors [71]. The G-CSF protein has already been shown to be a neuroprotective 

agent against stroke, Parkinson’s disease, and Alzheimer’s disease [72-75], but it has not 

yet been approved for these uses. Interestingly, there is evidence that G-CSF strongly 

improves post-stroke recovery of the sensorimotor and cognitive functions describe 

above, perhaps by its ability to enhance neurogenesis (new neuron formation) and 

angiogenesis (new blood vessel formation) in the infarcted brain [76-78]. 
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 DETC-MeSO is an active metabolite of disulfiram, a drug used to treat 

alcoholism for over 60 years [79]. In fact, disulfiram undergoes bioactivation in vivo to 

give DETC-MeSO, which is actually the active agent to give the anti-alcoholic effect 

[80]. DETC-MeSO has been shown in mice to act as an antagonist of brain glutamate 

receptors [81]. Specifically, it is a potent and selective carbamoylating agent of the 

sulfhydryl groups in glutamate receptors (NMDA and other receptors), and it has been 

shown to partially inhibit glutamate binding to synaptic membrane preparations from 

mice [82]. 

 Taurine is a sulfur-containing, free amino acid that is present in high 

concentrations in several organs in most mammals, including the brain [83]. Taurine 

mediates many physiological functions including regulation of Ca2+-dependent processes, 

osmoregulation, membrane stabilization, neurotransmission, and neuroprotection [84-88]. 

It has also been shown to help reduce ER stress in C2C12 (mouse myocytes) and 3T3L1 

(mouse adipocytes) [89]. Moreover, it has been shown to prevent many harmful 

metabolic events caused by ischemia, as well as to attenuate Ca2+ influx, and thereby act 

as a neuroprotective agent [90-93]. 

 Still, it remains that only one very narrowly applicable treatment for acute 

ischemic stroke exists, making new, more effective and applicable treatments necessary. 

Since the biological effects that cause damage to neurons during an ischemic stroke 

include glutamate excitotoxicity, intracellular calcium overload, and eventually inhibition 

of pro-survival proteins via the UPR in the ER, a reasonable strategy to develop more 
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effective treatments for ischemic stroke is to investigate calcium antagonists, glutamate 

antagonists, and other potential neuroprotective agents. 

1.3. The current stroke-related research model 

 Stroke, as mentioned above, is the 3rd  leading cause of death in the U.S.; 

however, in contrast to the top 2 causes of death (heart disease and cancer), stroke is an 

extremely under-treated disease. Existing therapies must be improved, and a vigorous 

search for new therapies should be undertaken. In light of the great need for better 

treatments for stroke and in light of the potential for discovering certain conopeptides 

capable of treating stroke via interaction with neuronal ion channels or GPCRs to yield 

neuroprotective effects [22], the goal of the current work was to isolate and characterize 

peptides from the dissected venom of the cone snail Conus brunneus, and to test them for 

potential neuroprotective activity in a stroke-related model of induced glutamate 

excitotoxicity (leading to cell death) in primary rat neuronal cells and in PC12 

pheochromocytoma cells. 
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2. MATERIALS AND METHODS 

2.1. Materials 

 Several materials were necessary to carry out all of the biological testing. These 

included F-12K media, trypsin-EDTA solution, heat-inactivated horse serum (HS), and 

rat pheochromocytoma PC12 cell line, which were purchased from ATCC (Manassas, 

VA, USA). Meanwhile, basal medium eagle (BME), heat-inactivated fetal bovine serum 

(FBS), poly-D-lysine (PDL), L-glutamine, D-glucose, taurine (Tau), penicillin-

streptomycin solution, calpain, mammalian protease inhibitor cocktail, and other 

chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA). Neurobasal 

medium and B27 supplement were purchased from Invitrogen (Carlsbad, CA, USA). 

Rabbit anti-Bcl-2 and anti-caspase-12, as well as the secondary antibodies were 

purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Similarly, mouse 

anti-GAPDH and rabbit anti-Akt were purchased from Cell Signaling Technology 

(Boston, MA, USA). The Cell Titer-Glo® Luminescent Cell Viability Assay (ATP 

Assay) kit was purchased from Promega (Madison, WI, USA). Radio-

Immunoprecipitation Assay (RIPA) buffer, phosphatase inhibitor cocktail, and ECL 

detection reagents were purchased from ThermoScientific (Rockford, IL, USA).  

Pregnant Sprague-Dawley rats were purchased from Harlan (Indianapolis, IN, USA) and 

were housed in the animal care facility at Florida Atlantic University. The rat care and 

use procedures were approved, in accordance with the National Institutes of Health
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Guidelines for the Care and Use of Laboratory Animals, by the Institutional Animal Care 

and Use Committee of Florida Atlantic University. 

2.2. Conopeptide isolation and characterization 

 Before isolation and subsequent characterization could be done, the venom of the 

cone snail C. brunneus had to be collected and prepared for use. The venom machinery 

(venom duct, venom bulb, and radular sac) was dissected from the snails on December 

27, 2011, and they were stored in 0.1% trifluoroacetic acid (TFA) in H2O in a -80oC 

freezer. 

 Fifteen venom ducts were later thawed, homogenized, and the venom extracted 

from them. This was done using a basic homogenizer with a stainless steel probe for        

2 minutes, followed by centrifuging at 4oC for 20 minutes at 10,000 rpm. A second 

homogenization using 7.5 mL 0.1% TFA was done on the remaining pellet after the 

supernatant had been removed into a clean 50-mL tube. Centrifugation at was carried out 

again at the same conditions. A third round of homogenization and centrifugation was 

done, and all 3 supernatants were combined in a 50-mL tube. The supernatants were 

frozen at -80oC overnight and later lyophilized. The total dry weight of the crude venom 

was obtained. 

2.2.1. High-performance liquid chromatography (HPLC) 

2.2.1.1. Size-exclusion HPLC 

Several size-exclusion HPLC runs were done. The following general protocol was 

followed in each case. To prepare the C. brunneus sample, approximately 50 mg of dry 

crude venom was dissolved in exactly 5.0 mL 0.1 M NH4CO3 in a 50-mL tube with 

25 
 



vortexing. The sample was then centrifuged at 4oC for 8 minutes at 10,000 rpm. The 

supernatant, and if necessary, enough additional NH4CO3 to equal 5.0 mL was used in the 

separation. The pellet was kept and stored at -80oC. An isocratic separation of the 5-mL 

crude venom extract solution was done using 0.1 M NH4CO3 with a flow rate of           

1.5 mL/min over 300 minutes, monitoring the absorption at λ = 220 nm and λ = 280 nm. 

Fractions corresponding to each absorption peak in the chromatogram were collected, 

frozen overnight at -80oC, lyophilized, weighed, and stored for further separation at         

-80oC. 

2.2.1.2. Reverse-phase semi-preparative HPLC 

Several semi-prep HPLC runs were done. The following general protocol was 

followed in each case. To prepare a sample for semi-prep separation, a fraction from a 

previous size-exclusion separation was used. The 50-mL tube containing the desired 

fraction (lyophilized) was obtained from the -80oC freezer. The sample was dissolved in 

1000 µL 0.1% TFA. The tube was vortexed briefly to dissolve. The sample was 

centrifuged at 4oC to spin down any remaining solids. The supernatant, and if necessary, 

enough additional 0.1% TFA to reach 1000 µL was used in the separation. A gradient 

method was used, going from 100% Solution A (0.1% TFA) to 100% Solution B      

(60% ACN in 0.1% TFA) over 100 minutes with a flow rate of 3.5 mL/min. The 

absorbance at λ = 220 nm and λ = 280 nm was monitored. Fractions were collected in 5-

mL tubes, corresponding to each absorption peak in the chromatogram. They were dried 

overnight using a speed-vac and stored at 4oC. The collection times were also recorded. 

(All solutions were de-gased and the column cleaned and purged prior to use.) 
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2.2.1.3. Reverse-phase analytical HPLC 

Several analytical HPLC runs were done. The following general protocol was 

followed in each case. To prepare a sample for analytical separation, a fraction from a 

previous semi-prep separation was used. The 5-mL tube containing the desired fraction 

was obtained from the 4oC refrigerator. The sample was dissolved in 500 µL 0.1% TFA 

in a 1.5-mL Eppendorf tube. The tube was vortexed briefly to dissolve. A micro-

centrifuge was used for a few seconds to spin down any remaining solids. The 

supernatant, and if necessary, enough additional 0.1% TFA to reach 500 µL was used in 

the separation. A gradient method was used, going from 100% Solution A (0.1% TFA) to 

100% Solution B (60% ACN in 0.1% TFA) over 100 minutes with a flow rate of          

1.0 mL/min. The absorbance at λ = 220 nm (R: 0.5, 1, 3) and λ = 280 nm (R: 1) was 

monitored. Fractions were collected in 1.5-mL Eppendorf tubes, corresponding to each 

absorption peak in the chromatogram. They were dried overnight using a speed-vac and 

stored at 4oC. The collection times were also recorded. (All solutions were de-gased and 

the column cleaned and purged prior to use.) 

2.2.2. Matrix-assisted laser desorption/ionization-mass spectrometry (MALDI-MS) 

 The MALDI matrix solution that was used was prepared at least one day in 

advance. First, a small amount (20-25 mg) of raw α-C4HCA (α-cyano-4-hydroxy-

cinnamic acid) was obtained from its brown glass bottle in a -20oC freezer and was 

placed in a black 1.5-mL Eppendorf tube. To it was added 1.0 mL of 36% MeOH/      

56% ACN/8% H2O. The mixture was vortexed for 10-15 seconds and stored at room 

temperature for later use. 
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 To prepare samples for MALDI-MS, a magnetic insert 192 MALDI plate was 

cleaned with MeOH and H2O and dried completely. Once dry, 0.3 µL of MALDI matrix 

solution (described above) was deposited in each well desired for use and was allowed to 

dry completely. During this time, the desired peptide fractions were prepared for MALDI 

analysis. For peptide fractions corresponding to more intense (higher UV-Vis absorption) 

chromatogram peaks, 100 µL of Solution B (60% ACN in 0.1% TFA) was added to the 

dry sample, whereas for fractions corresponding to less intense peaks, 40 µL of the same 

solution was added to the dry sample. Each sample was vortexed for about 5 seconds. 

Once the MALDI matrix had dried, 0.3 µL of each sample was placed in a separate well, 

and the samples were allowed to dry completely. 

 Several MALDI-MS experiments were done. The following general protocol was 

followed in each case. To carry out the MALDI-MS runs, a Voyager-DE STR (Applied 

Biosystems) MALDI-TOF was used. Either reflector or linear mode was selected, with 

reflector mode being more accurate and linear mode being more sensitive. Laser intensity 

was set at 2400, and shots/spectrum was set at 100, with an initial mass detection range of 

800-5000 Da. Each sample was positioned, one at a time, beneath the laser beam, and a 

joystick was used to direct the laser throughout the course of each run. Several runs for 

each sample were sometimes necessary. For each sample, the major mass peaks were 

recorded manually, and images of the mass spectra collected for further analysis. 

2.2.3. Nuclear magnetic resonance (NMR) spectroscopy 

 To prepare peptide fractions for NMR analysis, the sample was dissolved in       

37 µL H2O + 1.5 µL D2O + 1.5 µL D2O/TSP. The sample was vortexed, and transferred 
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to a 1.7-mm glass capillary NMR tube to give a column height of 30-33 mm. Two NMR 

experiments were done for each sample: 1D 1H and 2D TOCSY spectra. 

2.2.4. Bioinformatics database comparison (Conoserver) 

The peptides that were not identified by comparison to data collected on peptides 

previously characterized in this laboratory were investigated using the web-based 

conopeptide database Conoserver for data comparison. Searches were carried out based 

on molecular weight (with a range of ±10 Da). 

2.3. Cell cultures 

2.3.1. Primary neuronal cell culture 

 Several primary neuronal cell cultures were prepared from embryonic rat neuronal 

cells. The general protocol is outlined here. The primary neuronal cell cultures were 

prepared as previously described [71]. In brief, a 17-day pregnant Sprague-Dawley rat 

was sacrificed using isofluorane. The embryos were removed from the womb, and the 

brains were removed aseptically and placed in 5 mL of Growth Medium Eagle (GME). 

The GME consisted of 77 mL BME, supplemented with 1 mL 200 mM L-glutamine,       

2 mL 26.8 mM D-glucose, and 20 mL 20% heat-inactivated FBS. The cerebral cortices of 

the brains were isolated and placed in 2 mL of fresh GME. They were passed through a 

14-G cannula to disperse the material and give a homogeneous suspension. This mixture 

was added to a 15-mL tube containing 5 mL GME, and the solution was passed several 

times more through the 14-G cannula. The neuronal cell suspension was centrifuged at 

500 rpm for 5 minutes at room temperature. The supernatant was discarded, and the pellet 

was re-suspended in 7 mL of GME. The centrifugation and re-suspension was repeated 3 

29 
 



times. To re-suspend the pellet for plating the cells in 6-, 12-, or 24-well plates, the 

following formula was used to calculated the volume (mL) of GME to add:                  

[{(# brains X 2)-2} X 2]/10. Between 1.0-2.0 mL/well of this suspension was used in 

plating for these sizes of well plates. For 96-well plates, the remaining volume (mL) of 

re-suspended pellet after plating 6-, 12-, and 24-well plates was measured. One-third of 

the remaining volume was calculated and that amount of additional GME was added to 

the suspension. For the 96-well plates, 100 µL/well of the suspension was used in plating. 

(All cell culture plates were pre-coated with PDL by incubating at 37oC overnight with 

1.5 mL-80 µL of 0.5 mg/mL PDL, depending on plate size, and then rinsing with H2O 

prior to cell plating.). The cell culture plates were incubated in a humidified incubator 

(37oC, 99% humidity, 5% CO2) for 30-45 minutes. Finally, the GME was replaced with 

serum-free Neurobasal Medium (NB) supplemented with 2% (v/v) B27 and 0.25% (v/v) 

500 µM L-glutamine. The cells were maintained in the same incubator for 12-18 days 

until ready for use in biological assays. 

2.3.2. PC12 cell culture 

 PC12 cells were maintained at 37oC/99% humidity/5% CO2 in F12-K medium 

supplemented with 10% (v/v) FBS (for easier growth), 15% (v/v) heat-inactivated HS, 

and 1% (v/v) penicillin-streptomycin solution. All experiments were performed on 

undifferentiated cells plated in 96-well plates at a density of ~5 x 104 cells/mL for the 

ATP assay and in 60-mm Petri dishes at ~3 x 105 cells/well for the Western Blot analysis 

24 hours prior to experiments. (The well plates and Petri dishes were pre-coated with 

PDL as described above.) 
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2.4. Glutamate excitoxicity stroke-related model 

 To carry out experiments on the glutamate excitotoxicity-induced stroke-related 

model in primary neuronal cells and PC12 cells, the cells were pre-incubated with the 

positive control taurine and/or with the desired peptide test fraction for a certain amount 

of time. The cells were then treated with a specific amount of glutamate for a given 

amount of time. Cell survival was tested using the ATP assay and Western Blot analysis. 

Appropriate controls were also tested. (Primary neuronal cell cultures were used between 

12-18 days in vitro.) 

2.4.1. Cell viability – ATP assay 

The Cell Titer-Glo® Luminescent Cell Viability Assay (Promega) was carried out 

according to the literature provided with the kit. The prepared cell cultures (primary 

embryonic rat neurons or PC12 cells) in 96-, 24-, 12-, or 6-well clear poly-D-lysine–

coated culture plates were used. For the 96-well plates, the recommended 100 µL of cell 

culture was used, and for the larger well-plates, a proportionately greater volume of cell 

culture was used. In the assays, either simultaneous treatment (taurine + glutamate, or 

peptide fraction + glutamate) or pre-treatment (taurine or peptide fraction before 

glutamate) was done. Simultaneous treatment was done in many of the earlier assays, 

while pre-treatment was done in the later assays. After the addition of a range of 

concentrations of positive control compound (taurine) or peptide fraction (A-F) to each 

experimental well, the plates were incubated (37oC, 99% humidity, 5% CO2) for varying 

periods of time, followed by the addition of certain concentrations of glutamate. 

Glutamate (negative) control wells were also treated at this time, followed by a period of 
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incubation. After this incubation time, the plates were removed from the incubator. Once 

equilibrated to room temperature, a volume of Cell Titer-Glo® Reagent equal to the 

volume of cell culture medium present in each well was added. The plates were then 

placed on an orbital shaker for 2 minutes to induce cell lysis, followed by a10-minute 

incubation at room temperature for luminescent signal (from luciferase reaction) 

stabilization. Finally, the contents of the wells were transferred to an opaque (white)    

96-well plate and the luminescence intensity was recorded using an M3 SpectaMax 

(Molecular Devices). 

Control wells containing medium only (without cells) were always prepared to 

obtain a value for background luminescence. The ATP content from treated wells was 

expressed as a percentage of the ATP content from untreated control wells (100%). 

Peptide test fraction concentrations were determined on a ThermoScientific NanoDrop 

2000/2000c using the A205 Custom Method for Protein and Peptide Quantification, which 

monitors the absorption of the peptide bond, with sensitivity up to 0.001 µg/µL. (Separate 

experiments in which control wells for each of the treatment compounds and peptide 

fractions (with and without cells) were also carried out.) 

2.4.2. Protein expression – Western blot analysis 

 For Western Blot analysis, primary neuronal or PC12 cell cultures were pre-

treated with peptide fraction, followed by exposure to glutamate. Then, the cells were 

lysed in RIPA buffer (25 mM Tris-HCl, 150 mM NaCl, 1% NP-40, 1% sodium 

deoxycholate, 0.1% SDS; pH 7.6) containing 1% (v/v) mammalian protease inhibitor 

cocktail and 1% (v/v) phosphatase inhibitor cocktail to protect proteins from degrading. 
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The proteins in the cell lysates were separated via SDS-PAGE and transferred to a 

nitrocellulose membrane. The membrane was blocked in blocking buffer (20 mM Tris-

HCl, 150 mM NaCl, 0.1% Tween-20, 5% milk; pH 7.6) for 2 hours at room temperature. 

After blocking, the desired primary antibody was added and left at room temperature to 

incubate overnight. This was followed by 2 hours of incubation at room temperature with 

the corresponding HRP-conjugated secondary antibody to yield a chemiluminescent 

signal. Extensive washes with blocking buffer were performed between each step. The 

protein-immuno complex was visualized using the ECL detection reagents purchased 

from ThermoScientific. 

33 
 



3. RESULTS AND DISCUSSION 

3.1. Conopeptide isolation and characterization 

3.1.1. High-performance liquid chromatography (HPLC) 

3.1.1.1. Size-exclusion HPLC 

 The dissected venom from C. brunneus was separated first using size-exclusion 

HPLC, as described above. The larger proteins and peptides eluted at the beginning of the 

separation, followed by smaller peptides. A representative size-exclusion chromatogram 

is shown below in Figures 9 (λ = 220 nm) and 10 (λ = 280 nm). The 220-nm wavelength 

was chosen to monitor the absorbance of the peptide bond, while the 280-nm wavelength 

was chosen to monitor the absorbance of tyrosine and tryptophan amino acid residues 

Three size-exclusion HPLC runs were performed, and each time, the fraction 

corresponding to the major peak observed in the λ = 280 nm chromatogram was selected 

for further separation via semi-prep HPLC. This was done since interesting and bioactive 

conopeptides have previously been isolated from the major absorption peak in the λ = 

280 nm chromatogram. A list of fractions collected during the first size-exclusion HPLC 

run is shown in Table 1 below. It is also representative of all 3 of the size-exclusion runs 

(as are the chromatograms below), which yielded very similar elution times and peak 

absorbances. 
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Figure 9. Size-exclusion HPLC chromatogram of C. brunneus crude venom extract 

(absorbance at λ = 220 nm). 

 

Figure 10. Size-exclusion HPLC chromatogram of C. brunneus crude venom extract 

(absorbance at λ = 280 nm). 
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Table 1. Peak table for C. brunneus crude venom size-exclusion HPLC separation. 
Fraction Start Time (minutes) End Time (minutes) 

1 50.15 78.09 
2 78.10 90.99 
3 91.00 101.74 
4 101.75 112.99 
5 113.00 134.69 
6 134.70 159.44 
7* 159.45 185.84 
8 185.85 206.34 
9 206.35 233.49 
10 233.50 261.08 

*Fraction 7 was the major peak in the λ = 280 nm absorbance chromatogram. 
 
3.1.1.2. Reverse-phase semi-preparative HPLC 

 After size-exclusion HPLC, the fraction of crude venom containing the major      

λ = 280 nm peak was further separated using semi-prep HPLC, as described above. The 

more polar peptides eluted at the beginning of the separation, followed by less polar 

peptides. A representative semi-prep HPLC chromatogram is shown below in Figures 11 

and 12 (absorbance at λ = 220 nm) and 13 and 14 (absorbance at λ = 280 nm). Several 

semi-prep runs were performed, and each time, the fractions were analyzed using 

MALDI-MS (results shown below) before combining fractions. The fraction combining 

was based on elution time and molecular weight. The combined peptide fractions were 

used in the ATP assays and Western blot analysis (results shown below). A list of the 

relevant semi-prep fractions is shown in Table 2 below. 
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Figure 11. Semi-prep HPLC chromatogram of C. brunneus fraction from size-exclusion 

(absorbance at λ = 220 nm). 

 

Figure 12. Semi-prep HPLC chromatogram of C. brunneus fraction from size-exclusion 

(absorbance at λ = 220 nm), zoomed-in. 
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Figure 13. Semi-prep HPLC chromatogram of C. brunneus fraction from size-exclusion 

(absorbance at λ = 280 nm). 

 

Figure 14. Semi-prep HPLC chromatogram of C. brunneus fraction from size-exclusion 

(absorbance at λ = 280 nm), zoomed-in. 

Table 2. Relevant peak table for semi-prep HPLC separation of the major λ = 280 nm 
absorbance peak from the size-exclusion fraction of C. brunneus. 

Peptide Fraction Start Time (minutes) End Time (minutes) 
A 37.07 38.16 
B 33.29 33.91 
C 31.41 32.17 
D 35.15 35.79 
E 39.60 40.46 
F 42.58 43.65 
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3.1.1.3. Reverse-phase analytical HPLC 

 Several analytical HPLC runs were carried out on peptide fraction A, as described 

above, to better purify it for further biological and analytical testing. A representative 

analytical HPLC chromatogram is shown below in Figures 15, 16, 17 (λ = 220 nm), and 

18 (λ = 280 nm). The fractions from these analytical runs were analyzed using MALDI-

MS before combining fractions, based on elution time and molecular weight. Only 

fractions containing apparently pure peptide A (based on molecular weight) were 

combined and kept for further testing. 

 

Figure 15. Analytical HPLC chromatogram of C. brunneus peptide fraction A          

(absorbance at λ = 220 nm; R: 0.5). 
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Figure 16. Analytical HPLC chromatogram of C. brunneus peptide fraction A          

(absorbance at λ = 220 nm; R: 1.0). 

 

Figure 17. Analytical HPLC chromatogram of C. brunneus peptide fraction A          

(absorbance at λ = 220 nm; R: 3.0). 
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Figure 18. Analytical HPLC chromatogram of C. brunneus peptide fraction A          

(absorbance at λ = 280 nm). 

3.1.2. Matrix-assisted laser desorption/ionization-mass spec (MALDI-MS) 

 MALDI-TOF MS (Voyager-DE STR, Applied Biosystems) spectra were obtained 

for each peptide fraction from C. brunneus to aid in fraction combining and peptide 

identification, with representative spectra in Figures 19-24 for peptide fractions A-F. 

Based on the MALDI spectra collected, the probable identities of 3 of the peptides 

isolated from C. brunneus were determined, based on the data from previously 

characterized peptides in this laboratory. As seen in Figure 19 below, a mass peak of 

2533 Da was observed, which suggested that this peptide was bru9a (previously,        

2534 Da). Similarly, Figure 23 below shows a mass peak of 2357 Da, and this suggested 

the peptide may be an α-conotoxin (previously, 2360 Da). And, finally, Figure 24 below 

shows a mass peak of 2127 Da, which matched exactly the molecular weight of bru3a. 

The identities of the other peptides could not be determined from MALDI data. 
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Figure 19. Representative MALDI-MS spectrum for peptide fraction A from                 

C. brunneus. A mass peak of 2533 Da was observed. 

 

Figure 20. Representative MALDI-MS spectrum for peptide fraction B from                  

C. brunneus. A mass peak of 3079 Da was observed. 
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Figure 21. Representative MALDI-MS spectrum for peptide fraction C from                  

C. brunneus. A mass peak of 1885 Da was observed. 

 

Figure 22. Representative MALDI-MS spectrum for peptide fraction D from                 

C. brunneus. Two mass peaks of 2993 and 2621 Da were observed. 
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Figure 23. Representative MALDI-MS spectrum for peptide fraction E from                  

C. brunneus. Two mass peaks of 2357 and 1554 Da were observed. 

 

Figure 24. Representative MALDI-MS spectrum for peptide fraction F from                  

C. brunneus. A mass peak of 2127 Da was observed. 

3.1.3. Nuclear magnetic resonance (NMR) spectroscopy 

 NMR spectra were obtained as described above for peptide fractions A, C, and F, 

using a Varian Inova 500 MHz spectrometer. The spectra (1H and TOCSY) for each of 

these are shown below in Figures 25-30. A list of chemical shift correlations for peptide 

fraction A is shown below in Table 3, along with a list of chemical shift correlations for 
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the previously characterized (in this laboratory) peptide bru9a (described above) from C. 

brunneus shown in Table 4. Comparison of the two tables clearly shows that the peptide 

in peptide fraction A (2533 Da) is most likely bru9a. The NMR data for the other two 

peptide fractions are shown, but were not yet able to be interpreted. However, based on 

molecular weight, the spectra shown in Figures 29 and 30 most likely correspond to the 

sequence of the bru3a peptide, previously characterized in this laboratory. Clear NMR 

spectra for the peptide fractions B, D, and E were not obtained as they were either 

mixtures of peptides (D and E) or had an insufficient concentration of peptide (B). 

 

Figure 25. 1H NMR spectrum of peptide fraction A (2533 Da) from C. brunneus. 
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Figure 26. TOCSY NMR spectrum of peptide fraction A (2533 Da) from C. brunneus. 
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Table 3. 1H NMR chemical shifts of peptide fraction A (2533 Da) from C. brunneus. 

Amino Acid HN (ppm) Hα (ppm) Hβ (ppm) Others 
Ser1  4.12 3.91, 3.97  
Cys2 8.78 4.86 2.63, 2.84  
Gly3 7.35 3.02, 3.55   
Gly4 7.95 3.72, 4.23   
Ser5 7.90 4.63 3.79, 3.99  
Cys6 8.45 4.28 3.07, 3.14  
Phe7 8.17 4.40 2.96, 3.05 Hδ 7.22 
    Hε 7.36 
    Hζ 7.29 
Gly8 8.17 3.80, 3.84   
Gly9 7.72 3.68, 4.46   
Cys10 8.84 4.86 2.64, 2.87  
Trp11 8.33 4.79 3.18, 3.57 Hδ 7.25 
    Hε1 10.20 
    Hε3 7.66 
    Hζ2 7.52 
    Hζ3 7.26 
    Hη2 7.13 
Hyp12  4.51 2.00, 2.31 Hδ 3.49, 3.72 
Gly13 8.95 3.72, 4.36   
Cys14 8.32 5.40 2.72, 3.55  
Ser15 9.30 4.66 3.70, 3.76  
Cys16 8.85 4.82 2.95, 3.13  
Tyr17 9.49 4.60 2.81, 2.95 Hδ 6.98 
    Hε 6.75 
Ala18 8.75 3.79 1.20  
Arg19 8.46 3.82 2.13 Hγ 1.53 
    Hδ 3.15 
    Hε 7.17 
Thr20 8.14 4.67 3.99 Hγ 0.98 
Cys21 8.34 5.10 2.47, 2.60  
Phe22 9.48 4.59 2.95, 3.15 Hδ 7.31 
    Hε 7.37 
    Hζ 7.26 
Arg23 8.39 4.55 1.78 Hγ 1.74 
    Hδ 3.18 
    Hε 7.17 
Arg24 8.18 4.41 2.61, 2.68  

*Hyp: hydroxyproline (O) 
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Table 4. 1H NMR chemical shift values of bru9a from C. brunneus previously 
characterized in this laboratory. [13] 
Amino Acid HN (ppm) Hα (ppm) Hβ (ppm) Others 
Ser1  4.12 3.92, 3.97  
Cys2 8.79 4.78 2.69, 2.76  
Gly3 7.35 3.01, 3.56   
Gly4 7.97 3.73, 4.23   
Ser5 7.92 4.67 3.83, 3.99  
Cys6 8.44 4.30 3.12, 3.19  
Phe7 8.17 4.35 2.98, 3.07 Hδ 7.22 
    Hε 7.36 
    Hζ 7.29 
Gly8 8.16 3.82, 3.87   
Gly9 7.75 3.66, 4.47   
Cys10 8.87 4.84 2.65, 2.86,  
Trp11 8.33 4.81 3.12, 3.37 Hδ 7.25 
    Hε1 10.27 
    Hε3 7.66 
    Hζ2 7.52 
    Hζ3 7.26 
    Hη2 7.13 
Hyp12  4.59 2.01, 2.31 Hδ 3.48, 3.72 
Gly13 8.98 3.72, 4.37   
Cys14 8.35 5.41 2.72, 3.56  
Ser15 9.37 4.72 3.70, 3.80  
Cys16 8.85 4.87 2.98, 3.15  
Tyr17 9.52 4.61 2.81, 2.95 Hδ 6.95 
    Hε 6.76 
Ala18 8.78 3.78 1.20  
Arg19 8.46 3.80 2.15 Hγ 1.53 
    Hδ 3.19 
    Hε 7.18 
Thr20 8.15 4.72 4.00 Hγ 0.97 
Cys21 8.36 5.10 2.49, 2.63   
Phe22 9.48 4.82 2.99, 3.16 Hδ 7.31 
    Hε 7.37 
    Hζ 7.26 
Arg23 8.46 4.55 1.81 Hγ 1.74 
    Hδ 3.20 
    Hε 7.16 
Arg24 8.24 4.48 2.64, 2.74  
*Hyp: hydroxyproline (O) 
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Figure 27. 1H NMR spectrum of peptide fraction C (1885 Da) from C. brunneus. 

 

Figure 28. TOCSY NMR spectrum of peptide fraction C (1885 Da) from C. brunneus. 
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Figure 29. 1H NMR spectrum of peptide fraction F (2127 Da) from C. brunneus. 

 

Figure 30. TOCSY NMR spectrum of peptide fraction F (2127 Da) from C. brunneus. 
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 A summary of the results of the conopeptide isolation and characterization from 

C. brunneus dissected cone snail venom is shown in Table 5 below. 

Table 5. Summary of C. brunneus peptide fraction identifying information. 

Peptide 
Fraction Purity MW (Da) 

Retention 
Time 
(min) 

Probable 
Sequence 

Probable 
Identity 

Probable 
Super-
family 

A Pure 2533 38 
SCGGSCFGGC
WOGCSCYAR

TCFRD 
bru9a P 

B Pure 3079 35    
C Pure 1885 32    

D Impure 2993 36    
2621 36    

E Impure 2357 42 
TWDγCCKNP

ACRNNHK 
DKCG 

an α- 
cono-
toxin 

A 

1554 42    

F Pure 2127 45 CCRWPRCNV
YLCGOCCOQ bru3a M 

*O: hydroxyproline (M+ +6); γ: γ-carboxyglutamate (M+ +44) 
**Purity was assessed based on quality of MALDI-MS spectra and NMR spectra. 
 
3.1.4. Bioinformatics database comparison (Conoserver) 

 The peptides that were not identified by comparison to peptides previously 

characterized in this laboratory were investigated using the web-based peptide database 

Conoserver for data comparison. Based on the search results, several conopeptides were 

found to be similar in molecular weight. The results for each peptide fraction are listed 

below in Tables 6-10. 

 For PF B (3079 Da), 4 conopeptides with similar molecular weights were found in 

Conoserver and are listed in Table 6 below. All 4 of the peptides found were in the O 

superfamily, specifically in O1. While 3 of them were isolated from vermivorous cone 
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snails, 1 was isolated from a molluscivorous snail (C. marmoreus). The last two peptides 

in the table are exactly the same, but were found in two different cone snails. 

Table 6. Conoserver search results for conopeptides with similar MW to PF B (3079 Da). 

Name Cone Snail MW 
(Da) Sequence 

MaIr193 C. 
marmoreous 3067.29 CRPPGMVCGFPKPGPYCCSGWCFAVCLPV 

Conotoxin-
1 C. vexillum 3077.14 DCGEQGQGCYTRPCCPGLHCAAGATGGGSCQP 

ViKr92 C. virgo 3081.29 GCLDPGYFCGTPFLGAYCCGGICLIVCIET 
Ge6.1 C. generalis 3081.29 GCLDPGYFCGTPFLGAYCCGGICLIVCIET 

 
Based on these results, the molecular weight of PF B indicates that it may be in the O1 

family of conotoxins. The results also indicate that it may have about 30-32 amino acids 

in its sequence. Based on molecular weight alone, though, it is impossible to determine a 

possible sequence for this peptide. 

 For PF C (1885 Da), 3 sequences were found in Conoserver that had similar 

molecular weights. Again, two of them were exactly the same, found in two different 

cone snails (an A superfamily peptide). The remaining peptide was an M superfamily 

peptide from C. litteratus. All of these peptides came from worm-hunting cone snails. 

They are listed in Table 7 below. From these results, it can be seen that the Conoserver 

database does not have any peptides with identical or extremely close molecular weight 

to PF C. The two different sequences it returned where, however, from superfamilies in 

which other peptides previously characterized by this laboratory have isolated from C. 

brunneus. Therefore, the results did show some possibility that PF C may be in the A or 

M superfamily. However, again, with molecular weight data alone, the sequence of PF C 

was not able to be determined. 
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Table 7. Conoserver search results for conopeptides with similar MW to PF C (1885 Da). 
Name Cone Snail MW (Da) Sequence 

Sa1.8 C. 
sanguinolentus 1874.68 QSCCSTPPCALLYMEMC 

Li1.27 C. lividus 1874.68 QSCCSTPPCALLYMEMC 
LtIIID C. litteratus 1876.51 CCDWEWCDELCSCCW 

 
 For PF D, two sets of searches were done, one for PF D (2993 Da) and one for PF 

D (2621 Da). In the search for PF D (2993 Da), 2 different peptides were found in 

Conoserver with similar molecular weights, shown in Table 8 below. These also came 

from worm-hunting cone snails, and both were O1 superfamily members. Meanwhile, for 

PF D (2621 Da), 3 distinct conopeptides with similar molecular weights were found, 

shown in Table 8 below. This time, 2 of them were from worm-hunters, and 1 was from 

the molluscivorous C. textile. The peptide from C. distans was in the O superfamily, and 

the one from C. pulicarius was in the P superfamily. 

Table 8. Conoserver search results for conopeptides with similar MW to PF D (2993 Da). 
Name Cone Snail MW (Da) Sequence 
Ar6.7 C. arenatus 2984.20 QCLPPLHWCNMVDDECCHFCVLLACV 
Ac6.2 C. quercinus 2980.16 DCQDSGVVCGFPKPEPHCCSGWCLFVCA 

 
In this case, again, neither of the two peptides that were returned by Conoserver were 

extremely close in molecular weight to PF D (2993 Da). Therefore, not much information 

could be drawn from this search, except that it may be possible that this conopeptide 

could belong to the O superfamily. However, as shown in Table 9 below, two of the 

results that were obtained for PF D (2621 Da) were very similar in molecular weight 

(Di6.14 and Pu9.3), suggesting that the 2621-Da conopeptide might be in either the O or 

P superfamily. Still, the superfamily could not definitively be determined without a closer 

molecular weight match. 
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Table 9. Conoserver search results for conopeptides with similar MW to PF D (2621 Da). 
Name Cone Snail MW (Da) Sequence 
Tx4 C. textile 2610.99 HDSDCCGHLCCAGITCQFTYIPCK 

Di6.14 C. distans 2616.00 CLGFGEACLMLYSDCCSYCVGAVCL 
Pu9.3 C. pulicarius 2615.89 AGCGGHCLDNSFCPPACSDCSEIYAC 

 
 Finally, in the case of PF E, in which the fraction contained one conopeptide that 

was not identified using previous data by this laboratory, a Conoserver search was done 

using the molecular weight of the unidentified peptide (1554 Da). Two peptides were 

found in the search. One was an M conotoxin from C. litteratus, and one was an A 

conotoxin from C. quercinus. Both snails are vermivorous. The conopeptides are listed 

below in Table 10. As can be seen in the table, both sequences that were found were very 

similar in molecular weight to PF E (1554 Da). Based on this, the results suggested that 

this PF E peptide may have been either an A or M conotoxin. Since another M conotoxin 

of similar molecular weight from C. brunneus has already been characterized by this 

laboratory (bru3b; 1746 Da), it might be more probable that PF E was an M conotoxin. 

However, again, like the other Conoserver-based search results, the superfamily of the 

peptides could only be guessed at, and the sequence could not be determined at all from 

molecular weight alone. 

Table 10. Conoserver search results for conopeptides with similar MW to PF E        
(1554 Da). 

Name Cone Snail MW (Da) Sequence 
LtIIIC C. litteratus 1556.43 CCISPACHEECYCC 
Qc1.11 C. quercinus 1556.53 GCCSHPACAGNNPDIC 
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3.2. Glutamate excitotoxicity stroke-related model 

3.2.1. ATP assays – primary rat embryonic neuronal cell culture 

 In general, the primary rat neuronal cell cultures were tested, as described above, 

in the stroke-related model of induced glutamate excitotoxicity. Several factors may have 

influenced the luminescence readings, including temperature fluctuations, uneven plating 

of cells, edge effects, uneven mixing, and general plate reader error. While efforts were 

made to minimize the impact of these factors on assay results, some error may have 

occurred. The details of several of the assays are outlined in more depth below, along 

with the results, shown in Figures 31-34. (All of the peptide fraction concentrations 

shown below are approximations and were determined using a NanoDrop as described 

above.) 

 The results of the first assay that was carried out are shown below in Figure 31. In 

this test, only taurine (Tau) and two of the conopeptide fractions were compared for their 

relative neuroprotective effects; glutamate (Glu) only controls were not done in this 

assay. However, Tau only, peptide fraction only, and cells only controls were done. Also, 

in this assay, cells which were exposed to more than one test compound (Tau + Glu, or 

peptide fraction + Glu) were simultaneously treated with them, rather than undergoing 

pre-treatment. All treated cells were exposed to the test compound(s) for 4 hours. 
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Figure 31. Comparison of the effects of conopeptide fractions A and B vs. taurine on rat 

primary neuronal cells under induced glutamate excitotoxicity. The approximate peptide 

fraction concentrations were: PF A (29.720 µg/mL), PF A (100X diluted: 0.2972 µg/mL), 

PF B (1.9444 µg/mL), and PF B (100X diluted: 0.0194 µg/mL). All the results shown are 

from wells that contained cells, except where noted (n=3). 

As can be seen in the results of the first ATP assay on primary neuronal cells in Figure 

31, in the case of the positive control (Tau), as well as PF A + Glu and PF B + Glu, cell 

viability was even higher (although with large error) than the untreated cells. 

Additionally, the 100X diluted PF B showed greater cell viability than untreated cells, 

showing that even a ng/mL concentration of PF B may have some neuroprotective effect 

against Glu; however, PF A did not show as much neuroprotective activity at ng/mL 

concentration. Also shown in this assay was the fact that PF A and PF B (without cells) 

do not affect the luminescence reading during the assay. Interestingly, it also shows that 
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when PF A or PF B alone were incubated with cells, the cells did not survive as well as 

untreated cells. Overall, from this assay, it was determined that both PF A and PF B 

showed promise as potential neuroprotective agents, and further testing with them was 

planned. 

 The next assay that was carried out was designed to optimize the negative (Glu) 

and positive (Tau) controls. These tests included a series of glutamate only test wells to 

observe the effects of glutamate alone in the primary neuronal cells. Additionally, several 

concentrations of taurine only test wells were used, as well as a couple of wells with Tau 

+ Glu (simultaneous treatment). The results are shown in Figure 32 below. 

 

Figure 32. ATP assay of Tau and Glu controls in primary neuronal cells. All the results 

shown are from wells that contained cells, except where noted (n=3). 
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As shown in Figure 32 above, the untreated cells gave the highest level of cell viability in 

this assay. Meanwhile, this assay also showed that wells containing only culture medium 

gave insignificant luminescence values, so that this could be ruled out as a source of 

interference in the measurements. There was somewhat of a concentration-dependent 

level of cell killing by Glu in this assay, in which the general trend was that as Glu 

concentration increased (including error), the cell viability decreased as expected. 

Additionally, as Tau concentration increased (from 10 mM to 125 mM), the cell viability 

increased. Moreover, in the Tau + Glu tests, as Glu concentration increased, the degree to 

which the Tau aided cell survival gradually decreased from about 90% to about 55% at 

the usual level of Glu only. And, including error, as Tau concentration increased, its 

ability to counteract the Glu increased as well. Thus, the results of this assay were very 

promising and allowed determination of the range of useful concentrations of the controls 

to use in future assays. 

 In a later set of tests, peptide fractions A (2533 Da), B (3079 Da), C (1885 Da), 

and D (2993 Da, 2621 Da) were tested for their neuroprotective effects against induced 

glutamate excitotoxicity. Again, in this assay, cells which were exposed to more than one 

test compound (Glu or peptide fraction) were simultaneously treated with them for 4 

hours, rather than undergoing pre-treatment. Taurine was not used as a positive control in 

this assay. The results in Figure 33 below show that the Glu negative controls were 

somewhat concentration-dependent, including error bars, but did not show a truly gradual 

decrease in cell viability with increasing Glu concentration. However, many of the cells 

that were tested with peptide fraction (with or without Glu) gave a clearly higher level of 
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cell survival than did those treated with Glu alone. Interestingly, again, as seen in earlier 

ATP assays, the viability of the cells where both peptide fraction + Glu were present, 

there was greater cell survival than with peptide fraction alone. The peptide fractions that 

showed the most promising neuroprotective activity in this particular assay were PF A, 

PF B, and PF D, which all gave improved cell survival against Glu. Even at nM-

concentrations PF B and PF D showed promising neuroprotective ability. It may be noted 

that some of the diluted peptide fractions gave a visibly greater level of cell viability than 

did their more concentrated counterparts, which may have been due to human error or to 

the variability of the luminescence reader. 

 

Figure 33. Summary of the ATP assay results for Tau and peptide fractions A-D 

neuroprotective activity against glutamate insult in primary neuronal cells. The 

approximate concentrations of the peptide fractions were: A (26.75 µg/mL), B (1.75 

µg/mL), C (1.75 µg/mL), D (0.75 µg/mL); and, diluted peptide fractions: A (10X diluted: 
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2.675 µg/mL), B (10X diluted: 0.175 µg/mL), C (10X diluted: 0.175 µg/mL), and D 

(10X diluted: 0.075 µg/mL) All the results shown are from wells that contained cells 

(n=3). 

 After the first few ATP assays, several attempts were made to improve the 

positive and negative control results and reproducibility to observe steadier and more 

reproducible concentration dependence for cell killing with Glu. For this reason, only one 

more set of assays was done with the primary cell cultures in which all six peptide 

fractions were tested. In this set of experiments, cells exposed to more than one test 

compound (Tau + Glu, or peptide fraction + Glu) were pre-treated with Tau or peptide 

fraction for 1 hour before exposure to Glu for 4 hours. The results of these experiments 

are shown in Figure 34. As can be seen, the Glu controls did not behave as expected, with 

an increase in cell viability as the concentration of Glu increased. Additionally, Tau did 

not seem to save the cells treated Glu (10 µM), but it did seem to save the cells that were 

treated with Glu (100 µM). Moreover, a similar pattern was observed with the peptide 

fractions used to pre-treat cells. In fact, in the 100 µM Glu-treated cells, all six peptide 

fractions showed promising neuroprotective activity versus the Glu-only treated cells. 
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Figure 34. Summary of assay results of Tau and peptide fractions A-F. The approximate 

concentrations of the peptide fractions were: A (13.375 µg/mL), B (0.875 µg/mL), C 

(0.875 µg/mL), D (0.375 µg/mL), E (0.500 µg/mL), and F (5.625 µg/mL) neuroprotective 

activity against glutamate insult in primary, with Tau only and Glu only controls. All the 

results shown are from wells that contained cells (n=3). 

3.2.2. ATP assays – PC12 cell culture 

 In addition to carrying out ATP assays on the primary neuronal cell cultures from 

rat embryonic brain cells, similar testing was done using PC12 rat pheochromocytoma 

cells. These ATP assays were carried out as described above, and with the same possible 

sources of error. Below in Figures 35-38 are several of the preliminary results obtained 

from the PC12 ATP assays, with a few details specific to each one. 

 In the first couple of rounds of testing, the goal was to determine optimum 

concentrations to use for the positive (Tau) and negative (Glu) controls again, as was 
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done for the primary cells. As shown below in Figure 35, PC12 cells were tested with a 

range of concentrations of Glu in the presence or absence of Tau, with a pre-treatment 

time of between 12 or 24 hours. Between 10 and 20 mM Glu, there was about 50 % cell 

death. However, the concentration of Tau that was used was clearly not high enough to 

counteract the Glu, even at 24 hours of pre-treatment with Tau. 

 

Figure 35. ATP assay of Tau and Glu controls in PC12 cells. The concentration of Tau 

was 10 mM. All the results shown are from wells that contained undifferentiated PC12 

cells (2.8 X 105 cells/well). 

 After this first assay, it was clear that further testing was needed to more 

accurately determine the optimum concentration and pre-treatment time of Tau to use as 

a positive control, so that another series of tests were run in which Tau pre-treatment was 

done for 1 hour, 2 hours, 6 hours, or 12 hours. These results are shown below in Figure 

36. The best results were observed for Tau pre-treatment time of 6 hours, with a 

concentration range of 10 mM Tau to 100 mM Tau yielding the highest luminescence 
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values (and thus cell viability). On the other hand, for the cells treated with Tau for 1 

hour, as concentration of Tau increased, cell viability decreased, and a similar pattern was 

observed for 2-hour exposure to Tau. The results for 12-hour exposure to Tau showed a 

fairly concentration-independent luminescence output, with only the 50 mM Tau giving a 

luminescent signal close to that of 6-hour exposure. 

 

Figure 36. ATP assay to determine the optimum concentration and pre-treatment time of 

Tau for future use as the positive control in PC12 cell tests (n=3). All the results shown 

are from wells that contained undifferentiated PC12 cells (2.8 X 105 cells/well). 

To view the same results in a different way, each set of results for each exposure time 

was calculated as a percentage of the 1 mM Tau results for that exposure time in Figure 

37. In this way, it can be seen that, again exposure to Tau for 1 to 2 hours resulted in 

lower cell viability, while exposure for 12 hours gave much better cell viability (even 

higher than the 6-hour exposure at 50 mM Tau), but that again 6 hours exposure 

generally gave the highest cell viability. 
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Figure 37. ATP assay to determine the optimum concentration and pre-treatment time of 

Tau for future use as the positive control in PC12 cell tests, in terms of cell viability 

(n=3). All the results shown are from wells that contained undifferentiated PC12 cells 

(2.8 X 105 cells/well). 

 Finally, one set of ATP assays was done using peptide fractions to test for their 

neuroprotective activity against induce glutamate excitotoxicity in PC12 cells. This time, 

all six peptide fractions were tested, including PF A (2533 Da), PF B (3079 Da), PF C 

(1885 Da), PF D (2993 Da; 2621 Da), PF E (2357 Da; 1554 Da), and PF F (2127 Da). In 

peptide fraction tests, the cells were pre-treated with peptide for 6 hours, followed by 

exposure to Glu (10 mM) for 6 hours; Tau only cells were treated with Tau for 6 hours as 

well. The results of this set of ATP assays are shown below in Figure 38. The Tau 

positive controls and the Glu negative controls did not give results as expected. As Tau 

concentration increased, cell viability should also have increased, but instead decreased; 

moreover, as the Glu concentration increased, cell viability should have decreased, but 

0

20

40

60

80

100

120

140

1 mM 10 mM 25 mM 50 mM 100 mM

Ce
ll 

vi
ab

ili
ty

 (%
 o

f 1
 m

M
 tr

ea
te

d 
ce

lls
) 

1 h Tau exposure

2 h Tau exposure

6 h Tau exposure

12 h Tau exposure

64 
 



instead increased. Therefore, the results obtained for the peptide test fractions could not 

be conclusively interpreted; however, it did seem that some of the peptide fractions (PF A 

and PF B) may have shown some potential at counteracting glutamate excitotoxicity in 

PC12 cells. 

 

Figure 38. ATP assay of peptide fractions against glutamate insult in PC12 cells. For all 

of the peptide fraction tests, Glu (10 mM) was used. The peptide fraction concentrations 

were: PF A (53.50 µg/mL), PF B (3.50 µg/mL), PF C (3.50 µg/mL), PF D (1.50 µg/mL), 

PF E (2.0 µg/mL), and PF F (22.5 µg/mL). All the results shown are from wells that 

contained undifferentiated PC12 cells (2.8 X 105 cells/well) (n=3). 

3.2.3. Western blot analysis 

 Several pro-survival and pro-apoptosis protein levels were also examined in this 

stroke-related model of induced glutamate excitotoxicity, using Western blot analysis as 

described above. A few of the Western blot results are shown below in Figures 39 and 40. 
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For each of them, the concentrations of peptide fractions used were the same: PF A 

(12.159 µg/mL), PF B (0.795 µg/mL), PF C (0.795 µg/mL), PF D (0.341 µg/mL), PF E 

(0.455 µg/mL), and PF F (5.114 µg/mL). The concentration of Glu used was 300 µM. 

Cells were pre-treated with peptide for 4 hours, followed by Glu exposure for 4 hours. 

 Below in Figure 39 is a Western blot, using PC12 cells, in which the levels of the 

anti-apoptotic Bcl-2 and Akt were tested. In addition, GAPDH (the enzyme used in the 

6th step of glycolysis) was used as an internal control. The GAPDH level was about the 

same for all of the treated cells; however, it seemed to be highest for PF A and lowest for 

PF D, which was closest to the level in untreated cells. The level of Akt was also 

noticeably much higher in the case of PF A, but for all of the other peptide fractions, it 

was about the same, or even lower (PF D) than in the case of Glu (negative control). At 

the same time, the Bcl-2, while not very clear, did seem to show increased levels of 

expression in cells treated with PF A, PF B, PF C, and PF F, with the highest density 

apparently for PF F. 

 

Figure 39. Western blot of the pro-survival markers Akt and Bcl-2 in PC12 cells pre-

treated with peptide fractions and exposed to Glu. 
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 Western blot analysis was also done using primary neuronal cells in a similar 

fashion. All of the test conditions were the same as those for the PC12 cells described 

above. In the two sets of results shown below in Figure 40, the anti-apoptotic Bcl-2 was 

again tested, along with caspase-12 (pro-apoptotic), calpain (pro-apoptotic Ca2+-

dependent protease) [94], GRP78 (ER chaperone upregulated during UPR), and GAPDH 

(again used as an internal control). 

 
A 

 
B 

Figure 40. Western blot of several markers of ER stress and apoptosis in rat primary 

neuronal cells pre-treated with peptide fractions and exposed to Glu. A) Pro-survival Bcl-

2, and pro-apoptotic calpain and caspase-12. B) GAPDH internal control and UPR-

upregulated ER chaperone GRP78. 
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In Figure 40A, it was observed again as in the PC12 cells above, that the Bcl-2 signal was 

not very clear at all; however, a higher density did seem to be there for PF F. A much 

clearer result was seen for caspase-12, which was significantly lower for PF A and PF D 

versus Glu. Meanwhile, the level of calpain seemed to be highest for PF B and PF C 

(which also contained higher levels of caspase-12), and was lowest for PF D. In Figure 

40B, GRP78 and GAPDH expression appeared to be very similar for all of the test 

conditions. Overall, these results indicated that PF A, PF D, and PF F may have some 

possible neuroprotective effect. 
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4. CONCLUSIONS 

 To summarize, 6 peptide fractions were isolated from C. brunneus, a vermivorous 

marine cone snail. Molecular weight data was obtained for all of the peptides, and NMR 

data was obtained for three of the peptides (PF A, PF C, and PF F). Three peptides were 

identified based on previous data obtained by this laboratory. These were bru9a (PF A; 

2533 Da), bru3a (PF F; 2127 Da), and an α-conotoxin (PF E; 2357 Da). The identity of 

bru9a was confirmed by nearly identical NMR data to that obtained previously in this 

laboratory, while bru3a and the α-conotoxin were identified based on molecular weight. 

Meanwhile, 5 of the peptides were not identified. 

 Overall, the biological testing with the peptide fractions in rat primary neuronal 

cells and PC12 cells gave a very preliminary view of possible neuroprotective activity of 

some of the peptide fractions against induced glutamate excitotoxicity. However, a major 

problem with the ATP assays was that the Glu (negative) and Tau (positive) controls 

were never quite standardized, so that many of the results obtained were inconclusive. 

Several approaches were attempted to try to solve this issue, including standardizing the 

number of cells/well more precisely and very carefully controlling the concentrations of 

compounds in the medium. It may have been possible that some of the cells present in the 

well-plates were simply insensitive to Glu excitotoxicity, and so, did not give 

concentration-dependent results as expected. Additionally, it may have sometimes been 

the case that incubation times were not optimized to be able to observe cell death (via
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long-term ER stress-induced apoptosis), but rather the pro-survival initial phase of the 

UPR. 

 On the other hand, the results obtained from the Western blot analysis were more 

promising in that they were fairly consistent for each individual peptide fraction, so that it 

could be concluded that PF A, PF D, and PF F may have more neuroprotective potential 

than the other peptides. This would be an extremely exciting finding, since the molecular 

target of PF A (bru9a, the most abundant conotoxin found in C. brunneus venom), as well 

as PF F (bru3a) and possibly the unidentified PF D, have never been determined. Their 

potential as inhibitors of Glu-induced excitotoxicity suggests that they may act as 

antagonists of an important receptor or receptors in that process, such as a Glu receptor or 

Ca2+ receptor. 

 One factor to take into consideration in future research will be the concentration 

of peptide fractions. For all of the assays done in the current study, the relative levels of 

peptide fractions used in testing were not standardized; instead, they were used as 

isolated from the venom, in an effort to simulate most closely the activity of the 

components of the cone snail venom at their physiological levels in nature. In the future, 

a range of standardized concentrations of the isolated peptides should be tested. In 

conclusion, more research will be required to structurally characterize the isolated 

peptides more thoroughly and to more conclusively determine the extent and mode of 

action of their potential neuroprotective agency against induced glutamate excitotoxicity 

in this stroke-related model. 
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