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Talwar S and Lynch JW. 2014. Phosphorylation mediated structural and functional changes in pentameric ligand-gated ion channels: Implications for drug discovery. The International Journal of Biochemistry & Cell Biology. 53: 218-223.

A great review and introduction to most ligand-gated ion channels. This review focuses on pentameric LGICs, so unfortunately it does not mention glutamate receptors, which are tetramers. The review does introduce the general structure of pentameric LGICs, as well as ‘inappropriate phosphorylation’ of these channels. Phosphorylation of pLGICs (GABAA, glycine, ACh nicotinic channels, etc.) typically happens on the intracellular loop M3-M4 by protein kinase A, B, or C. Inappropriate phosphorylation of these channels has been implicated in chronic pain induction (α3 GlyRs), alcoholism (GABAA/ρ), and nicotinic addiction (nAChRs), amongst other disorders. Possible new therapeutic drugs for these symptoms would be ones that focus on binding to the phosphorylated channel and offset the phosphorylated channel-conformation.

AMPA
Rosenmund C et al. 1998. The Tetrameric Structure of a Glutamate Receptor Channel. Science. 280: 1596-1599.
This is a landmark study presented by one of our group members. This study introduced the notion that AMPA channel receptors are actually tetramers and not pentamers, which used to be the common belief. Rosenmund et al. transfected AMPAR GluR3flip onto the HEK cell line, and used outside-out patch-clamp technique. They perfused the AMPARs with a high-affinity antagonist, CNQX, followed by an agonist, quisqualate. The use of CNQX would allow for the agonist to bind slowly enough to exhibit different conductance states of AMPA. Under voltage clamp (-160 mV), once AMPA perfusion switched from NBQX to Quis, four different currents (and therefore, conductance states) were observed. These four conductance states indicated four binding sites, yielding the theory that AMPA, and other glutamate receptors, are tetramers, not pentamers. 
α7 nAChR
Palma E et al. 1998. Effects of Zn2+ in wild and mutant neuronal α7 nicotinic receptors. PNAS. 95: 10264-10250. 

This was the article which I presented. The study shows interaction of Zn2+ with the α7 acetylcholine nicotinic receptor and its mutant variant (α7 nAChR and L247Tα7 nAChR, respectively). When Zn2+ was applied to WTα7, inward currents produced by ACh were inhibited. This inhibition increased along with the concentration of Zn2+, until inward currents were completely blocked at about 10 mM of Zn2+. The effect of Zn2+ was voltage-independent, and could only be caused when Zn2+ was pretreated onto the channel for 20-30 seconds before the application of ACh. 

When applied onto the L247Tα7 channel, Zn2+, interestingly enough, produced its own outward current followed by a sharp inward current with Zn2+ removal. Even more interesting is that it was found that low concentrations of Zn2+ (10 fM to 10 nM) produced inward currents, and higher concentrations (>10 nM) blocked the currents of the mutant channel.

Gill JK et al. 2011. Agonist activation of α7 nicotinic acetylcholine receptors via an allosteric transmembrane site. PNAS. 108: 5867-5872.
A great supplementary article to Palma et al. This article takes a look into ACh, as well as two positive allosteric modulators (PAMs), TQS and 4BP-TQS, and how these agonists affect depolarizing currents and desensitization of the α7 nAChR. TQS, when acting with ACh, potentiated inward currents and decreased current desensitization which is normally seen with ACh. 4BP-TQS was able to activate α7 independently, and also decreased current desensitization. 
When testing different α7 mutants, with mutations near the ligand site and the allosteric agonist-binding site (W148F, M253L, and L247T, respectively) it was concluded that ACh and 4BP-TQS act on different sites of the channel: orthosteric (ligand site) and allosteric. This is especially interesting to think about when looking back at how Zn2+ activates α7 nAChRs, and can be concluded that it acts near site 247, much like 4BP-TQS acts near site 253.  
Young GT et al. 2008. Potentiation of α7 nicotinic acetylcholine receptors via an allosteric transmembrane site. PNAS. 105: 14686-14691.

This is another good article to go along with the Palma et al. and the Gill et al. studies. Two PAMs, PNU-120596 and LY-2087101, were able to increase inward currents when applied with ACh onto α7 nAChRs. PNU, unlike LY, was able to decrease α7 current desensitization. By utilizing chimera receptors, one part α7 and the other part 5-HT3A, it was observed that PNU and LY did not potentiate ACh currents when applied to channels with the transmembrane regions replaced with 5-HT3A’s amino acids. This indicates that the transmembrane (TM1-4) region of α7 is important for activation of PNU and LY. With the presence of mutations A225D (TM1) and M253L (TM2), the potentiating effect of PNU and LY were diminished. The transmembrane domain spanning amino acids ~220-260 is again shown to be a critical site for the activity of PAMs, including PNU, LY, 4BP-TQS, and Zn2+.
GABAA

Dixon C et al. 2014. GABAA Receptor α and γ Subunits Shape Synaptic Currents via Different Mechanisms. Journal of Biological Chemistry. 289: 5399-5411.

This is an extensive, yet extremely informative study presented by a member of our group. Dixon et al. looked at subunit composition of GABAARs (which consists of two α, two β, and one γ subunits), specifically looking at differences in rise and decay times of GABA currents in channels with subunits α (1 and 2) and γ (1 and 2).  The IPSCs produced by activating GABAAR with GABA were deactivated much slower in the presence of an α2 subunit, rather than an α1. This indicated that α2 had a higher affinity for GABA than α1. The presence of either or both γ1 and γ2 subunits results in slower-activation and deactivation of IPSCs, as well. 

Dixon et al. were able to transfect GABA subunits onto HEK239 cells and form successful synapses for electrophysiology. It’s interesting to know that non-neuronal cells have artificial synapses, which allows for easier electrophysiological techniques since there would only be one transfected GABAAR type. These ‘artificial synapses’ produced on HEK239 cells and Xenopus oocytes have been used for data-acquisition of the majority of the studies in this bibliography. 
Gao L and Greenfield LJ. 2005. Activation of protein kinase C reduces benzodiazepine potency at GABAA receptors in NT2-N neurons. Neuropharmacology. 48: 333-342.
This study attempted to answer how phosphorylation of GABAA by protein kinase c (PKC) affects GABA currents and the channel’s interaction with benzodiazepines. The application of PDBu (a PKC activator) on NT2-N neuronal cell line caused no effect on the current, the concentration-response curve, nor the reversal potential of GABAAR. PDBu also altered GABAAR sensitivity to pentobarbital. However, when cells were treated for 7-days with benzodiazepine (BZ), GABAA​R became significantly less sensitive to the potentiating effects of BZ. Furthermore, when PDBu was applied, this GABA​AR’s became even less sensitive. 
Brussaard AB et al. 2000. Progesterone-metabolite prevents protein kinase C-dependent modulation of γ-aminobutyric acid type A receptors in oxytocin neurons. PNAS. 97: 3625-3630. 
This study looks at how oxytocin (OT), from the supraoptic nucleus (SON), affects GABA currents in pregnant rats. The presence of OT would suppress GABA spontaneous inhibitory post-synaptic currents (sIPSCs). It was theorized, and later confirmed, that this sIPSC suppression is due to PKC, which is activated through the metabotropic OTR. Phorbol ester TPA, a PKC activator, was able to suppress sIPSCs just like OT, confirming that PKC phosphorylation of GABAA​, or another unknown protein, suppresses GABA currents. 

When the SON cells were pretreated with progesterone metabolite allopregnanolone (3α-OH-DHP) (which binds to GABAA allosterically), subsequent application of OT or TPA did not suppress GABA sIPSCs in juvenile and pregnant rats. Rats which have gone through parturition the previous day, however, had their GABA currents suppressed in the presence of OT, TPA, and 3α-OH-DHP. This shows that 3α-OH-DHP either suppresses PKC phosphorylation or prevents its allosteric effects on GABAA, except for during parturition. It is interesting to think about the latter factor, since OT levels in mothers rise dramatically after giving birth. Perhaps it was the high levels of OT that prevented the activity of 3α-OH-DHP?
α3 GlyR
Harvey RJ et al. 2004. GlyR α3: An Essential Target for Spinal PGE2​-Mediated Inflammatory Pain Sensitization. Science. 304: 884-887.

This was the first study to showcase that pain sensitization occurs through the inhibition of α3 GlyRs. It was first found that α3 was predominantly expressed in the lamina II of the dorsal horn, where most nociceptive neurons terminate. Because α3 is heavily expressed in this area, and because prostaglandin E2 (PGE2) (a key mediator in pain sensitization) was known to inhibit glycine transmission via adenylyl cyclase and PKA, it was concluded that PGE2 ​indirectly inhibits α3, and therefore disinhibits nociceptive firing in this region of the spine. By using the mutants Glar3-/- and S346A, Harvey et al. determined that PGE2 induces pain sensitization by acting on α3 GlyRs, and that a step in this mechanism is the intracellular phosphorylation of serine on position 346, respectively.  
Han L et al. 2013. Phosphorylation of α3 Glycine Receptors Induces a Conformational Change in the Glycine-Binding Site. ACS Chemical Neuroscience. 4: 1361-1370.  

This is a more in-depth look at the proposed mechanism of how chronic inflammation/increase in pain sensitivity is attributed to α3 GlyRs on nociceptive neurons of the spine. The concept of phosphorylating α3GlyRs in the spine, which would lead to a blockage of hyperpolarizing chloride-current, and therefore would disinhibit the nociceptive neurons leading to a higher sensitivity of pain, was described in the Talwar and Lynch review and the Harvey et al. study above. By using voltage-clamp fluorometry (VCF) on HEK239 and Xenopus oocytes, this study found that phosphorylation occurs on these channels on the M3-M4 intracellular loop, specifically on serine 346 (S346) residue. The phosphorylation of S346 leads to an overall change in the structure of the α3 GlyR, especially nearby the ligand-binding region of glycine (N203), thereby blocking channel-opening and inhibition of the nociceptive neurons. It would be interesting to next see whether in vivo phosphorylation of the α3 GlyRs exhibits the same mechanism within the nociceptive neurons of the spine.
Websites
https://www.youtube.com/watch?v=DIYQCyzuwEg
A comprehensive, yet easy to understand review video of nicotinic acetylcholine receptors. Topics of this video range from localization, channel structure, mechanisms of channel opening, channel activation, and the theory behind channel desensitization.  
http://www.tocris.com/pharmacologicalBrowser.php?ItemId=187839#.VA51wPmwKSq
This site the six major categories of ligand-gated ion channels: 5-HT3, nicotinic acetylcholine, GABAA​/C, glutamate, glycine, and purinergic (P2X) receptors. Clicking on each category provides a brief insight on the channel’s structure, function, localization, as well as a comprehensive list of agonists, antagonists, modulators, and ligands.
http://www.els.net/WileyCDA/ElsArticle/refId-a0021386.html
This site provides information which I found helpful for learning about VCF, a technique which was heavily used in the Han et al. study.   

http://www.thebarrow.org/Research/Receptor_Biology/Chang_Lab/BNIV2_M137879
The Chang lab focuses on LGIC receptor structure and function, with a current focus on their cys-loop receptors. This lab’s webpage provides previous publications which covers α7, α5 nAChRs, GABAARs, and ρ1 GABACR.  
http://ocw.mit.edu/ans7870/SP/SP.236/S09/lecturenotes/drugchart.htm
A very good list of the multitude of drugs and their effects on ligand-gated ion channels, as well as voltage-gated ionotrophic receptors, G-protein coupled receptors, etc. I used this site to reference the drugs being used in some of the above studies. 
http://www2.montana.edu/cftr/ionchannelprimers/beginners4.htm
A sort of encyclopedia of all things LGICs (intracellular and extracellular), voltage gated channels, and miscellaneous factors. It’s very dense and without any visuals, but otherwise this is a great and complete website for information and referencing. 
http://www.ncbi.nlm.nih.gov/gene/
The NCBI Gene site provides a great resource for all things genetics. Good descriptions of Glar3-/- which was used in the Harvey et al. study.
http://courses.washington.edu/conj/membrane/transport.htm
An overview of different mechanisms of membrane transport including ligand-channels and principles of diffusion. 
http://www.guidetopharmacology.org/LGICNomenclature.jsp
These are recommendations made by the International Union of Basic and Clinical Pharmacology to change the nomenclature-naming system of LGIC subunits. Provides a nice table of old nomenclature, HUGO nomenclature, and proposed revised nomenclature for NMDA, AMPA, and kainite receptors. 
http://stahlonline.cambridge.org/essential_4th_chapter.jsf?page=chapter3_summary.htm&name=Chapter%203&title=Summary
Another good look at subunit composition, overall structure of LGICs, and different types of agonists and antagonists. Provides great visuals throughout. 
