

[image: image1]
Utilizing GCaMP transgenic mice to monitor endogenous Gq/11-coupled receptors










	
	REVIEW ARTICLE
published: 09 March 2015
doi: 10.3389/fphar.2015.00042
	[image: image1]





Utilizing GCaMP transgenic mice to monitor endogenous Gq/11-coupled receptors

John G. Partridge1,2*


1Department of Pharmacology and Physiology, Georgetown University School of Medicine, Washington, DC, USA

2Interdisciplinary Program in Neuroscience, Georgetown University School of Medicine, Washington, DC, USA

* Correspondence: John G. Partridge, Department of Pharmacology and Physiology, Georgetown University School of Medicine, Basic Science Building, Room 235, 3900 Reservoir Road, Washington, DC 20007, USA e-mail: jp374@georgetown.edu



Edited by:
Dominique Massotte, Institut des Neurosciences Cellulaires et Intégratives, France

Reviewed by:
Andrzej Pilc, Polish Academy of Sciences, Poland
 Loren L. Looger, Howard Hughes Medical Institute, USA

The family of GCaMPs are engineered proteins that contain Ca2+ binding motifs within a circularly permutated variant of the Aequorea Victoria green fluorescent protein (cp-GFP). The rapidly advancing field of utilizing GCaMP reporter constructs represents a major step forward in our ability to monitor intracellular Ca2+ dynamics. With the use of these genetically encoded Ca2+ sensors, investigators have studied activation of endogenous Gq types of G protein-coupled receptors (GPCRs) and subsequent rises in intracellular calcium. Escalations in intracellular Ca2+ from GPCR activation can be faithfully monitored in space and time as an increase in fluorescent emission from these proteins. Further, transgenic mice are now commercially available that express GCaMPs in a Cre recombinase dependent fashion. These GCaMP reporter mice can be bred to distinct Cre recombinase driver mice to direct expression of this sensor in unique populations of cells. Concerning the central nervous system (CNS), sources of calcium influx, including those arising from Gq activation can be observed in targeted cell types like neurons or astrocytes. This powerful genetic method allows simultaneous monitoring of the activity of dozens of cells upon activation of endogenous Gq-coupled GPCRs. Therefore, in combination with pharmacological tools, this strategy of monitoring GPCR activation is amenable to analysis of orthosteric and allosteric ligands of Gq-coupled receptors in their endogenous environments.
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INTRODUCTION

Guanosine nucleotide-binding proteins (G proteins) are intracellular proteins involved in transmitting signals from outside a cell to the inside of the cell (Oldham and Hamm, 2008). Since their initial detection in the 1960’s by Nobel laureates Martin Rodbell and Alfred Gilman, heterotrimeric forms of G proteins (Gα, Gβ and Gγ) have received much consideration in the general fields of pharmacology, biochemistry and neuroscience. This is justified as their interacting, coupled receptors have been an established source of clinically active therapeutics. Several G proteins contain lipid modifications on one or more of their subunits to enable targeting to the plasma membrane while facilitating protein interactions. The precise arrangement and targeting of subunits in heterotrimeric G proteins affects not only which receptor with which it can interact, but also the downstream effector target. This general scheme of extracellular signal transduction has been selected for across evolution and has been repeated in nature abundantly. Built-in flexibilities originating from unique receptors, G-proteins and effectors provide the means to distribute distinct physiological response pathways to external stimuli ranging from photons to complex protein hormones (Katritch et al., 2013).

There are ∼16 genes found in human that encode different forms of Gα which belong to a larger group of enzymes called GTPases. The Gα subunit of heterotrimeic G proteins is highly controlled by factors that influence its ability to bind to guanosine triphosphate (GTP). The GTPase activity of Gα proteins hydrolyze GTP to guanosine diphosphate (GDP). When bound by GTP, Gα is considered in an active state and when bound by GDP, Gα is in a less active state (Limbird, 2004). The time course of the G protein signal is controlled by the duration of the GTP-bound alpha subunit, which can be regulated by RGS (regulators of G protein signaling) proteins, GEFs (guanine nucleotide exchange factors) or by covalent modifications. Gα subunits mediate the signal transduction pathway that initiates from an agonist occupied receptor to numerous intracellular effector proteins. For example, Gα subunits in the Gα family stimulate the production of 3′-5′-cyclic adenosine monophosphate (cAMP) by activation of adenylyl cyclase. Another prominent branch of this family of biological signaling tools includes Gαq.

Gαq and a closely related gene Gα11, are broadly expressed and maintain homeostatic processes in digestive, urinary, cardiovascular and central nervous systems (CNS). It is critical to appreciate that activated Gq/11 results in several parallel signaling pathways that include mitogen activated protein kinase (MAPK) and the phosphatidylinositol-3-kinase (PI3K)/AKT pathways. However, the pathway in which GTP bound Gq/11 (as well as some combinations of Gβγ) can stimulate the activity of the effector protein phospholipase Cβ (PLCβ) is the most studied (Wettschureck and Offermanns, 2005). PLCβ hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) to diacyl glycerol (DAG) and inositol trisphosphate (IP3). An increase in intracellular IP3 rapidly gates ionotropic IP3 receptors embedded in membranes of endoplasmic reticulum (ER). IP3 receptor activation results in the flux of calcium ions (Ca2+) from highly concentrated internal ER stores to low concentration intracellular cytoplasmic regions via channel gating (Figure 1). It is this branch of the canonical Gαq/11 signal transduction pathway that will be the focal point of this review.
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FIGURE 1 | Overview of Gq/11-coupled GPCR signal detection by GCaMP sensors. Schematic diagram illustrating the canonical signaling pathway of Gq/11-coupled GPCRs. Heptahelical dimeric receptors bound by agonist can activate the Gq/11 pathway to increase intracellular Ca2+. The signaling intermediaries facilitating Ca2+ elevations include generation of IP3 and DAG from PLC activation, gating of IP3 receptors embedded in the ER and release of intracellular Ca2+ stores. Free Ca2+ can then bind to GCaMP sensors in the cytoplasm, resulting in enhanced fluorescence. Abbreviations: N: amino-terminus C: carboxy-terminus; PLC: phospholipase C; DAG: diacylglycerol, IP3: inositol trisphosphate; ΔF: change in fluorescence.


A vast amount of research has recognized an enormous array of extracellular and intracellular stimuli that dictate changes in the intracellular second messenger Ca2+. The concentration over time profile of this divalent cation has variable functions in nearly every cell type throughout the animal kingdom (Berridge, 2006). Cells devote considerable energy in adjusting and maintaining a steep gradient between intracellular (<1 uM) and extracellular (>1 mM) Ca2+ concentrations. Intracellular calcium signals regulate processes that operate over time ranges varying from milliseconds to days. One general class of calcium mobilizing external stimuli includes agonists acting at Gq/11-coupled receptors. Examples of some G protein-coupled receptors (GPCRs) that preferentially interact with Gq/11 include the group I metabotropic glutamate; M1, M3, and M5 muscarinic acetylcholine; 5-HT2 serotonergic, α1 adrenergic, vasopressin, angiotensin II and histamine H1 receptors among several others.

A great deal of our knowledge base of these receptor subtypes has its origins in the cloning era of these genes. The coding regions of many Gq/11-coupled GPCRs were inserted into recombinant, mammalian directed expression vectors and subsequently driven to be transcribed by strong promotors into a variety of host cells. Some of these expression studies have greatly contributed to our atomic level structural understanding and knowledge of these critical receptor subtypes. Expression strategies have served many other useful purposes including pharmacological profiling, detailed determination of signal transduction pathways as well as site-directed mutagenesis studies of critical amino acids involved in structure, function and ligand binding. However, one caveat with this general paradigm is the issue of over-expression of the receptor.

Does placing too many of the same receptor type bias a signal transduction pathway through mass action relationships? Can over-expression lead to too many spare receptors and lead to aberrant constitutive activity? Questions like these have been addressed and will need to be monitored heading into the future utilizing this set of critical tools and methodologies. Nevertheless, methods examining Gαq/11-coupled GPCRs in their endogenous states, which more closely reflect the natural environment, are becoming sharper and increasingly more available. The focus of this review article will address combining methods and paradigms from the fields of calcium imaging, mouse genetics and pharmacology to uncover endogenous Gαq/11-coupled GPCRs and their responses to acute or sustained stimulation at the molecular and cellular levels.

GENETIC IDENTIFICATION OF CELLS WITH ENDOGENOUS GPCRs

Investigations into the role of endogenous Gq/11-coupled GPCRs in selective cells has become more prevalent using the power of transgenic animals. Temporally and spatially regulated genes can be monitored with fluorescent microscopy in mice by utilizing a DNA recombination system based on Cre recombinase. Cre based systems using P1 bacteriophage Cre recombinase which catalyze the excision of DNA located between flanking loxP sites, has been widely used since its first application in eukaryotic cells and transgenic mice (Sauer, 1987; Novak et al., 2000). Because recombination does not occur between the loxP sites until Cre is introduced, the modifications are termed conditional alterations. It is a conditional situation based on where and when the Cre recombinase gene is expressed. This powerful strategy permits the design of mouse lines with silent genetic manipulations (i.e., the flanking loxP sites) that can be un-silenced by Cre mediated recombination. In the beginning years of the twenty-first century, it became common in many laboratories to breed unique Cre recombinase “driver” mice to a mate carrying a silent flanking loxP mutation. Offspring could be produced that eliminated a coding region of a gene to generate tissue selective knock-out of a gene of interest. More recently, a variant of this general strategy has become popular by placing stop codons in between the loxP sites so as to “report” a gene, rather than eliminate it (Madisen et al., 2010). The usefulness of this technique is enhanced with distinct, commercially available reporter lines of mice (Figure 2). Illustrated in Figure 2 is an example of this latter method that permits fluorescent identification of target cells or tissues that may express a Gq/11-coupled GPCR like neurons in layer five of cortex or striatal projection neurons.
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FIGURE 2 | Genetic identification of cells using cre-lox driver: reporter methods. (A) Mating a gene promotor containing “driver” mouse directed to express cre in a selective fashion to a cre-dependent “reporter” mouse yields offspring which may inherit the driver-reporter combination (red offspring) of genes. Those offspring which do not inherit the combination will not express the identification marker (non-fluorescent offspring). (B) A currently used strategy is to cross a cre driver mouse to a mouse expressing a cre-sensitive element at a ubiquitously expressed locus like rosa26. At this locus is a Stop codon (Stop sign with TGA) flanked by loxP sites (indicated by arrows) designed to be excised by cre recombinase activity allowing expression of genetically encoded fluorescent reporters (red star symbol) in the target cell population. (C) Illustrates a confocal image of a coronal mouse brain section from an animal inheriting the drd1; cre and rosa26; tdTomato genes described above, permitting fluorescent detection of dopamine D1 cells in cortex (left) and striatum (right). (D) Live confocal image of an acute striatal brain slice showing drd2: tdTomato neurons (red, left) and the same section bulk loaded with the calcium sensitive dye Flou-8 (green, center), allowing genetic identification of striatal neurons while imaging calcium (superimposed images, right). See Partridge et al. (2014) for methods. Scale bars in (C) and (D): 100 μm.


A more straightforward genetic alternative to this approach includes the use of mice carrying bacterial artificial chromosome (BAC) transgenes. It is now routine to accurately drive the expression of genetically programmed fluorescent reporters (e.g., eGFP or tdTomato) or Cre recombinase in specific cellular populations with these large (150–350 kbp) transgenes. The GENSAT (Gene Expression Nervous System Atlas) project has used this technology to generate mouse lines with targeted cellular expression of eGFP or Cre recombinase (Gerfen et al., 2013). One advantage that the BAC insertion technology has over earlier transgenic methods is that the longer expanse of DNA encompasses much more non-coding regions containing information to direct the accurate expression of the reporter gene in time and space.

One critical assumption in using these methods is that the transgene insertion does not affect the normal physiology of an animal. However, the largely random chromosomal integration site of the BAC construct could have aberrant side effects on standard gene expression. Further, the large size of the insertion could contain unknown regulatory elements of other genes, again resulting in disruption of native genes. It is generally assumed that these are low probability events. However, in one important example in the recent literature, Kramer et al. (2011) described that Swiss Webster (SW) mice, homozygous for the drd2-eGFP BAC transgene had an altered phenotype (Kramer et al., 2011). However, subsequent manuscripts described the use of alternative background strains and/or reducing the copy number of BAC insertions to help control for possible affects that could lead to misinterpretations of data (Chan et al., 2012; Nelson et al., 2012). Together, all of these studies imply that BAC transgenic mice are extremely valuable tools that can be utilized to advance our understanding of endogenous GPCRs in defined cells. However, the data that results from these animals should be interpreted with the awareness of possible genetic misregulating elements contained in the BAC construct themselves or due to insertion site disruption of native genes.

DETECTION OF CALCIUM IONS WITH DYES OR “GCaMP” VARIANTS

As stated above, changes in intracellular Ca2+ ([Ca2+]i) can represent a fundamental change of state in many cell types. Biological processes ranging from cardiac muscle contraction, insulin secretion, cell adhesion, proliferation or cell death represent cellular and molecular reactions dependent upon [Ca2+]i. Notably, these signals vary with a time course of milliseconds in the case of muscle contraction, to minutes in the case of sustained insulin secretion, to hours or days in some cases of programmed cell death. Therefore, it is critical that the period of time in which [Ca2+]i changes occur, can be reliably monitored in an endogenous environment. By measuring the kinetics of calcium transients, important information can be inferred such as properties of ligand kinetics, receptor reserve and amplification of signaling (Charlton and Vauquelin, 2010).

The rich history of [Ca2+]i detection which dates back to the 1960’s has recently been well reviewed (Grienberger and Konnerth, 2012). Briefly, bioluminescent calcium binding proteins like aequorin, or synthetic compounds like arsenazo III that changed absorbance spectrum with increasing calcium gave way to covalently modified hybrids of calcium chelating agents like EGTA or BAPTA (Shimomura et al., 1962; Brown et al., 1975; Tsien, 1980). This latter group of calcium indicator dyes, including the popular Fura-2, contains a fluorescent chromophore that can be monitored with light detection hardware. Fura-2 can be interchangeably excited with ultraviolet light at 340 nm or 380 nm in wavelength, and the ratio of the emitted light intensity at those two variable excitation wavelengths is directly correlated to the amount of intracellular calcium (Grynkiewicz et al., 1985).

Over the course of the past few decades, improvements in several variants of these fluorescent calcium indicators have been developed that exhibit an increase in fluorescence upon binding Ca2+. Cells can readily absorb membrane permeant acetyloxy-methyl (AM) ester forms of these compounds by adding the dissolved indicator to various types of cell preparations. Endogenous, ubiquitous esterases cleave ester bonds and “trap” the now membrane impermeant Ca2+ sensitive dye intracellularly. The Ca2+ dependent amount of light emitted from these cells is generally measured using fluorescence microscopy, fluorescence microplate assays, or flow cytometry in combination with photon detection. The pharmacological and biophysical properties of these organic dyes have been reviewed (Paredes et al., 2008). One disadvantage of using these synthetic dyes is that they label tissue indiscriminately. For example, if you wish to study astrocytes in the CNS, application of the dye to the tissue will also label neighboring neurons. Further, many synthetic organic Ca2+ probes distribute into the cytosol, mitochondria, and other organelles making the measurements of “intracellular” Ca2+ more difficult to interpret.

During the same time period as synthetic dyes were improving, attempts to develop a genetically encoded [Ca2+]i sensor were being performed. One such attempt has its origins in the use of complementary DNA from the Aequorea victoria green fluorescent protein (GFP) gene (Chalfie et al., 1994). GFP is a ∼27 kD protein that emits photons that fall within the visible spectrum when expressed in prokaryotic or eukaryotic cells upon proper excitation. GFP expression has become routine and widely used to examine an extensive range of biological questions ranging from gene expression to protein localization in living organisms. Over the past 20 years, GFP has been a major foundation for “directed evolution” into hundreds if not thousands of variations of the original wtGFP, many of which are currently being used as tools in fluorescent microscopy (Datta and Patterson, 2012). One genetic variant that developed about 7 years after GFP’s initial cloning was designed by Nakai et al. (2001). This research group genetically engineered a chimeric protein termed G“CaM”P as it was created from a fusion of circularly permutated GFP, calmodulin (CaM), and M13, a peptide sequence from myosin light chain kinase. Upon elevation of intracellular Ca2+, a conformational change occurred in GCaMP, enhancing fluorescent emission. Not surprisingly, due to the initial success of GCaMP as a Ca2+ sensor, it has been subsequently modified into increasingly higher numerical variants. More recent genetic versions of GCaMP are currently improving the signal-to-noise ratio of the fluorescence indicator, show improved kinetic responses, have variable Ca2+ binding affinities and other biophysical attributes that provide great flexibility in detection capacity (Akerboom et al., 2012; Sun et al., 2013). Additionally, “red shifted” genetically encoded calcium sensors have been generated that increase the spectral flexibility for imaging [Ca2+]i (Yamada and Mikoshiba, 2012).

GENETICALLY BASED EXPRESSION OF Ca2+ SENSORS

The combination of the mouse genetic strategies described above and the use of improved GCaMPs to monitor [Ca2+]i in different cell types has been accomplished (Fletcher et al., 2009; Chen et al., 2012; Zariwala et al., 2012). These studies and others report in genetically identifiable cell types, changes in [Ca2+]i with enhanced fluorescence as a function of various stimuli. Frequently in these studies, the increased signal in GCaMP fluorescence derives from the underlying mechanisms of neuronal action potentials and/or excitatory synaptic transmission. More broadly, the literature focuses on extracellular calcium entry as the source for increased cytosolic calcium signals. Among these mechanisms include the opening of voltage-gated calcium channels, NMDA-type glutamate receptors and calcium permeable AMPA-type glutamate receptors. The biophysical and pharmacological properties of evolving GCaMPs have improved to the detection level of single action potentials (Tian et al., 2009; Akerboom et al., 2012; Chen et al., 2013). This improving sensitivity has allowed investigators to correlate to a given rise in fluorescence with an accurate estimation of the number of action potentials while simultaneously detecting fluorescence in dozens of distinct cell types (Wachowiak et al., 2013).

However, what seems to be under-utilized by GCaMP functionality in the literature to date is the versatility to monitor increases in intracellular calcium from extracellular independent sources. As described above, there are critical sources of calcium which do not originate from the extracellular pool of calcium and contribute to microdomains of Ca2+ signaling (Berridge, 2006). It is now clear that cytosolic calcium signaling originating from extracellular or intracellular sources is capable of influencing different domains or compartments within a cell. The importance of these localized domains of Ca2+ is that they control distinct spatial actions in different regions of the cell. For example, the ER is an organelle whereby calcium is pumped against its natural concentration gradient by proteins like the sarco-/endoplasmic reticulum calcium ATPase (SERCA). Mitochondria are other vital intracellular organelles that can serve as critical sources of calcium upon proper stimulation. These two examples represent significant reservoirs of calcium that facilitate a local rise in [Ca2+]i by a subcellular dependent fashion. As an example of the advancing technology integrating genetics and [Ca2+]i imaging, Li et al. (2014) recently measured changes in Ca2+ from mitochondria ([Ca2+]m) in astrocytes using improved and compartmentalized GCaMP probes while Bengtson et al. (2010) monitored calcium changes within the nucleus of CA1 pyramidal neurons. While these studies used more traditional DNA vector transfection or viral infection methods to introduce the designed GCaMP into selected cell types, it highlights that mitochondrial (Rizzuto et al., 1995) or nuclear localization signal sequences can be added to the GCaMP sensors to direct the sensor to subcellular organelles or compartments. Other examples of clever genetic manipulations include membrane tethering sequences fused in frame as done with MARCKS-GCaMP2 (Mao et al., 2008) or Lck-GCaMP3 (Shigetomi et al., 2010). These latter two examples could be important starting points to more rigorously screen Gq/11 calcium mobilization systems.

One advantage of the genetic techniques described above is that endogenous DNA recombination does a great deal of the work for the investigators without any requirements for survival surgery based methods. However, more invasive techniques, including stereotactic viral delivery or in utero electroporation (Yamada and Mikoshiba, 2012) can be used to extend the biological question posed.

MONITORING ENDOGENOUS Gq/11-COUPLED METABOTROPIC GLUTAMATE RECEPTORS USING ACUTE BRAIN SLICE PREPARATIONS

L-glutamate is the key excitatory neurotransmitter at the majority of synapses in the mammalian CNS. The initial detection of a distinct “metabolic” neuromodulatory glutamate receptor capable of generating IP3 occurred almost three decades ago (Nicoletti et al., 1986). It was also discovered during this time period that activation of unique glutamate receptors could elevate intracellular Ca2+ in a “spike like” fashion upon receptor stimulation in the absence of extracellular Ca2+ (Murphy and Miller, 1988). The cloning era was able to make great strides in our understanding of the glutamate receptor family structure and function. Two main divisions of L-glutamate binding proteins include the ionotropic (AMPA, NMDA, and kainate) and metabotropic glutamate receptors (mGluRs). Of the eight mGluRs, it is now apparent that Group I mGluRs: mGlu1 and mGlu5 preferentially couple to the synthesis of DAG and IP3 via Gq/11. The widespread yet tissue specific expression of group I mGluRs suggests that these modulatory receptors have the ability to affect various functions in the CNS. Since their detection, mGluRs have been a focal point of various therapeutic aims to assist in alleviating symptoms of disease states ranging from Parkinson’s disease, diabetic neuropathy, melanoma, Autism spectrum disorders and generalized anxiety disorder (Niswender and Conn, 2010). For these reasons, GCaMP monitoring of Gq/11-mediated rises in cytosolic calcium can deepen our knowledge of a vital receptor class.

The Group I mGluRs are currently endowed with a rich array of pharmacological tools to dissect out particular branches and their role in signaling (Conn et al., 2014; Rook et al., 2015). One frequently used tool includes the compound (S)-3,5-dihydroxy-phenylglycine (DHPG). DHPG has been utilized as one of the most selective Group I mGluR orthosteric agonists. Recently, brain slice preparations of the striatum detected rises in [Ca2+]i from genetically identified neurons following acute DHPG application using either organic dye loading methods (Chen et al., 2011; Plotkin et al., 2013) or GCaMP3 transgene expression (Partridge et al., 2014). In the latter case, confocal imaging combined with mouse genetics using dopamine D1 (drd1) or D2 (drd2) gene driven Cre recombinase provided a scaffold to monitor DHPG mediated changes in [Ca2+]i. The acute application of DHPG did not affect the basal fluorescence of GCaMP3 in most of the imaged D1+ or D2+ striatal neurons (Figure 3). However, in cells which were depolarized by either chemical or electrical means, a robust Ca2+ signal resulted when slices were acutely exposed to the Gq/11-coupled GPCR agonist. These events were blocked by pretreatment with allosteric antagonists acting at mGluR1 and mGluR5. Further, the DHPG-mediated increase in GCaMP3 fluorescence was blocked by thapsigargin pre-treatment, an inhibitor of SERCA, strongly supporting a role for an intracellular source of calcium. The DHPG-mediated activation of native mGluRs as detected by GCaMP3, was fast and exhibited desensitization in the continued presence of this agonist. Further, in simultaneously current-clamped and GCaMP labeled neurons, the DHPG- mediated enhanced fluorescent signal was not associated with a change in membrane potential. This strongly supports the feasibility of these methods to detect active, endogenous GPCRs with GCaMP in an action-potential independent fashion.
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FIGURE 3 | Directed expression of genetically encoded calcium sensors to detect Gq/11-GPCR activation. (A) Mating a “driver” mouse directed to express cre in a selective dopamine D2 (drd2) fashion to a cre-dependent “reporter” GCaMP 3 mouse yields offspring which may inherit the driver-reporter combination of genes (green offspring). The offspring which do not inherit this combination will not express the calcium detector (non-fluorescent offspring). (B) Illustrates a confocal image of a coronal mouse brain section from an animal inheriting the drd2; cre and rosa26; GCaMP3 genes, permitting fluorescent detection of calcium changes in striatal dopamine D2 cells. (C) Live confocal image of an acute striatal brain slice showing drd1: GCaMP3 expressing neurons (green, left) with superimposed regions of interest (ROI, red circles) allowing genetically targeted calcium imaging. To the right are shown the time course of changes in [Ca2+]i (ΔF/F) in the ROIs corresponding to cell bodies. Each trace represents a different ROI or cell body. The top horizontal bars above the traces represent the time duration that the drugs DHPG (10 μM, open bars), or NMDA (20 μM, filled bars) were acutely applied. Note the ability to detect GPCR activation following activation of the cells. Scale bars in (B) and (C): 100 μm.


Together, the data from that study indicate that striatal D1+ and D2+ projection neurons in acute brain slices express Gq/11-coupled mGluRs that can be observed with good time resolution by calcium sensors. The ability to detect increases in GCaMP3 fluorescence was clearly enhanced by presumably “pre-filling” the intracellular stores with calcium. However, this combination of methods can clearly be useful to monitor dozens of distinct neurons simultaneously while probing the native state of receptors with pharmacological tools.

Within that same study, the flexibility of the method was shown as GCaMP3 expression was directed to more sparse interneurons by crossing somatostatin (sst; Taniguchi et al., 2011) or tyrosine hydroxylase (th; Lindeberg et al., 2004) gene-driven Cre recombination. In these striatal GABAergic interneuron subtypes, DHPG application produced robust increases in GCaMP3 fluorescence that differed significantly in the duration of fluorescent signal compared to those elicited in the drd1 or drd2 driven strains. Electrical recordings from the various GCaMP3 expressing interneuron subtypes indicated that DHPG did evoke action potentials in the two interneuron populations in this brain region. A recent study utilizing uncaging of IP3 came to a similar conclusion (Clements et al., 2013). Taken together, the data suggest a more classical type of Gq/11-mediated change in intracellular calcium in projection type drd1 or drd2 expressing neurons. In contrast, the actions of DHPG acting upon interneuron populations could be utilizing the ability of Gq/11 to couple to various TRP type channels (Gee et al., 2003; Ramsey et al., 2006). TRP channels were initially found to mediate photo-transduction in fruit flies and are non-selection cation channels. The open probability of several types of TRP channels can be enhanced upon activation of Gq/11-coupled GPCRs. While more pharmacological evidence is necessary to validate this alternate pathway in striatal interneurons, this highlights the importance of the interpretation of the data. These studies and certainly others represent multidisciplinary techniques with rapidly evolving tools in which GPCRs can be assayed in natural states with relatively high temporal precision. This can greatly contribute to a deeper understanding of GPCR pharmacology while investigating the enormous heterogeneity of CNS cell types.

CONCLUDING REMARKS AND FUTURE DIRECTIONS

G protein-coupled receptor signaling is a fundamental membrane-bound mechanism to detect selective changes in the local environment of animal cells. Because of the universal instrumentation of GPCRs across the animal kingdom, it is essential to understand the basic mechanisms on which they operate in an endogenous environment. Despite tremendous progress in our understanding of GPCR physiology and pharmacology, wide gaps remain in bridging the use of molecules that target these pathways to alleviate symptoms of disease and to develop clinically useful therapeutics. While this review has focused on one branch of the GPCR superfamily signaling pathway, opportunities to explore other canonical pathways like cAMP generation are being developed with luciferase based methods (Binkowski et al., 2011; DiRaddo et al., 2014). However, fluorescent protein-based cAMP indicators have lagged behind Ca2+ sensors and require further development with improved dynamic range and brightness.

Another goal moving forward in the GPCR field is to develop a “universal” detector of endogenous GPCR activation. The detection of protein–protein interactions (e.g., receptor-G-proteins, liberation of Gβγ) would be one requirement of such a sensor. In fact, GPCR activation has been observed with several imaging probe techniques including intramolecular and intermolecular Förster resonance energy transfer (FRET)-based genetically encoded indicators (Lohse et al., 2012). However, an apparent constraint of this technique is that the introduction of dual fluorescent proteins (i.e., one acceptor and one donor), likely introduces steric hindrance and obstruction of essential protein–protein interactions necessary for energy transfer and the study of GPCRs in their endogenous states (Partridge et al., 2006). By combining the fields of fluorescent microscopy, mouse genetics and pharmacology we can enhance our understanding of GPCRs in their native state. Unanswered questions like the formation of various GPCR heteromers, altered pharmacology of heteromic receptors and cellular specificity can be answered with clever combinations of the methods mentioned in this review.

Improving GCaMP fluorescent signals have been detected using in vivo preparations (Hinckley and Pfaff, 2013; Dana et al., 2014), even in subcortical areas like the striatum (Cui et al., 2013). These elegant studies relied on the firing of action potentials to infer neuronal signaling. The challenge moving forward is to utilize fluorescent signals originating from the activation of GPCRs in vivo. This appears to be a reasonable challenge moving forward as detection of small but reliable Ca2+ increases can be detected in very fine mouse astrocyte processes both in vitro (Shigetomi et al., 2013) and in vivo (Otsu et al., 2015). These observations represent examples of calcium mobilization processes dependent upon acute GPCR activation.

REFERENCES

 Akerboom, J., Chen, T. W., Wardill, T. J., Tian, L., Marvin, J. S., Mutlu, S., et al. (2012). Optimization of a GCaMP calcium indicator for neural activity imaging. J. Neurosci. 32, 13819–13840. doi: 10.1523/JNEUROSCI.2601-12.2012

 Bengtson, C. P., Freitag, H. E., Weislogel, J. M., and Bading, H. (2010). Nuclear calcium sensors reveal that repetition of trains of synaptic stimuli boosts nuclear calcium signaling in CA1 pyramidal neurons. Biophys. J. 99, 4066–4077. doi: 10.1016/j.bpj.2010.10.044

 Berridge, M. J. (2006). Calcium microdomains: organization and function. Cell Calcium 40, 405–412. doi: 10.1016/j.ceca.2006.09.002

 Binkowski, B. F., Fan, F., and Wood, K. V. (2011). Luminescent biosensors for real-time monitoring of intracellular cAMP. Methods Mol. Biol. 756, 263–271. doi: 10.1007/978-1-61779-160-4_14

 Brown, J. E., Cohen, L. B., De Weer, P., Pinto, L. H., Ross, W. N., and Salzberg, B. M. (1975). Rapid changes in intracellular free calcium concentration. Detection by metallochromic indicator dyes in squid giant axon. Biophys. J. 15, 1155–1160. doi: 10.1016/S0006-3495(75)85891-7

 Chalfie, M., Tu, Y., Euskirchen, G., Ward, W. W., and Prasher, D. C. (1994). Green fluorescent protein as a marker for gene expression. Science 263, 802–805. doi: 10.1126/science.8303295

 Chan, C. S., Peterson, J. D., Gertler, T. S., Glajch, K. E., Quintana, R. E., Cui, Q., et al. (2012). Strain-specific regulation of striatal phenotype in Drd2-eGFP BAC transgenic mice. J. Neurosci. 32, 9124–9132. doi: 10.1523/JNEUROSCI.0229-12.2012

 Charlton, S. J., and Vauquelin, G. (2010). Elusive equilibrium: the challenge of interpreting receptor pharmacology using calcium assays. Br. J. Pharmacol. 161, 1250–1265. doi: 10.1111/j.1476-5381.2010.00863.x

 Chen, M., Wan, Y., Ade, K., Ting, J., Feng, G., and Calakos, N. (2011). Sapap3 deletion anomalously activates short-term endocannabinoid-mediated synaptic plasticity. J. Neurosci. 31, 9563–9573. doi: 10.1523/JNEUROSCI.1701-11.2011

 Chen, Q., Cichon, J., Wang, W., Qiu, L., Lee, S. J., Campbell, N. R., et al. (2012). Imaging neural activity using Thy1-GCaMP transgenic mice. Neuron 76, 297–308. doi: 10.1016/j.neuron.2012.07.011

 Chen, T. W., Wardill, T. J., Sun, Y., Pulver, S. R., Renninger, S. L., Baohan, A., et al. (2013). Ultrasensitive fluorescent proteins for imaging neuronal activity. Nature 499, 295–300. doi: 10.1038/nature12354

 Clements, M. A., Swapna, I., and Morikawa, H. (2013). Inositol 1,4,5-triphosphate drives glutamatergic and cholinergic inhibition selectively in spiny projection neurons in the striatum. J. Neurosci. 33, 2697–2708. doi: 10.1523/JNEUROSCI.4759-12.2013

 Conn, P. J., Lindsley, C. W., Meiler, J., and Niswender, C. M. (2014). Opportunities and challenges in the discovery of allosteric modulators of GPCRs for treating CNS disorders. Nat. Rev. Drug Discov. 13, 692–708. doi: 10.1038/nrd4308

 Cui, G., Jun, S. B., Jin, X., Pham, M. D., Vogel, S. S., Lovinger, D. M., et al. (2013). Concurrent activation of striatal direct and indirect pathways during action initiation. Nature 494, 238–242. doi: 10.1038/nature11846

 Dana, H., Chen, T. W., Hu, A., Shields, B. C., Guo, C., Looger, L. L., et al. (2014). Thy1-GCaMP6 transgenic mice for neuronal population imaging in vivo. PLoS ONE 9:e108697. doi: 10.1371/journal.pone.0108697

 Datta, S. R., and Patterson, G. H. (2012). Optical highlighter molecules in neurobiology. Curr. Opin. Neurobiol. 22, 111–120. doi: 10.1016/j.conb.2011.11.007

 DiRaddo, J. O., Miller, E. J., Hathaway, H. A., Grajkowska, E., Wroblewska, B., Wolfe, B. B., et al. (2014). A real-time method for measuring cAMP production modulated by Galphai/o-coupled metabotropic glutamate receptors. J. Pharmacol. Exp. Ther. 349, 373–382. doi: 10.1124/jpet.113.211532

 Fletcher, M. L., Masurkar, A. V., Xing, J., Imamura, F., Xiong, W., Nagayama, S., et al. (2009). Optical imaging of postsynaptic odor representation in the glomerular layer of the mouse olfactory bulb. J. Neurophysiol. 102, 817–830. doi: 10.1152/jn.00020.2009

 Gee, C. E., Benquet, P., and Gerber, U. (2003). Group I metabotropic glutamate receptors activate a calcium-sensitive transient receptor potential-like conductance in rat hippocampus. J. Physiol. 546, 655–664. doi: 10.1113/jphysiol.2002.032961

 Gerfen, C. R., Paletzki, R., and Heintz, N. (2013). GENSAT BAC cre-recombinase driver lines to study the functional organization of cerebral cortical and basal ganglia circuits. Neuron 80, 1368–1383. doi: 10.1016/j.neuron.2013.10.016

 Grienberger, C., and Konnerth, A. (2012). Imaging calcium in neurons. Neuron 73, 862–885. doi: 10.1016/j.neuron.2012.02.011

 Grynkiewicz, G., Poenie, M., and Tsien, R. Y. (1985). A new generation of Ca2+ indicators with greatly improved fluorescence properties. J. Biol. Chem. 260, 3440–3450.

 Hinckley, C. A., and Pfaff, S. L. (2013). Imaging spinal neuron ensembles active during locomotion with genetically encoded calcium indicators. Ann. N. Y. Acad. Sci. 1279, 71–79. doi: 10.1111/nyas.12092

 Katritch, V., Cherezov, V., and Stevens, R. C. (2013). Structure-function of the G protein-coupled receptor superfamily. Annu. Rev. Pharmacol. Toxicol. 53, 531–556. doi: 10.1146/annurev-pharmtox-032112-135923

 Kramer, P. F., Christensen, C. H., Hazelwood, L. A., Dobi, A., Bock, R., Sibley, D. R., et al. (2011). Dopamine D2 receptor overexpression alters behavior and physiology in Drd2-EGFP mice. J. Neurosci. 31, 126–132. doi: 10.1523/JNEUROSCI.4287-10.2011

 Li, H., Wang, X., Zhang, N., Gottipati, M. K., Parpura, V., and Ding, S. (2014). Imaging of mitochondrial Ca dynamics in astrocytes using cell-specific mitochondria-targeted GCaMP5G/6s: Mitochondrial Ca uptake and cytosolic Ca availability via the endoplasmic reticulum store. Cell Calcium 56, 457–466. doi: 10.1016/j.ceca.2014.09.008

 Limbird, L. E. (2004). The receptor concept: a continuing evolution. Mol. Interv. 4, 326–336. doi: 10.1124/mi.4.6.6

 Lindeberg, J., Usoskin, D., Bengtsson, H., Gustafsson, A., Kylberg, A., Soderstrom, S., et al. (2004). Transgenic expression of Cre recombinase from the tyrosine hydroxylase locus. Genesis 40, 67–73. doi: 10.1002/gene.20065

 Lohse, M. J., Nuber, S., and Hoffmann, C. (2012). Fluorescence/bioluminescence resonance energy transfer techniques to study G-protein-coupled receptor activation and signaling. Pharmacol. Rev. 64, 299–336. doi: 10.1124/pr.110.004309

 Madisen, L., Zwingman, T. A., Sunkin, S. M., Oh, S. W., Zariwala, H. A., Gu, H., et al. (2010). A robust and high-throughput Cre reporting and characterization system for the whole mouse brain. Nat. Neurosci. 13, 133–140. doi: 10.1038/nn.2467

 Mao, T., O’Connor, D. H., Scheuss, V., Nakai, J., and Svoboda, K. (2008). Characterization and subcellular targeting of GCaMP-type genetically-encoded calcium indicators. PLoS ONE 3:e1796. doi: 10.1371/journal.pone.0001796

 Murphy, S. N., and Miller, R. J. (1988). A glutamate receptor regulates Ca2+ mobilization in hippocampal neurons. Proc. Natl. Acad. Sci. U.S.A. 85, 8737–8741. doi: 10.1073/pnas.85.22.8737

 Nakai, J., Ohkura, M., and Imoto, K. (2001). A high signal-to-noise Ca2+ probe composed of a single green fluorescent protein. Nat. Biotechnol. 19, 137–141. doi: 10.1038/84397

 Nelson, A. B., Hang, G. B., Grueter, B. A., Pascoli, V., Luscher, C., Malenka, R. C., et al. (2012). A comparison of striatal-dependent behaviors in wild-type and hemizygous Drd1a and Drd2 BAC transgenic mice. J. Neurosci. 32, 9119–9123. doi: 10.1523/JNEUROSCI.0224-12.2012

 Nicoletti, F., Wroblewski, J. T., Novelli, A., Alho, H., Guidotti, A., and Costa, E. (1986). The activation of inositol phospholipid metabolism as a signal-transducing system for excitatory amino acids in primary cultures of cerebellar granule cells. J. Neurosci. 6, 1905–1911.

 Niswender, C. M., and Conn, P. J. (2010). Metabotropic glutamate receptors: physiology, pharmacology, and disease. Annu. Rev. Pharmacol. Toxicol. 50, 295–322. doi: 10.1146/annurev.pharmtox.011008.145533

 Novak, A., Guo, C., Yang, W., Nagy, A., and Lobe, C. G. (2000). Z/EG, a double reporter mouse line that expresses enhanced green fluorescent protein upon Cre-mediated excision. Genesis 28, 147–155. doi: 10.1002/1526-968X(200011/12)28:3/4<147::AID-GENE90>3.0.CO;2-G

 Oldham, W. M., and Hamm, H. E. (2008). Heterotrimeric G protein activation by G-protein-coupled receptors. Nat. Rev. Mol. Cell Biol. 9, 60–71. doi: 10.1038/nrm2299

 Otsu, Y., Couchman, K., Lyons, D. G., Collot, M., Agarwal, A., Mallet, J. M., et al. (2015). Calcium dynamics in astrocyte processes during neurovascular coupling. Nat. Neurosci. 18, 210–218. doi: 10.1038/nn.3906

 Paredes, R. M., Etzler, J. C., Watts, L. T., Zheng, W., and Lechleiter, J. D. (2008). Chemical calcium indicators. Methods 46, 143–151. doi: 10.1016/j.ymeth.2008.09.025

 Partridge, J. G., Lewin, A. E., Yasko, J. R., and Vicini, S. (2014). Contrasting actions of group I metabotropic glutamate receptors in distinct mouse striatal neurones. J. Physiol. 592, 2721–2733. doi: 10.1113/jphysiol.2014.272773

 Partridge, J. G., Puhl, H. L. III, and Ikeda, S. R. (2006). Phosducin and phosducin-like protein attenuate G-protein-coupled receptor-mediated inhibition of voltage-gated calcium channels in rat sympathetic neurons. Mol. Pharmacol. 70, 90–100. doi: 10.1124/mol.105.021394

 Plotkin, J. L., Shen, W., Rafalovich, I., Sebel, L. E., Day, M., Chan, C. S., et al. (2013). Regulation of dendritic calcium release in striatal spiny projection neurons. J. Neurophysiol. 110, 2325–2336. doi: 10.1152/jn.00422.2013

 Ramsey, I. S., Delling, M., and Clapham, D. E. (2006). An introduction to TRP channels. Annu. Rev. Physiol. 68, 619–647. doi: 10.1146/annurev.physiol.68.040204.100431

 Rizzuto, R., Brini, M., Pizzo, P., Murgia, M., and Pozzan, T. (1995). Chimeric green fluorescent protein as a tool for visualizing subcellular organelles in living cells. Curr. Biol. 5, 635–642. doi: 10.1016/S0960-9822(95)00128-X

 Rook, J. M., Tantawy, M. N., Ansari, M. S., Felts, A. S., Stauffer, S. R., Emmitte, K. A., et al. (2015). Relationship between in vivo receptor occupancy and efficacy of metabotropic glutamate receptor subtype 5 allosteric modulators with different in vitro binding profiles. Neuropsychopharmacology 40, 755–765. doi: 10.1038/npp.2014.245

 Sauer, B. (1987). Functional expression of the cre-lox site-specific recombination system in the yeast Saccharomyces cerevisiae. Mol. Cell. Biol. 7, 2087–2096.

 Shigetomi, E., Bushong, E. A., Haustein, M. D., Tong, X., Jackson-Weaver, O., Kracun, S., et al. (2013). Imaging calcium microdomains within entire astrocyte territories and endfeet with GCaMPs expressed using adeno-associated viruses. J. Gen. Physiol. 141, 633–647. doi: 10.1085/jgp.201210949

 Shigetomi, E., Kracun, S., Sofroniew, M. V., and Khakh, B. S. (2010). A genetically targeted optical sensor to monitor calcium signals in astrocyte processes. Nat. Neurosci. 13, 759–766. doi: 10.1038/nn.2557

 Shimomura, O., Johnson, F. H., and Saiga, Y. (1962). Extraction, purification and properties of aequorin, a bioluminescent protein from the luminous hydromedusan, Aequorea. J. Cell. Comp. Physiol. 59, 223–239. doi: 10.1002/jcp.1030590302

 Sun, X. R., Badura, A., Pacheco, D. A., Lynch, L. A., Schneider, E. R., Taylor, M. P., et al. (2013). Fast GCaMPs for improved tracking of neuronal activity. Nat. Commun. 4, 2170. doi: 10.1038/ncomms3170

 Taniguchi, H., He, M., Wu, P., Kim, S., Paik, R., Sugino, K., et al. (2011). A resource of Cre driver lines for genetic targeting of GABAergic neurons in cerebral cortex. Neuron 71, 995–1013. doi: 10.1016/j.neuron.2011.07.026

 Tian, L., Hires, S. A., Mao, T., Huber, D., Chiappe, M. E., Chalasani, S. H., et al. (2009). Imaging neural activity in worms, flies and mice with improved GCaMP calcium indicators. Nat. Methods 6, 875–881. doi: 10.1038/nmeth.1398

 Tsien, R. Y. (1980). New calcium indicators and buffers with high selectivity against magnesium and protons: design, synthesis, and properties of prototype structures. Biochemistry 19, 2396–2404. doi: 10.1021/bi00552a018

 Wachowiak, M., Economo, M. N., Diaz-Quesada, M., Brunert, D., Wesson, D. W., White, J. A., et al. (2013). Optical dissection of odor information processing in vivo using GCaMPs expressed in specified cell types of the olfactory bulb. J. Neurosci. 33, 5285–5300. doi: 10.1523/JNEUROSCI.4824-12.2013

 Wettschureck, N., and Offermanns, S. (2005). Mammalian G proteins and their cell type specific functions. Physiol. Rev. 85, 1159–1204. doi: 10.1152/physrev.00003.2005

 Yamada, Y., and Mikoshiba, K. (2012). Quantitative comparison of novel GCaMP-type genetically encoded Ca2+ indicators in mammalian neurons. Front. Cell. Neurosci. 6:41. doi: 10.3389/fncel.2012.00041

 Zariwala, H. A., Borghuis, B. G., Hoogland, T. M., Madisen, L., Tian, L., De Zeeuw, C. I., Zeng, H., et al. (2012). A Cre-dependent GCaMP3 reporter mouse for neuronal imaging in vivo. J. Neurosci. 32, 3131–3141. doi: 10.1523/JNEUROSCI.4469-11.2012

Conflict of Interest Statement: The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Received: 20 November 2014; accepted: 17 February 2015; published online: 09 March 2015.

Citation: Partridge JG (2015) Utilizing GCaMP transgenic mice to monitor endogenous Gq/11-coupled receptors. Front. Pharmacol. 6:42. doi: 10.3389/fphar.2015.00042

This article was submitted to Neuropharmacology, a section of the journal Frontiers in Pharmacology.

Copyright © 2015 Partridge. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fphar-06-00042-g003.gif
831

oEs s o

GCamp3

drd2; GCaMP3 drd1; GCaMP3





OPS/images/pg1-1.jpg





OPS/images/fphar-06-00042-g001.gif
extracellular
29000000000000

$66086668666886
intracellular






OPS/images/fphar-06-00042-g002.gif
| ,_Q B

>loxP

.
penepromoterPcre I Rosa&l”)

¢ drd1; tdTomato

Jor 1 fatartar

Striatum

Cortex

p  drd2;tdTomato

| 2 -

Striatum





OPS/images/cover.jpg
fromtiers fn

PHARMACOLOGY

Utilizing GCaMP transgenic mice
to monitor endogenous
Ga/11-coupled receptors









OPS/images/logo.jpg
fromtiers in
PHARMACOLOGY





