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 Photochemically Initiated Intracellular Astrocytic Calcium Waves in Living Mice Using Two-Photon Uncaging of IP3 Sarah E. Crowe,† Srinivas Kantevari,† and Graham C. R. Ellis-Davies* Department of Neuroscience, Mt. Sinai School of Medicine, One Gustave Levy Place, New York, New York 10029, and Department of Pharmacology & Physiology, Drexel University College of Medicine, 245 North 15th Street, Philadelphia, Pennsylvania 19102
 
 and manipulate [Ca2þ]i has been a major focus of organic chemists for more than 30 years. The development of fluorescent indicators to monitor [Ca2þ]i by Roger Tsien and co-workers in the 1980s has proved to be the seminal contribution to our understanding of intracellular Ca2þ signaling (3, 4). The development of caged [Ca2þ]i probes went virtually hand-in-hand with these [Ca2þ]i dyes. Thus, there have been hundreds of studies of Ca2þ signaling in the CNS combining both probe types to provide a quantitative description of the effects of fluctuations in [Ca2þ]i (5). Neurons in the CNS use both electrical and chemical signaling for communication. For example, glutamatergic synapses convert the presynaptic action potential into Ca2þ-driven transmitter secretion, which is in turn converted into a postsynaptic membrane current. Apart from the principal cells of the CNS, there are many other cell types that play vital supporting roles, either supplying neurons with essential nutrients or protecting them from damage. Glia are, in fact, the most numerous cell type in the CNS, outnumbering neurons by a factor of 10. One type of glia, astrocytes, are so entwined with neurons, that it is estimated that each astrocyte makes contact with more than 100,000 neuronal synapses (6). So intimate is this association of astrocytes and neuronal synapse that their juxtaposition has been dubbed a tripartite synapse. In the past 15 years, it has become clear that through this tripartite synapse, astrocytes not only provide vital support functions for neurons but also actively modulate their signaling (7-9). Since astrocytes are not electrically excitable, fluctuations in [Ca2þ]i are the “language by which these cells talk” (7). Simply put, as action potentials are to neurons, so changes in [Ca2þ]i are to astrocytes. The main route for this mobilization of [Ca2þ]i is through phospholipase C (PLC) release of inositol-1,4,5-trisphosphate (IP3) from the lipid PIP2. This IP3 increases the open channel probability of a Ca2þ channel on the endoplasmic reticulum, allowing intraorganelle calcium to escape from this store to cause an increase in cytosolic calcium ([Ca2þ]i). The signaling cascade is terminated by IP3 5-phosphatase hydrolyzing IP3 to IP2 and Ca2þ pumps
 
 Abstract
 
 We have developed a caged IP3 analogue for twophoton photolysis in living animals. This probe is a cell permeable version and was coloaded with a fluorescent Ca2þ dye into astrocytes in layer 1 of the somatosensory cortex of anesthetized mice. Two-photon irradiation of single cells at 720 nm produced rapid and robust increases in intracellular Ca2þ concentrations monitored using two-photon microscopy at 950 nm. The photoevoked intracellular Ca2þ waves were similar in magnitude to intrinsic signals in wild type mice. These waves did not propagate to other cells beyond the targeted astrocyte. In contrast, we observed intercellular astrocytic Ca2þ waves in two mouse models of familial Alzheimer’s disease. These data suggest that Alzheimer’s might perturb gliotransmission but not IP3 signaling per se in mouse models of the disease.
 
 F
 
 luctuations in the concentrations of ionized intracellular calcium [Ca2þ]i are one of the most important and ubiquitous signaling processes in living cells (1, 2). For example, [Ca2þ]i regulates the movement of many cells types, including all three types of muscle fibers, locomotion of white blood cells, neuronal growth cones, etc. [Ca2þ]i also regulates excitationsecretion coupling of intracellular vesicles with the plasma membrane in many cell types and thus the release of a diverse array of neuroactive substances (Glu, dopamine, serotonin, glycine, GABA, ATP, many small peptides, trophic factors, etc.) from cells in the central nervous system (CNS). Changes in [Ca2þ]i also initiate the secretion of hormones from neuroendocrine cells through the body (e.g., insulin release from the pancreas). Many fundamental processes in the birth, division, and death of organisms and cells are also controlled by [Ca2þ]i. Since fluctuations in [Ca2þ]i are so central to the life of organisms, it is no surprise that the ability to monitor r 2010 American Chemical Society
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 reducing [Ca2þ]i to resting values. This is the canonical Ca2þ signaling mechanism in astrocytes (7, 8). It is no surprise therefore that several diseases are reported to be associated with perturbations in astrocytic Ca2þ (9); however, the exact role of such [Ca2þ]i signaling on astrocytic modulation of neuronal function remains controversial (8). Optical methods that allow neuroscientists to control astrocytic [Ca2þ]i with single cell or even subcellular precision are a highly desirable goal. Photolytic uncaging of a very wide variety of signaling molecules has been used to study many types of cultured cells (10, 11). In the current work, we report in detail the efficient synthesis of a cell permeant caged IP3 that undergoes effective two-photon uncaging in intact astrocytic cells in the cortex of living mice. The photolytically evoked intracellular Ca2þ transients were compared to intrinsic (or spontaneous) Ca2þ signals in healthy mice and those having transgenes from humans having mutations that give rise to familial Alzheimer’s disease (FAD (12)). We found that two-photon uncaging of IP3 in situ could mimic the former but not the latter, suggesting FAD mutants disrupt astrocytic Ca2þ without perturbing IP3-signaling per se.
 
 of this synthetic sequence was verified by the conversion of 6 with Hunig’s base then Dowex Hþ to give (()-6O-(ortho-nitroveratryl)-myo-inositol 1,4,5-trisphosphate (7) and comparison of 1H and 31P NMR spectra with those from material synthesized with different reagents (13). Thus satisfied with the structural integrity of 6, we treated this intermediate with Hunig’s base for 18 h, then acetoxymethylbromide (AM-Br) and Hunig’s base in dry acetonitrile at RT for 19 h. The progress of the reaction was monitored with reverse-phase HPLC, which revealed a complex pattern of deprotection of cyanoethyl groups and reprotection of the phosphate with AM-Br. The reaction reached an apparent end point with one major product visible by HPLC and TLC. Several other more polar components were visible: mixtures of cynaoethyl- and AM-protected phosphates. The target caged compound (1) was isolated in 35% yield from 6, implying ca. 84% for each deprotection/reprotection reaction. The key step in synthetic Scheme 1 was the discovery that complete deprotection of the advanced synthetic intermediate 6 was not required for efficient construction of the hexakis-AM ester. Indeed, we found that hemi deprotection was the best route for protecting group exchange. This aspect of AM ester synthesis has not been reported in the literature before. The efficient synthesis of compound 1 has already allowed us to study the effects of astrocytic calcium signaling on glutamatergic synapses in magnocellular neurosecretory cells in the hypothalamic paraventricular nucleus by 2P uncaging in acute brain slices (15). Only two examples of UV uncaging of other molceules in vivo (i.e., in living animals) have been reported (16, 17); in this work, we extend the 2P uncaging method to living mice for the first time. When AM-ester derivatives of dyes and probes are applied at low concentrations to living cells, they pass through the plasma membrane; once inside the cells, the esters are hydrolyzed by intracellular esterases, thus trapping the free acid and allowing more probes to partition into the cytosol (3) (Scheme 1). Depending on the probe, quite high concentrations of dyes can be loaded into living cells using this method, thus allowing optical methods of sensing and actuation to be applied to the intracellular environment without disrupting either the plasma membrane or any intracellular constituents. For our imaging of [Ca2þ]i using the twophoton microscopy shown below, we loaded the fluorescent Ca2þ indicators fluo-4 or X-rhod-1 via their AM esters into astrocytes in the cortex of living mice (18). In the uncaging experiments, we coloaded 1 with the calcium dye, and the intracellular esterases removed the six AM ester protecting groups to reveal three phosphate moieties, converting 1 to 8 in situ. Photolysis of 8 inside cells gives the IP3 cyclohexilydene analogue 9, which can effectively mobilize intracellular Ca2þ, as
 
 Results and Discussion Synthesis The synthesis of the caged IP3 analogue (1) used for these studies is outlined in Scheme 1. Starting with the known (()-2,3-4,5-di-O-cyclohexilydene-6-O-(orthonitroveratryl)-myo-inositol (2)(13), the 1-hydroxyl functionality was derivitized with (1S)-(-)-camphanic chloride to give 3 in 85% yield. The cyclohexilydene protecting group on the 4,5-dihydroxy functionality was then selectively removed by treatment with acetyl chloride (3% solution for 20-25 min). It should be noted that higher concentrations of chloride or longer treatment times with lower concentrations concomitantly removed the second cyclohexilydene, greatly hindering the isolation of pure 4 in good yield. Other acids (e.g., TFA (14)) were also found to be much less selective for this key transformation. Crude 4 was sufficiently pure for the next, simple base hydrolysis of the camphanylic ester to triol 5 in a high yield for two steps. Triol 5 was phopsphitylated with freshly prepared N,Ndiisopropyl-bis(2-cyanoethyl)-phosphoramidite (six equivalents were important for a good yield). The progression of the reaction was carefully monitored by TLC over a period of 16-24 h. TLC showed a succession of spots of higher Rf compared to that of 5 (mixtures of mono- and bisphosphitylates). After approximately one day at RT, TLC analysis of the reaction mixture showed essentially one product, the desired trisphosphitylated intermediate target. Once a single spot predominated, the RM was cooled with an ice-water bath to ca. 4 °C and treated with tert-BuOOH for 1 h to give trisphosphate 6. The integrity r 2010 American Chemical Society
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 Scheme 1. Synthesis of the Cell Permeant Caged IP3 Analoguea
 
 a Reagents and conditions: (a) camphanic chloride, TEA, RT, 18 h; (b) acetyl chloride, RT; (c) KOH, RT, 18 h; (d) (iPr)2NP(CH2CH2CN)2, tetrazole, RT, 18 h then tBuOOH 0 °C, 1 h; (e) Hunig’s base; (f) Dowex-Hþ; (g) AM-Br, Hunig’s base, RT, 18 h. Inside cells, compound 1 reacts with intracellular esterases that hydrolyze the AM esters, thus liberating the phosphates. Uncaging cleaves the benzyl ether, releasing the 6-hydroxyl functionality.
 
 only the 6-hydroxyl is essential for opening the IP3gated ER Ca2þ channel (13). The receptor is quite tolerant of IP3 bearing substituents at the 2 and 3 hydroxyls and even the 1-phosphate.
 
 of these arms is different from the others, projecting to a nearby blood vessel or capillary, which is then ensheathed in endothelia. Depending on the orientation of the capillary to the imaged x/y plane, the endothelia appear as a circle surrounding a black hole or continuous set of parallel tracks (see Figure 1a). Using these specialized structures, astrocytes deliver nutrients from the blood to neurons, recycle neurotransmitters, and directly modulate neuronal function (7, 9). Individual astrocytes are not only highly ramified, as described above, but also form a connected collective (or syncytium) in which each astrocyte is joined to its immediate neighbors via gap junctions. Thus, after removing the dura through a small craniotomy, we applied the specific astrocytic marker, SR101, to the surface of the cortex of a living mouse. As previously reported by Helmchen and co-workers, we could easily image hundreds of micrometers into the brain of an anesthetized mouse (20) (Figure 1b shows sections a 3D volume reconstruction). Fluorescent Ca2þ dyes may be loaded in a similar manner to SR101, by topical application of the AM ester to the pia, or they can be pressure injected into the brain at defined points below the pia (21). The
 
 Two-Photon Imaging of Astrocytes and Neurons in Living Mice In the past decade, the two-photon microscope has enabled imaging of astrocytes and neurons in living mice (19). Both genetically encoded probes and chemically synthesized dyes have proved extremely effective for imaging single cells with exquisite detail in the neocortex of living rodents. The fine structure of astrocytes and the lateral spatial disposition of individual cells are shown in Figure 1a, which shows a fluorescent image of the somatosensory cortex at a depth of about 60 μm below the pia surface in a transgenic mouse labeled with enhanced green fluorescent protein (eGFP) driven by the astrocyte-specific promoter GFAP (glia fibrillary acidic protein). The cell bodies of the astrocytes appear as large, intensely stained blobs projecting several arms that develop into a very finely divided web that is so fine that it appears almost like a mist (6). One r 2010 American Chemical Society
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 Figure 1. Two-photon imaging of astrocytes and neurons in living mice. (a) Fluorescent image of astrocytes from the neocortex of a living mouse. A single x-y plane from a three-dimensional fluorescent image is shown in which each astrocyte is intensely labeled with eGFP driven by the astrocyte-specific GFAP promoter such that the fine cellular processes are clearly visible. (b) Four volume renderings of a 300-μm cube of the brain of a living mouse in which cells were acutely labeled with the astrocyte-selective fluorescent maker SR-101 by topical application to the pia. The volume shown was part of layers 1-3 of the neocortex. Single x-y images were taken with a 2P microscope with a z-spacing of 2 μm. (c) Fluorescent image of astrocytes and neurons in layer 2/3 of a living mouse. Both cell types were labeled by bolus injection of the green Ca2þ dye fluo-4 as its AM ester in the brain via a patch pipet. Astrocytes were labeled with SR-101. Neurons only uptake fluo-4 and therefore are shown in green, but astrocytes uptake both dyes and therefore appear yellow or orange, depending upon the proximity to the injection site. The scale bar is 50 μm.
 
 whereas topical loading of probes is facile and selectively loads many hundreds of astrocytes.
 
 former method loads only astrocytes, whereas the latter loads astrocytes and neurons (Figure 1c). In Figure 1c, pyramidal neurons from layer 2 appear green (stained with the green Ca2þ dye fluo-4), and astrocytes appear either orange (SR101) or yellow (costained with SR101 and fluo-4) (20). For our studies of Ca2þ dynamics in astrocytes in living mice, we used topical loading of Ca2þ dyes (fluo-4 or X-rhod-1) as their AM esters (18), as pressure injection is time-consuming and loads only a very small fraction of cells near the injection point, r 2010 American Chemical Society
 
 Two-Photon Uncaging of IP3 and Ca2þ Imaging in Astrocytes of Living Mice A mixture of 1 and X-rhod-1/AM was applied to the surface of the pia of an anesthetized adult mouse (ca. 5 months age) as described in Methods. After 60 min, excess dyes were removed by irrigation with buffer, and the craniotomy was sealed with a glass coverslip, with 578
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 Figure 2. Two-photon uncaging of IP3 in vivo evoked intracellular but not intercellular Ca2þ waves. Caged IP3/AM (1) was coloaded into astrocytes with X-rhod-1 by topical application to the pia. Uncaging in an area encompassing the processes of one astrocyte (red box, frame 1) evoked an intracellular calcium wave that did not propagate to neighboring cells. Uncaging with a mode-locked Ti:sapphire laser was in a grid 4  4 points equally spaced within the box, with 15 mW at 720 nm for 20 ms per point. Imaging at 950 nm was at a frame rate of 1.3 s. Time stamp for the image frames shown is in seconds. The change in fluorescence due to the increase in [Ca2þ]i is shown on a 12-bit scale and is displayed graphically in the lower right panel (red trace). The arrow indicates the uncaging time point. Supporting Information movie 1 shows the change in fluorescence during the same period as ΔF/F. The scale bar is 50 μm.
 
 consistent increases in [Ca2þ]i, as reported by increases in intensity of X-rhod-1 fluorescence monitored with a second Ti:sapphire laser mode-locked at 950 nm. Concerned that firing the uncaging laser directly at the cell body might cause changes in [Ca2þ]i itself, we developed a second uncaging paradigm at this low magnification. We selected a box adjacent to an astrocyte cell body (Figure 2) that must encompass many cell processes not visible at the chosen magnification and S/N ratio. Nevertheless, uncaging at 16 even spaced locations in this area produced [Ca2þ]i oscillations that were reproducible and nontoxic to the stimulated cell. We observed an initial [Ca2þ]i transient immediately after the first uncaging event, which was frequently followed by more [Ca2þ]i oscillations. This pattern of intracellular Ca2þ signaling could be reproduced in the same cell a number of times during a 20 min imaging session. Figure 2 shows a representative example of such repetitive signaling events. In the cells (85%, n = 45) that showed an increase in signal after IP3 uncaging, 80% had at least one Ca2þ signal oscillation. Importantly, we never observed the evoked intracellular Ca2þ signal to propagate beyond the cell which we uncaged (Supporting
 
 agarose filling the gap between the pia and glass. Twophoton imaging revealed that many astrocytes were stained with the Ca2þ dye (Figure 2). Our two-photon microscope has a frame rate of about 1 Hz for a single z-section, if we image x/y at high resolution (i.e., 512 pixels in each lateral dimension), and useful signal-tonoise (S/N) ratios (4 μs pixel dwell time). Since X-rhod-1 is an intensity-based dye, low magnification images such as those in Figure 2 are much grainier than those in Figure 1a. This is because at low [Ca2þ]i levels, the indicator is weakly fluorescent compared to eGFP; thus, only astrocyte cell bodies and some of their major processes and endothelia are apparent in Figure 2. At higher magnification and [Ca2þ]i, much cellular detail is readily observed (Figure 3). We used a Ti:sapphire Mira 900 laser mode-locked at 720 nm with a pulse-width of 100 fs and an energy of 25 mW at the objective back aperture for uncaging. Fifteen milliwatts leaves the objective lens with an unknown pulse-width (probably














Copyright © 2024 DATAPDF.COM. All rights reserved.

About Us |
Privacy Policy |
Terms of Service |
Copyright |
Contact Us










×
Sign In






Email




Password







 Remember me

Forgot password?




Sign In




 Login with Facebook
















