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Abstract

:

Glial cells play a role in many important processes, though the mechanisms through which they affect neighboring cells are not fully known. Insights may be gained by selectively activating glial cell populations in intact organisms utilizing the activatable channel proteins channel rhodopsin (ChR2XXL) and TRPA1. Here, the impacts of the glial-specific expression of these channels were examined in both larval and adult Drosophila. The Glia > ChR2XXL adults and larvae became immobile when exposed to blue light and TRPA1-expressed Drosophila upon heat exposure. The chloride pump expression in glia > eNpHR animals showed no observable differences in adults or larvae. In the in situ neural circuit activity of larvae in the Glia > ChR2XXL, the evoked activity first became more intense with concurrent light exposure, and then the activity was silenced and slowly picked back up after light was turned off. This decrease in motor nerve activity was also noted in the intact behaviors for Glia > ChR2XXL and Glia > TRPA1 larvae. As a proof of concept, this study demonstrated that activation of the glia can produce excessive neural activity and it appears with increased excitation of the glia and depressed motor neuron activity.
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1. Introduction


In general, sensory perception and behavioral responses to sensory stimuli are finely tuned within animals for survival. Neural circuitry is highly specialized and tightly regulated for both an appropriate behavioral response to sensory stimuli and intrinsic control of bodily functions. In disease states, it is noted that an altered perception to a stimulus can be a cue of an underlying neurological issue. Autistic individuals, for example, display altered sensory perception, but the underlying cause is still unknown [1,2,3]. The normal function of neurons is dependent on supporting cells (glia) and the surrounding ionic environment. Multiple sclerosis (MS) is a prime example of a complex disease manifested by neuronal dysfunction due to inflammation and dysfunctional glial cells, which alter the functionality of neuronal circuitry [4,5].



Understanding the physiological connections and modulation of these connections is a hallmark for therapeutic treatments with pharmacological agents. Besides medications that directly alter neural activity to help manage dysfunction in ion channels and cellular cascades, another approach may be indirect manipulation of the activity of neurons and glia.



There is growing interest in disorders of the glia that affect behavior. The most known glial disease is multiple sclerosis (MS) [6], but it involves more than just the dysfunction of the glia. How the glia can acutely physiologically modify neurons and a local environment has historically been touted in relation to insulating nerves with myelin or myelin-like wrappings (i.e., within invertebrates), K+ ion regulation, and recycling of neurotransmitters [7,8,9].



Some of the pioneering research in glia function has come from experimental models using invertebrates [10]. Cell and brain slice cultures allowed for insight into glial physiology within the CNS of mammals [11], and imaging techniques have now advanced to allow for an intact view of cellular interactions in intact mammalian CNS and regulation of glial–lymphatic and glymphatic systems [12,13].



The leech nervous system was one of the first preparations in which physiological measures were obtained in order to demonstrate that the glia membrane potential is related to the activity of the local neurons. The function of the glia was suggested to control the extracellular K+ ions when the neurons were electrically active [10,14,15]. The glia cells around the optic nerve of the mud puppy (Necturus), an amphibian, behaved similarly to the glia in the leech regarding depolarization when the surrounding neurons were excited [15]. The glia (i.e., Müller cells) within the retina of fish have also been an experimental model for glial function in vertebrates [16].



From these earlier investigations, many studies in mammals and other animals have shown glial cells (i.e., astrocytes, microglia, and oligodendrocytes) also have many other functions in releasing substances (i.e., gliotransmitters and cytokines). They also provide developmental cues to shape the central nervous system [8,17,18], and even the glial Schwann cells at the neuromuscular junction have a role in monitoring neural activity, potentially acting to stabilize the synaptic environment [7,19].



Besides studies on how electrically active neurons influence the glia, it is of interest to learn how electrically active glia impact neurons in a rapid time frame. It is of interest to observe changes in the behavior and nerve activity when the glia are selectively stimulated. This is difficult to accomplish in intact organisms due to the inability to selectively modify the glial membrane potential. However, with the use of genetics using the Drosophila model, light sensitive proteins (i.e., optogenetics) [20,21,22] and heat sensitive proteins (i.e., TRPA1) can be selectively expressed in the glia to excite the glia while assessing neuronal activity and behavior in both larval and adult Drosophila melanogaster [23]. Optogenetic approaches of activating the glia have been previously used in brain slices of mice [11]. Upon electrically exciting the glia through stimulating the channel rhodopsin with light, the release of glutamate caused neurons to depolarize, which influenced a neural circuit within the brain slice [11]. It is likely that soon, the glia will be selectively excited in intact rodent models with optogenetics to address effects of functional neural circuits such as responses to various forms of sensory input. As a proof of concept, the D. melanogaster can serve as a model for intact studies in the whole animal, as well as in situ, to address the impact of acutely activating the glia and observing the changes in whole animal behavior, as well as alterations in the activity of a functional neural circuit [23]. The types of glial cells in the CNS and segmental nerves of larval D. melanogaster have been described [24,25,26,27,28,29,30,31]. Given that D. melanogaster is used as a model for many disease states among mammals, including humans [24,32,33,34], disease states in the glia function of mammals could also be potentially modeled in D. melanogaster to address the use of optogenetics or other forms of targeting the glia in aiding the reduction of neuronal dysfunction in other animals [20,34,35].



As light can have difficulty in fully penetrating through the cuticle of adult flies and larval tissue in order to alter the glia function, as a proof-of-concept, heat activated channels (TRPA1) can be used to selectively target the glia of both adult and larval Drosophila. Exposing the animal to varying temperatures allows for penetrating throughout these small animals. However, temperature control of the genetically modified expressed channels is not as rapid as light activation and inactivation. For comparisons in controlling the glial activity, both channel rhodopsin and TRPA1 expression were used in this study while examining the effect on the behavior of freely moving animals, as well as examining related nerve activity within in-situ preparations and intact sensory-CNS-motor circuitry.




2. Methods and Materials


A number of methodological details have been described in an earlier paper [23] and are highlighted here.



2.1. Fly Lines and Optogenetic Procedures


The same fly lines were used as described in [23], as well as ones to express TRPA1 in the glia. In brief, the flies utilized were obtained from the Bloomington Drosophila Stock Center and were maintained in a laboratory. Flies and larvae were fed a standard cornmeal–agar–dextrose–yeast medium diet (modified from [36]), were housed at temperatures between 20 and 21 °C, and were maintained on a 12:12 L:D cycle. Animals expressing channel rhodopsin, halorhodopsin, or TRPA1 were generated by crossing virgin females of UAS transgene stocks with males bearing the pan-glial repo-GAL4 driver. Stocks used were y[1] w[1118]; PBac{y[+mDint2] w[+mC]=UAS-ChR2.XXL}VK00018 (BDSC stock #58374), w*; P{UAS-eNpHR-YFP} (BDSC#41752), and UAS-TrpA1 (BDSC stock #26263) for UAS transgenes and w[1118]; P{w[+m*]=GAL4}repo/TM3, Sb (BDSC stock #7415) or alternatively balanced with TM3, P{w[+mC]=ActGFP}JMR2, Ser derived from BDSC stock #4534.



A widely used approach in research using Drosophila is the UAS-Gal4 binary expression system, which can be used to target the expression of the effector gene of interest to a subset of cells in a controlled manner [34]. In this study, the channel rhodopsin was expressed in all glia cells. The parental lines (UAS-Chr2XXL) were also examined as controls for the effect of light sensitivity for behaviors and electrophysiological studies. Adults and larvae were screened prior to behaviors and electrophysiology recordings, to ensure we used larvae that were responsive to blue light. The screening entailed a brief (~5 s) exposure of blue light with a NightSea blue light (436 nm) emitter (NIGHTSEA, 235-Rear Bedford St., Lexington, MA, USA). The control for the halorhodopsin line was the parental line w*;P{UAS-eNpHR-YFP} (BDSC#41752). Using marked balancers expressing either GFP or dominant mutations (Sb or Ser), it was confirmed that animals responsive to the stimulus carried the repo-GAL4 transgene, while non-responders carried the balancer instead.



The high intensity LEDs used in this study were blue light (470 nm wavelength, LED supply, LXML-PB01-0040, 500 mA) and yellow-lime light (567.5 nm wavelength, LED supply, LXML-PM02-0000, 500 mA). The 470 nm blue light was used for the Chr2XXL and 567.5 nm yellow-lime light was used for the halorhodopsin lines, based on which the wavelengths resulted in maximum activation of the light-sensitive proteins, as determined from the literature [37,38].



The photon flux (number of photons per second per unit area) was measured with a LI-COR (model Li-1000 data Logger, LDL3774; LI-COR from Lincoln, NE, USA) that measured µMol s−1 m−2 per µA. In addition, the full spectrum of lights was measured with a Jazz (Ocean Optics Inc., Largo, FL, USA) to obtain a total W/m2 from 340 to 800 nm spectrum for each light source.



As described in [23], all trans-Retinal (ATR; Sigma-Aldrich, St. Louis, MO, USA) was diluted in 50 mL of standard fly food to a final concentration of 200 µM, and were protected from light with aluminum foil. All trans-Retinal was a cofactor for the channel rhodopsin, which increased its sensitivity to light and increased single channel conductance [20]. ATR (500 mg) was dissolved in 17.6 mL of absolute ethanol to make 100 mM stock solutions. The stock solution was transferred into small tubes, wrapped with aluminum foil, and kept in a −20 °C freezer. The ATR should be kept away from light as it is sensitive to it. The ATR was either mixed well with the fly food or the fly food was dissolved in the microwave. The food was left to cool, then ATR or absolute ethanol was mixed with the food as a control. Both foods were stored in the refrigerator for 3 days, with a cotton plug to allow the EtOH to evaporate. It had been noted that larval development was slowed in the presence of ethanol, so precautions were taken to limit its developmental influence by evaporating the alcohol [39].



Adults of UAS-ChR2 and Glia > Chr2XXL were fed ATR 24 h prior to being examined in a vial, and were switched to a vial without food in order to examine their behaviors. Larvae were fed ATR 24 h prior to the behavioral assays or electrophysiological recordings. Early third instar larvae were used for all electrophysiological studies.



Screening of the Glia > TRPA1 larva for electrophysiological recordings consisted of a brief exposure to 28 °C to observe which larvae contracted and stopped moving. The larvae that did not show a response were quickly removed and held in a separate dish with food for later electrophysiological examination. These non-responders as well as UAS-TRPA1 were used as the controls.




2.2. Intact Adult Behavior


The assays examined the ability of the ChR2XXL adult to move both during and immediately after either stimulating the glia with TRPA1 or hyperpolarizing the glia with halorhodopsin. The Glia > ChR2XXL and Glia > eNpHR adult flies were anesthetized by exposing them to CO2, and then were placed in plastic vials or petri dishes for the behavioral assays. The testing vial was tapped until all the flies fell into the bottom of the tube. A 10 s period was set to observe how the flies responded to either the blue or yellow LED lights [40]. Other subsets of the F1 generations were placed into Petri dishes for behavioral analysis in movements in a horizontal plane, which was more convenient for video imaging than the vials.



The righting reflex assay was also a measure of the coordination of the adult flies. After shaking the vials or Petri dishes, it was easy to note the inability of the adults to stand and move. All behavioral assays were repeated and compared to the control flies (parental lines and non-responders).




2.3. Intact Larval Behavior


This procedure is described in detail in an earlier report [41], but in brief, individual larvae were placed on an apple juice agar dish to stimulate crawling. Crawling larvae were prodded three times with an insect pin (Fine Science Instruments, 0.2 mm diameter), once on the tail and once on the side of the abdomen. While watching the larvae through a video camera under IR light, an observer counted the body wall contractions by the number of peristaltic waves for 30 s. These data are reported as the number of body wall contractions per minute. The same behavioral paradigm was used again, but with diffuse blue light over the dish. This was performed for the controls (UAS-ChR2XXL) as well as for the Glia < CHR2XXL animals.



The TRPA1 lines were viewed on the Petri dishes with etched scratches for the larvae to grip for movements. They were placed on the dish before heating. After heating the dish for 3 min at 28 °C on a hot plate, the dish was removed from the heat and the larvae were observed over time for regaining crawling function.




2.4. In Situ Neural Circuit of Larvae


In order to electrically drive the sensory-CNS-motor circuit and record the effects in a muscle, the larvae were fully fileted. This procedure was detailed earlier [42,43,44]. In brief, a longitudinal dorsal midline cut was made in the third instar larvae to expose the CNS. The segmental nerves on one side were cut and sucked into a suction electrode, which was filled with saline and stimulated. The segmental nerves were stimulated with trains of stimuli of 40–60 Hz, for 10–15 stimuli within a train. The trains were delivered every 10 s (S88 Stimulator, Astro-Med, Inc., Grass Co., West Warwick, RI, USA). Monitoring the transmembrane potentials of the body wall muscle (m6) was performed as explained above. The blue (Glia > Chr2XXL) or yellow (Glia > eNpHR) light was then either shone on the associated preparations without the electrical stimulation, or concurrently with the electrical stimulation. The same procedure was used for the Glia > TRPA1, but instead of light, the saline bath was exchanged with saline at 25 °C or 28 °C while stimulating the sensory segmental nerves on the contralateral side of recording from the muscle fibers. Controls for the effect of temperature were conducted with UAS-TRPA1.




2.5. Study Area


The study was carried out in the Biology Department at the University of Kentucky in Lexington, KY, USA, from August 2021 to February 2022.





3. Results


3.1. Intact Adult Behavior


Behavioral observations were made using a video camera under IR light, as white light can excite the highly sensitive channel rhodopsin ChR2XXL. As the adults do not move readily in the dark, they need to be lightly shaken or the dish must be tapped with a finger to cause the adults to move. The expression of channel rhodopsin specifically in the glia was accomplished using the GAL4/UAS system [34].



GAL4 expressed under the control of the reversed polarity (repo) gene regulatory elements drives the expression of UAS-ChR in all glia (written here as Glia > ChRXXL). Because the repo-GAL4 insertion must be maintained as a balanced line, about half of the progeny from a cross with UAS-ChRXXL responded to 10 s of blue light by becoming immobile. The presence of siblings carrying the balancer instead of GAL4 served as a behavioral control. The non-responders were removed, and the responders were allowed 10 min in the dark before a second exposure of 10 s of blue light was given to determine the effects of blue light exposure, as seen in Movie S1 (https://youtu.be/kW-OBXn8Kcs; accessed on 25 February 2022). As expected, the flies that became immobile after the first blue light exposure behaved the same upon the second exposure. Following sorting based on the behavioral response, examination for dominant markers on the balancer chromosome (Sb, Ser, or GFP) confirmed that non-responders carried the balancer, while responders did not, therefore carried the repo-GAL4 (Movie S1: https://youtu.be/kW-OBXn8Kcs (accessed on 25 February 2022) and Movie S2: https://youtu.be/CKzx3T8BGps (accessed on 25 February 2022) show TM3, Sb and TM3, Ser Act-GFP balancer cross progeny, respectively). The UAS-ChR2XXL parental stock flies were not responsive to the blue light and remained active with the ability to move when the dish was shaken or tapped, although some paused when exposed to the light initially, but quickly regained movement.



To determine the effect of repetitive exposure to blue light, Glia > ChRXXL adults were exposed to 10 s of blue light and a 3 min break in IR light until a 10 s blue light was again shown on the dish. It was clear it took a minute before all of the flies could move around following the shaking of the dish after the first 10 s of blue light exposure on the dish with the isolated responders. The second 10 s blue light exposure also paralyzed the adults, but they were able to return to movements within 30 s. After another 3 min in IR light, a third blue light exposure of 10 s paralyzed the adults and they were able to start moving sooner than after the second exposure of light.



The glia > eNpHR flies and the control parental line, UAS-eNpHR, showed no observable differences in adults following 10 s (and even up to 3 min) of constant yellow light exposure (data not shown). Thus, the use of this chloride pump expression (glia > eNpHR) in the glia cells of the adults to examine behavioral changes was not pursued any further.



As a proof of concept in activating the glia in the intact adults to compare with the activation ChR2XXL in the glia, the TRPA1 expression in the glia and exposure to heat was examined. As with the Glia > ChR2XXL experiment, only half of the progeny carried both GAL4 and UAS transgenes and therefore express TRPA1 in the glia. Glass Petri dishes were used with one dish containing adults of UAS-TRPA1 and another dish containing flies from the repo-GAL4 x UAS-TRPA1 cross. They were moved on to a hot plate at 28 °C to 29 °C. The flies would move quickly in the dish with UAS-TRPA1 adults, as well as with half the adults in the dish with cross progeny (Movie S3). The other half of the adults in the dish with Glia > TRPA1 fell on their sides and back quickly (Movie S3—https://youtu.be/D1QG9Dw2mK0; accessed on 25 February 2022), similar to the way the Glia > ChR2XXL adults reacted following exposure to blue light. As above, examination of the flies from each class revealed that non-responders carried dominant markers from the balancer, and thus lacked repo-GAL4, while the flies that became immobile did not. As soon as the responders to the heat stopped moving, the dish was taken off of the hot plate. As it took time for the heat to dissipate from the glass dish and the animals, the adults took a longer time to recover and start moving again when compared to the Glia > ChR2XXL flies. However, the rapid paralysis of the Glia > TRPA1 flies to heat indicate that activation of the glia resulted in the animals not being able to move. Furthermore, the legs or wings did not show movement, while the body was initially paralyzed. Upon removal of the heat as the adults were slowly recovering, the adults tried righting themselves and stumbled with some falling back on their side. There was quite a bit of variation in the recovery timing of the adults (Movie S3: https://youtu.be/D1QG9Dw2mK0; accessed on 25 February 2022), but all Glia > TRPA1 flies were able to eventually recover and move around the dish. In the additional experiments, with small glass Petri dishes and repetition of the same paradigm (with continuous monitoring following the removal of heat), it took approximately 30 min for the adults to recover despite the dish returning to 22–23 °C from 28–29 °C within 5 min. The smaller dishes allowed for zooming in with an enlarged image on all the adults to note the movement of the legs and wings. As with the Glia > ChR2XXL, upon recovering from heat exposure, the legs and wings would move and then stop and then begin moving again, until the adults could right themselves and slowly start walking again.




3.2. Intact Larval Behavior


To examine the light sensitivity of the larvae expressing channel rhodopsin or halorhodopsin in the glia, the body wall movements were recorded in IR light, before and during exposure to the associated LED. Crosses were conducted using the repo-GAL4 driver balanced with a GFP-marked chromosome. Ten larvae each from crosses with UAS-ChR2XXL and UAS-eNpHR were monitored (Figure 1). Lack of GFP unambiguously distinguished the larvae expressing the respective channel proteins. Only the Glia > Chr2 XXL animals slowed significantly during the 10 s of blue light exposure (Movie S4: https://youtu.be/DlbGcWa1Xq0; accessed on 25 February 2022). They then slowly recovered over the next 3 min (Movie S4: https://youtu.be/DlbGcWa1Xq0; accessed on 25 February 2022). The GFP-marked balancer for the Repo-GAL4 line was also readily observed by the GFP marker or the response to blue light (Movie S5—https://youtu.be/WcKCB-QFrdQ; accessed on 25 February 2022). The UAS-ChR2XXL parental line showed no change with blue light during or after 10 s of exposure (Figure 1). The halorhodopsin glial expressers (Glia > eNpHR) and the control for the halorhodopsin (UAS-eNpHR) showed no response to yellow light over 10 s of exposure, and no response even with a longer continuous 3 min exposure of yellow light. Thus, the glia > eNpHR larvae were no longer examined for sensitivity to yellow light.



Body wall movements were monitored for 30 s and were estimated for movements per minute to compare with the previous literature. There was a significant difference over each time period during the 3 min for Glia > Chr2XXL compared to the control line (UAS-ChR2XXL) (n = 10, p < 0.05, one way repeated measures analysis of variance, normality test (Shapiro–Wilk), equal variance test (Brown–Forsythe), and all pairwise multiple comparison procedures (Bonferroni t-test)). Each minute for the next 2 min, after the blue light was turned off, still showed a reduction in body wall contractions within the group of larvae responsive to blue light (n = 10, p < 0.05, one way repeated measures analysis of variance, normality test (Shapiro–Wilk), equal variance test (Brown–Forsythe), and all pairwise multiple comparison procedures (Bonferroni t-test)) (Figure 1).



The effects of activating TRPA1 expressed in the glia of the larvae were examined by placing the larvae in a glass Petri dish and exposing the dish to a hot plate (29 °C). As for the Glia > Chr2 XXL line, about 50% of the larvae in the repo-GAL4 x UAS-TRPA1 cross quickly twitched and then elongated, while the others kept wiggling around. The elongated larvae were paralyzed and did not respond to touch (Movie S6: https://youtu.be/2uK_zJIKmAY; accessed on 25 February 2022). The genotype of the responders was confirmed to be Glia > TRPA1 through the absence of the GFP-marked balancer). This procedure was used to confirm responders and non-responders for later electrophysiological studies. The glass was taken off the hot plate as soon as the larvae elongated and stopped moving. While continuously videoing the dish and observing the larva, it took about 30 min before the larvae were able to start crawling and responding to prodding again. Thus, the recovery time was similar both for the larvae and adults in activating the TRPA1 in the glia. The non-responders were able to keep moving during the entire length of heat exposure, as well as during the 30 min of the responders being paralyzed (Movie S6: https://youtu.be/2uK_zJIKmAY; accessed on 25 February 2022).




3.3. In Situ Neural Circuit Activity of Larvae


In order to determine to what degree glial stimulation caused activity of motor neurons and to correlate the observed behaviors to the effects on neural circuitry, the synaptic responses in the muscle fibers was monitored with and without sensory stimulation. White light was required to perform the dissection and placement of the intracellular electrode close to the muscle fiber of the larvae. The white light was kept as dim as possible. After dissection and placement of the preparation on the microscope platform, black felt curtains around the recording set up were closed. After 5 min of dark adapting, the intracellular electrode was carefully moved forward to penetrate the muscle fiber with a hydraulic micromanipulator. When an appropriate resting membrane potential was obtained, electrical stimulation of segmental nerves on the contralateral side was implemented. About 3/4 of all the preparations became damaged and were not able to be analyzed due to the muscle contraction, resulting in damage of the fiber by the intracellular electrode. Of the preparations that remained stable, six were able to be recorded for ten trials, in which the first five were controls without light and the next five were with light activation during the stimulation pulse. Representative figures of the responses are shown in Figure 2. The stimulus train induces a series of excitatory junction potentials (EJPs) beyond the time of the stimulus pulses; thus, the circuitry within the CNS is activated to excite the motor neurons and it is not just a 1:1 relationship with the sensory stimulus train (Figure 2B).



Electrically driving the sensory-CNS-motor neuron circuit results in the motor nerves being excited when enough stimulation is provided. For Glia > ChR2XXL animals, there is prolonged activation of the induced electrical stimulation when blue light is used in conjunction with electrical stimulation (Figure 3). It is interesting that in four of six preparations, the evoked activity first became more intense with concurrent light exposure and then the activity was silenced and slowly picked back up after the light was turned off and when only electrical stimulation occurred (as shown in Figure 4). In the example shown in Figure 4, the first combined light pulse and electrical stimulation produced a more robust series of evoked EJPs, but by the sixth combined stimuli, the evoked event was depressed. When the light was not combined with the electrical stimulation, the evoked EJPs slowly picked back up.



This decrease in motor nerve activity was also noted in the intact behaviors for Glia > ChR2XXL and Glia > TRPA1 when the larvae became flaccid. Thus, it was not practical to quantify counting the number of EJPs as an index, because some evoked sensory-CNS-motor neuron trials are obviously hyperexcited when the glia is activated with light or heat, and as a subsequent trial the electrical drive was abolished with glial activation.



The conditions without light in either the controls, or the UAS-ChR2XXL or Glia > ChR2XXL animals, did not dampen activity. In some cases, with the Glia > ChR2XXL animals, light activation rapidly stopped the sensory drive of activating the motor neurons (Figure 5). The parental control (UAS-ChR2XXL) showed no alteration with exposure to blue light. To illustrate that the GFP-marked balancer for the Repo-GAL4 line and the Repo-Gal4 line were also similar in their responses, trials were also conducted with these lines. The responses were similar, as the ones with a balancer did not respond to blue light, whereas the expressor for ChR2XXL did (Figure 6).



In examining the Glia > TRPA1 line, when recording the EJPs within the muscle, some bursting was intrinsic, and upon exchanging the saline from 22 °C to 28 °C, the EJPs became robust and then would dissipate (Figure 7). They did not recover over the next 5 min. It appears that activating the TRPA1 in the dissected preparations mimics the intact larval behavior with a prolonged inactivity of the motor neurons.



During earlier experimentation when there was not sufficient recovery time after heat exposure in separating out non-responders and responders of the Glia-GAL4 x UAS-TRPA1 cross, evoked responses could not be induced even with room temperature saline at 21 °C. These larvae were relatively quick to dissect, as they were flaccid and did not resist being pinned to the dissection dish. In hindsight, this was likely still during the long-term recovery of 30 min, as we later learned. So, even with sensory nerve stimulation, the motor nerves were not able to be recruited. Thus, the electrical stimulation while exchanging for warm saline was not pursued further, as maintaining an intracellular recording for 30 min in the muscle was difficult in these larval preparations after a few recorded contractions.





4. Discussion


Generally, this study demonstrated in Drosophila adults and larvae that glia activation can initially lead to an increase in body movements and then to paralysis. The recovery from paralysis depends on how the glia are activated, being either through light sensitive channels or temperature sensitive ion channels. The bodily responses are mimicked in the electrophysiological responses from motor neurons, as measured in muscle fibers with intracellular electrodes. Glial excitation stimulates the motor neurons resulting in EJPs in the muscle fibers; however, with increasing the stimulation of the glia, there is a central inhibition of the motor neuron activity relating to the paralysis in the intact larvae and adults.



The conventional view of the glia around the neurons and axons is to buffer the K+, which comes from the neuronal activity. This view comes from the early studies in squid nerves [45], as well as findings that the activity in one axon can influence the electrical activity of another through ephaptic transmission, as noted in the nerves of a crab [46]. This is likely due to the K+ build up within the “Frankenhauser space”, found between the glia and neurons [45]. Thus, glia dysfunction for being able to maintain the K+ balance is likely part of the pathology noted in MS [47]. Besides taking up substances in the near surroundings, the glia is known to release substances that can affect neurons and synaptic communication. Earlier studies in the leech ganglion postulated that the glia may support neurons in metabolic demands as a possible storage source of glycogen [48]. However, it is now established that some forms of glia can be activated to release cytokines, glutamate, and other gliotransmitters [8]. What has not been established until recently [23] is that within intact brains, if the glia are electrically depolarized, there is an impact on the neural function and behavior of the intact animal. Not only is it important to establish whether depolarization has an effect on neurons, but it is important to determine if hyperpolarization also has an effect. Potentially due to the rebound of ionic equilibrium from hyperpolarization, the homeostasis drive by the Na-K ATPase pump in the glia or neurons [49], can lead to hyperexcitability. Alterations in the ionic make-up of cerebral spinal fluid [50,51], as well as the local environment between the glia and neurons, can alter the threshold of neurons. To address this potential of hyperpolarization of the glia having an impact on neuronal function and on the behavior of the animal, an optogenetic approach was taken through the use of a light sensitive Cl− ion pump selectively expressed in the glia of CNS of larva and adult D. melanogaster in the study herein. No observable behavioral responses were noted with hyperpolarization of the glia.



The expression of the highly sensitive channel rhodopsin variant ChR2XXL is so sensitive that even dim white light can cause the channel to open. The feeding of adults or larvae ATR produces an even higher sensitivity to light [20]. This increased light sensitivity variant is helpful when examining the adults, as the blue light needs to penetrate through the cuticle and into the CNS to activate the glia. In addition, the efficiency of the expression of the light sensitive proteins in the glial cells of these genetic crosses (i.e., Glia > ChR2XXL) is not yet known.



It is also known that the Drosophila UAS-Gal4 binary expression system is temperature sensitive [51]. As the experiments were conducted in room temperature at 21 to 22 °C, we did not want to introduce another variable by altering the expression with varying temperatures to examine the sensitivity of the Glia > ChR2XXL animals. This is especially relevant as the temperature sensitive channels were also going to be examined as an additional conformation of the effects of activating glia on the behavior and motor neuron activity with electrophysiology.



It appears there must be a sufficient expression of the ChR2XXL protein when raising the larvae, pupa, and maintaining the adults at room temperature, as the response to light was robust compared to the parental controls (UAS-ChR2XXL), which did not show any noticeable behavioral responses to the LED blue light. Likewise, the larval responses were very notable for the Glia > ChR2XXL compared to the control responses. The sensitivity of stimulating the ChR2XXL without feeding ATR tainted food was not examined as the controls and the expressing line were both exposed to ATR, as the goal was to use the most sensitive approaches of stimulating the glia as possible.



The light sensitive channels were better for rapidly turning the response on and off compared to the activation of the glial cells through the temperature sensitive TRPA1 channels. It is hard to know how fast the glia heated up and cooled down, and likely the activation and deactivation were ramping up and down with the temperature. The opening and closing of the channel rhodopsin is very rapid with lights on and off [52]. The TRPA1 channels are rapid as well when examined with cells in culture [52,53,54,55,56]; however, in a whole animal and an intact neural circuit, the temperature changes not only affected the TRPA1 channels, but also the synaptic transmission, ionic pumps, exchangers, and voltage gated channels, not to mention the membrane potential as well as the likely permeability through the voltage gated channels. Thus, the onset and recovery with temperatures were expected to be different than for the light sensitive channels. However, using an additional approach to control the glia activity and observing the resulting behaviors (as well as physiological recordings of the motor nerve responses) provided confidence that both genetic approaches of expressing ChR2XXL or TRPA1, and then activating the glia, gave similar outcomes.



The recovery period following the activation of both larvae and adults expressing ChR2XXL presented with a short time of twitches, uncoordinated movements, and then pauses just prior to fully being able to move again. The adults would right themselves and stand still, but upon shaking the dish, they would sometimes just fall over. This is somewhat reminiscent of the electrical stimulation of the sensory roots, noting a slow recovery in evoking the motor neurons to respond.



It was a bit unexpected that activating the chloride pump with Glia > eNpHR in the adults and larvae did not result in some alterations in behaviors that could readily be noted. If the glia were in fact hyperpolarized, perhaps the effects on the ionic environment around the neurons was not altering the membrane potentials. If genetic lines could be developed where some neurons within the CNS circuitry could be hyperactivated to result in motor neuron firing, and then we were to activate eNpHR in the glia, it is possible that a dampening of hyperactivating a circuit could occur if the hyperpolarization helped to dampen, in some manner, the excess ECF K+ concentration. However, presently, it is not known what the effect of hyperpolarizing the glia would be on other glial functions in maintaining the pumps, exchangers, and secretion processes of the glia. If vesicles within the glia were to fuse based on Ca2+ influx and depolarization of the glial membrane, then a hyperpolarization would likely dampen the release of substances from the glia. However, if the glia had receptors for glutamate or other transmitters related to an influx of Ca2+ or Na+ ions, then a hyperpolarization would increase the driving gradient of the ions and might lead to a post-hyperpolarization of excitation. If there were voltage gated sodium channels, hyperpolarization could remove basal inactivation, which could transiently lower the threshold for the voltage gated Na+ channels post-hyperpolarization, as was noted to occur in the neurons [57].



Repetitive light exposure of Glia > ChR2XXL larvae and adults was shown to be less responsive over time. Even after a period of recovery, where the larval or adults appeared to regain total function, they did not respond as robustly with subsequent 10 s light pulses. There are various potential reasons to account for the decrease in effect. This behavioral habituation was also noted in the electrophysiological responses. However, if the electrophysiological measures were not performed, one would assume there was just a lack of sensory dive to the neural circuit. With electrical stimulation of the in-situ preparation, the ability to activate the motor neurons could go on for minutes with repeated electrical stimulation of the sensory input. However, if the glia were activated with heat for a prolonged time with Glia > TRPA1, the larvae did not respond to physical prodding. As the position of the larvae and adults of Glia > TRPA1 appeared in a flaccid state when over-activated, it is likely that the neural circuit was fully blocked. Glia > ChR2XXL habituation was not observed with one 10 s stimulation. However, with multiple 10 s stimulations with 3 min in IR only light in-between blue light exposures, the subsequent responses to light exposure were not as effective at producing a prolonged contraction state; thus, speeding up recovery time for the larvae. It was hard to observe an enhanced motor nerve activation in the adults as a contracted state as with larvae was not readily observed. However, the adults did not stay paralyzed for as long with repetitive light exposure. The larvae also did not stay in a state of contraction for as long, and may even have shown some very slow movements after several repetitive light exposures. For the ChR2XXL protein in association with ATR, it was possible that ATR was desensitized to the light and therefore had less of an effect at enhancing the ChR2XXL channel to respond to light. The ChR2XXL protein itself also showed desensitization to light, even within a single short light pulse [20]. The possibility of light induced inactivation of the ChR2XXL channel or the question of whether a refractory period was required for the ChR2XXL to regain function in the glia cells studied in this report were not addressed.



It is of interest to understand the mechanisms behind the initial enhanced activity of the neural circuitry followed with neural depression by light stimulation itself or even in conjunction with the sensory drive. The possibility of the motor neurons being excited by the release of gliotransmitters or K+ ions from the depolarized glia could account for the burst of activity, and this could be altered over time with more release of glutamate or K+ ions induced, such that the receptors to glutamate were desensitized and/or that the heightened K+ concentration excited the motor neurons, followed by depolarization inactivation of the voltage gated sodium channels. The recovery period for the motor neurons to regain sensitivity to even the sensory drive or an internal drive could take time to dampen the concentration of gliotransmitters or K+ ions in the tight spaces between the glia and neurons.



There could very well be a glial syncytium, which would then interact with a variety of neurons all at once. So, sensory input could activate a glial syncytium that could influence sensory, interneurons, and motor neurons differently. Just as likely, selective glial activation could have the same effect on glial syncytium and thus on multiple types of neurons. Such an activation of the glial syncytium in the CNS of rodents has been discussed [58].



If the glia in the CNS of Drosophila has a syncytium, then the movement of K+ ions from local regions with a neural activity could be moved through gap junctions to other glial cells to help in buffering the K+ load, as proposed in mammalian systems [58]. In addition, Ca2+ loading in the glia is likely as important, as gap junctions are known to show sensitivity in the cytoplasmic levels of Ca2+ and protons [59,60]. The idea of balancing the ionic movement of ions (Ca2+) and protons (H+) is important for balancing the bioelectromagnetic fields in a tight compartment such as the CNS of any animal [58]. If it were possible in these small brains of the larvae or adult Drosophila to electrophysiological explore a possible syncytial isopotentiality when activating one region and recording in another, as possible in mammals [61], then this could be directly addressed. It is known in crayfish, from anatomical and dye studies, there is some sort of syncytium among the glia in the ventral nerve cord. These structures are referred to as “trans-glial channels” [62].



With the advent of imaging and pH sensitive indicators and maybe voltage sensitive dyes, it would be possible to drive a sensory input and see the spread of the depolarization throughout the CNS, and if the glia are also impacted equally though a syncytium. This has yet been attempted in the Drosphila model. As, indeed, Ca2+ has a role in the communication among astrocytes, even in their ephaptic coupling with neurons, there are many avenues to address. As, in Drosophila, one is able to express Ca2+ indicators in cells and the glia, then one can examine if neural activity within the CNS of larvae and adults produces Ca2+ signals in the glia. It was recently shown that there is a Ca2+ wave in the glia within the segmental roots of larval Drosophila [63]. This recently reported finding is exciting, as this provides a key to the possibility of influencing neural activity along the axon based on the nerve activity itself or from other neurons within the same segmental nerve. This would have an influence of afferent sensory and efferent motor activity. There are many additional experimental paradigms to conduct in order to better understand the interactions of the glia and neural networks, as well as within peripherial nerves.



Pharmacological approaches to target the Na-K ATPase pump in the glia or the glutamate receptors on the motor neurons would have broad effects on both the glia and neurons, making it still difficult to determine the mechanism in the biphasic effect on the motor neurons from glia activation. In earlier studies, when motor neurons were selectively excited through the use of ChR2XXL, they also showed this biphasic effect of excitation and then depression for some time [24]. However, in these earlier studies, it was known that the motor neurons were directly stimulated and there was an influx of Ca2+ and Na+ through the ChR2XXL channels. Through the genetic expression of Ca2+ indicators in motor neurons along with ChR2XXL in the glia, the mechanisms of excitation and then depression can potentially be addressed for the motor neurons. It remains to be determined whether the activation of the glia is direct on motor neuron excitability or sensory endings or interneurons, or even a combination of effects of the circuit as a whole.



Long term perturbation of glia excitation, such as once every few hours over development, could manifest into more chronic effects, even in the absence of glia activation. Addressing this effect over development with the fruit fly model is possible. However, as with chronic disease states, such as MS in animals, it is not just the glia that are impacted, but rather a combination of factors. Glial dysfunction is only part of the issue in MS, as the channels in the neurons start to change in distribution and density as demyelination occurs, as well as the general inflammation itself changes with activated microglia exposure of cytokines from immune cell invasion, all of which can alter neural function. Such complications can occur within the Drosophila model system, as well if the glia are damaged by the repetitive stimulation or if compensatory mechanisms in the neurons take place. It would be of interest to know if such developmental alterations do take place with this relatively easy model in order to map the changes in the neural circuitry, as well as behavioral responses such as crawling, righting reflex, and flying, and even associative learning in regard to larval and adult Drosophila [64,65].



As a proof of concept, this study has demonstrated that activation of the glia can produce excessive neural activity, and this appears with increased excitation of the glia as well as depressed motor neuron activity. However, the cause of this is unknown, regarding whether the glial excitation is activating an inhibitory input on motor neurons or if the glial activity is directly inhibiting the motoneurons though ionic imbalance in the ECF. The direct inhibition could potentially be due to K+ being expelled from the glia, producing an increased activity and then depolarizing the motor neurons and not allowing the motor neurons to repolarize to remove voltage-gated sodium channel inactivation due to depolarization. Hopefully, this study will initiate future studies regarding the mechanisms behind these behavioral observations and measures on nerve activity.
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Figure 1. The effect on the larvae body wall movements through the excitation of the glial cells expressing channel rhodopsin (done by shining light on larvae). (A) All 10 larvae of Glia > ChR2XXL stopped moving when the glia cells were activated and then slowly were able to regain movement ability over time with only IR light exposure (* n = 10, p < 0.05, one way repeated measures analysis of variance, normality test (Shapiro–Wilk), equal variance test (Brown–Forsythe), and all pairwise multiple comparison procedures (Bonferroni t-test)). (B) Control larvae treated in the same manner as Glia > ChR2XXL with exposure to ATR for 24 h and exposed to blue LED light for 10 s. The controls showed no response to light exposure. 
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Figure 2. Representative electrically evoked responses in a muscle fiber from a sensory-CNS-motor circuit. (A1) A parental line of Chr2-XXL (control) with electrical stimulation of segmental nerves on the contralateral side from the intracellular recording in the m6 muscle fiber. The stimulus train (60 Hz for 10 msec) is delivered 10 times every 10 s. The first stimulus train shown is subthreshold for activating the motor neurons within the neural circuit. The average number of large excitatory junction potentials (EJPs) in the first five trains is compared to the last five trains. (A2) The boxed in area shown in A is enlarged to illustrate the EJPs within 10 s. (A3) The stimulus train is delivered to the segmental nerves to evoke the motor neurons. Note the EJPs continue to occur after the stimulus train is over. (B) When the stimulations are stopped for a minute and one train is delivered, the EJPs resume. Note the small EJPs (second arrow) that occur after the stimulus train for a prolonged time compared to before the stimulation (first arrow). These small EJPs arise due to electronic spread from the m6 muscle fibers in the adjoining body segments. These small EJPs were not counted in the analysis. 
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Figure 3. Motor neuron response from sensory stimulation in conjunction with light activation of the glia. (A) EJPs shown with a sensory stimulus train initially, and then followed by sensory stimulation along with blue LED stimulation of ChR2XXL expressed in the glia. (B) Illustration of the sensory stimulus train correlated with EJPs shown in A for the first response and then sensory stimulation along with blue light pulse over the electrical stimulation. The blue light pulses are indicated with dashed lines. 
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Figure 4. Effect of activating the glia on the electrical stimulation of the sensory nerves, eliciting motor nerve activity to produce EJPs. (A) The EJPs in the muscle are correlated with the electrical stimulation shown in B. Note the evoked EJPs are more robust when light is shone in conjunction with electrical stimulation, but this then depresses the 5th pulse train, and by the 6th light pulse the EJPs are absent altogether. The EJPs slowly come back without the light while continuously providing stimulus trains every 10 s. (B) The stimulus trains and the light pulse along with the electrical stimulation trains are shown by the blue dashes and followed by only the electrical stimulation trains. 
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Figure 5. Effect of activating the glia, which rapidly inhibits the responses from the electrical stimulation of the sensory nerves, thus eliciting motor nerve activity to produce EJPs. Note that the evoked responses are rapidly depressed with blue light exposure, and that the depression is repeated after the evoked responses recover. 
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Figure 6. Another line in which the non-expressing ChR2XXL can be identified with a GFP marker and the expressing line of ChR2XXL line does not. (A) The sensory-CNS-motor neural circuit for the GFP-marked balancer for the Repo-GAL4 line was not responsive for the blue light. (B) The Repo-GAL4 line showed an initial increase in response to blue light followed by a period of inhibition of evoked drive of the sensory-CNS-motor neural circuit. 
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Figure 7. The effect of activating TRPA1 in glial cells on motor nerve activity. There is some spontaneous activity at a constant temperature 22 °C, and upon changing the saline to 28 °C the resting membrane potential rapidly hyperpolarizes followed by a robust burst and prolonged activity. 
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