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Short Abstract: 
In this protocol, we demonstrate high-resolution fluorescent imaging of genetically labeled neurons in anaesthetized and awake freely behaving mice by using Cellvizio In Vivo Fiber-optic Fluorescence Microscope.  This approach allows us to monitor Calcium transients in deep-brain structures in response to stimulants such as odorants (Stettler and Axel, 2009). 

Long Abstract: 
In vivo imaging techniques enable us to visualize the cellular activity in living organisms. Neuronal activity recordings in awake freely moving animals provide critical insights into the neural correlates of behavior. Individual neurons or populations of neurons that play an important role in generation of a specific behavior can be monitored by electrophysiological or optical recordings. Optical recordings using genetically encoded fluorescent dyes in behaving animals offer an advantage over conventional electrophysiological techniques since the unique identity of recorded cells and tissues can be accurately identified. However, because an appropriate commercial solution has only recently been introduced, optical recordings from deep brain are not a common technique.  Cellvizio, the fiber optic fluorescence microscope developed by  Manua Kea Technologies and distributed by VisualSonics, offers a turn-key solution to the inherent challenges involved in imaging the deep brain in high resolution. 

The aim of this protocol is to demonstrate high-resolution fluorescent imaging of genetically labeled neurons in anaesthetized and awake freely behaving mice by using Cellvizio In Vivo Confocal Fluorescence Microscope. Our choice of fluorescence intensity indicator is GCaMP3, developed by (Tian et al., 2009). Following their protocol, we introduce GCaMP3 via adeno-associated viral vector stereotaxically into piriform cortex and ventral tegmental area. Here in this report, we present our data on odor and water-reward evoked calcium transients in piriform cortex and ventral tegmental area, respectively. 

Protocol Text: 

Step 1: Implantation of guide-cannula (Day 1)

1A. Anesthetize the mouse according to the method of the lab. Pinch the hind foot - the mouse is ready when it is not responsive.

1B. Shave the head to expose skin.

1C. Fix the mouse head into the stereotaxic frame with ear bars and bite plate. Ensure that the animal is breathing normally.

1D. Make a longitudinal incision in the middle of the head with scalpel or scissors to expose Lambda, Bregma, and the approximate X, Y position of the target structure. Clean the skull with PBS or 0.9% NaCl. Wipe with betadine and 70% alcohol. Depending on your facility, add topical analgesic and/or topical antibiotic.

1E. Under a dissecting microscope, use forceps to apply pressure and ensure that the skull remains immobile. Identify anatomical landmarks Lambda (caudal aspect) and Bregma (frontal aspect). Mark them with the lead pencil. 

1F. Use the drilling tool to make 3 holes for the anchorage microscrews on the skull contralateral to the image target. The diameter of the holes should be adapted to the size of the screws. To ensure stability of the guide-cannula, one microscrew should be fixed in the frontal bone as far away as possible from Bregma, one in the parietal bone, and one on the occipital bone. Allow the top of the microscrews to remain above the skull: they will better serve as anchorage points if dental cement can be put all around them. Refer to Appendix I for visual instructions. Tip: Gently blow bone dust away rather than wiping it away with damp gauze.

1G. Using the micromanipulators on the stereotaxic frame, position the center of the guide-cannula above Bregma. Using the micromanipulators, place the guide-cannula above the image target according to the stereotaxic coordinates. The guide-cannula should be centered in the hole previously created.

1H. Place the guide-cannula directly onto the brain. Note the Z1 position. Insert the guide-cannula into the brain. Insert the cannula 300 or 600 micrometers below the brain surface. for subcortical areas or deeper brain areas, respectively. Note the final position Z2. Knowing Z0 for Bregma and final Z2 position allows precise calculation of the depth of implantation within the brain from Bregma and will later be used to reach the target with precision

Prepare the dental cement

1I. Begin by adding small amounts of dental cement to the skull screws then, as the cement begins to polymerize, finish by the immediate periphery of the cannula and include the implant. Allow the cement dry for 10 minutes.

1J. Once the cement has hardened, disconnect the guide-cannula implant from the implant holder and insert the anti-contamination plug into the guide-cannula to prevent infection. Suture the skin around the base of the implanted guide-cannula.

1K. Remove the animal from the stereotaxic frame and allow the animal to recover from the surgery for at least one week prior to imaging. Follow guidelines from your institution for post operative animal care (use of analgesics, antibiotics, etc.).

Step 2: In vivo imaging (Day 7)
2A. Fix the CerboFlex into the electrode holder of the stereotaxic frame. Remove the anti-contamination plug. Carefully align the tip of the CerboFlex with the center of the guide-cannula implant. 

2B. Using dissecting microscope and the micromanipulators on the stereotaxic frame, center the tip of the CerboFlex above the entrance to the guide-cannula. Lower the CerboFlex until the tip of the microprobe reaches the entrance of the tube. Note the Z3 position. 

2C. Calculate the target position distance from this point (Z3) according to cannula length and the depth of the cannula base in the brain. Knowing that the guide-cannula is 7.5 mm long and that the end of the tube is inserted 300 or 600 micrometers into the brain, calculate how far away from the entrance of the cannula the CerboFlex should be lowered to reach the targeted cells (Calculation: 7.5 mm + distance of target from base of the cannula).

2D. Slowly and incrementally insert the CerboFlex through the cannula and into the brain tissue. Turn on the laser to guide the CerboFlex to the image target under image guidance.

2E. Carefully secure the CerboFlex onto the stabilization column by tightening the Z-lock screw.

2F. Remove the animal from the stereotactic frame and allow it to recover from the anesthetic. Put it in a resting place to recover from anaesthesia or directly within your experimetal set up. From this point, images can be captured continuously or intermittently using time lapse acquisition according to your needs.

Step 3: Removal of the CerboFlex

3A. Anaesthetize and position the animal into the stereotactic frame to remove the CerboFlex. Use caution and slowly remove the CerboFlex using the micromanipulators of the stereotaxic frame to prevent damage to the probe tip. It is equally important to use caution when removing the probe as when inserting the probe.

3B. Clean the CerboFlex immediately thoroughly using the QuantiKit according to instructions outlined in the user guide.

Representative Results: GFP expressing cells are easily visualized in the deep brain of virally infected mice (Figure 1). Time-lapse imaging over several minutes shows that the field of view remains stable over time. This stable field of view enables detection of calcium flux in response to appropriate stimulation. Figure 2 shows calcium flux in the olfactory glomeruli of anesthesized SpH mice in response to odorant stimulation. Similarly, cells in the piriform cortex of GcAMP3 infected anesthesized mice exhibit calcium fluctuation upon odorant stimulation (Figure 3). Allowing the mice to recover from anesthetic, imaging of these cells was acquired in freely behaving animals (Figure 4). These studies were further extended to investigate cellular activity in the VTA. Water-deprived mice were stimulated with water drops in anesthesized animals (Figure 5) and by drinking in freely behaving animals (Figure 6). 

Please note that robustness of the method is highly dependent on the surgical procedure, appropriate stimulus, and signal to noise ratios. 
Tables and Figures:  

Figure 1: Imaging AAV-eGFP infected cells in the deep brain of anesthesized mice in vivo.

Left (video), time-lapse sequence acquired over a five minute period. Below, regions of interest on the image (left) are shown in terms of fluorescent intensity over time (right)

Figure 2: Calcium responses in olfactory glomeruli of anesthesized SpH mice in response to odor stimulation imaged in vivo. Left, olfactory glomeruli were identified by positive detection of fluorescence and imaged at 12Hz while presented with an odor stimulus (at approx 5 seconds, dotted arrow in graph on right)

Right, regions of interest in the video (left) are shown in terms of fluorescent intensity over time (dotted arrow at 5 seconds indicates when the odor stimulus was presented).
Figure 3: Calcium responses in the piriform cortex of anesthesized gCAMP3 infected mice in response to odor stimulation imaged in vivo. Left, cells in the piriform cortex were identified by positive detection of fluorescence and imaged at 12Hz while presented with an odor stimulus (at approx 5 seconds, dotted arrow in graph on right)

Right, regions of interest in the video (left) are shown in terms of fluorescent intensity over time (dotted arrow at 5 seconds indicates when the odor stimulus was presented).
Figure 4: Calcium responses in the piriform cortex of freely behaving gCAMP3 infected mice in response to odor stimulation imaged in vivo. Left, (upper) cells in the piriform cortex were identified by positive detection of fluorescence and imaged at 12Hz while presented with an odor stimulus (at approx 5 seconds, dotted arrow in graph on right). Left, (lower) video of behaving mouse, recorded at the same time as the cellular imaging was acquired. Right, regions of interest in the video (left) are shown in terms of fluorescent intensity over time (dotted arrow at 5 seconds indicates when the odor stimulus was presented).
Figure 5: Calcium responses in the ventral tegmental area of anesthesized, water deprived gCAMP3 infected mice in response to water stimulation were imaged in vivo. Left, dopaminergic neurons in the VTA were identified by positive detection of fluorescence and imaged at 12Hz while presented with a water stimulus (at approx 5 seconds, dotted arrow in graph on right)

Right, regions of interest in the video (left) are shown in terms of fluorescent intensity over time (dotted arrow at 5 seconds indicates when the odor stimulus was presented).
Figure 6: Calcium responses in the ventral tegmental area of freely behaving, water deprived gCAMP3 infected mice in response to drinking were imaged in vivo. Left, dopaminergic neurons in the VTA were identified by positive detection of fluorescence and imaged at 12Hz while drinking (at approx 5 seconds, dotted arrow in graph on right). Left, (lower) video of behaving mouse, recorded at the same time as the cellular imaging was acquired. Right, regions of interest in the video (left) are shown in terms of fluorescent intensity over time (dotted arrow at 5 seconds indicates when the odor stimulus was presented).
Discussion: 

In this protocol, we have shown that with the Cellvizo fiber-optic fluorescence microprobe can be used to detect neural activity in awake, freely behaving mice. With  minimally-invasive fiber-optic probes we gained access to very deep-brain regions with ease. We used genetically encoded indicators to image terminals of olfactory sensory neurons in the main olfactory bulb as well as cellular activity of the piriform cortex layer II and ventral tegmental area. 

Currently, this fiber-optic microscopy imaging technique is the only method for minimally-invasive access to piriform cortex and VTA neurons in vivo and in behaving animals (Michael Eisenstein, 2009). This relates highly to unique features of the fiber-optic microprobes. The microprobe is comprised of (tens of) thousands of individual  micro-fiber optics encased within a single bundle 300 micrometers in diameter providing a circular field of view of 300 X 300 microns. Since this probe is very flexible, we didn't need to commutate the probe during awake animal experiments. In addition, the optic probe is beveled which allows easy repeated access to brain region of interest without significant injury to the tissue.   Damage due to repeated access to tissue by reinsertion of the cannula has been evaluated by ex vivo confocal microscopy and has revealed that there is tissue separation but an absence of cell fractionation; the  tissue remains healthy and intact several weeks following insertion (Davenne et al. 2005; Maskos, unpublished results FENS 2010). Overall, the Cellvizio microprobe provides us an opportunity to longitudinally image the deep brain with subcellular (3.3 micron) resolution. 

High sensitivity and image stability throughout an imaging session is important for the detection subtle fluorescence changes in response to environmental stimuli.  With time lapse imaging, we have shown that the field of  view remains stable over several minutes in anesthetized and, more importantly, in awake freely behaving animals. This is in agreement with Cressent et al. who have carefully investigated the long-term stability of fluorescence signal in deep brain regions of awake animals over a number of hours (Maskos, SfN 2008 abstracts).

First, we imaged Ca transients in olfactory glomeruli of anesthesized OMP-Synapto-pHluorin mice (Bozza et al Neuron 2004) in response to odor stimulation. In agreement with our previous publication, which was carried out using two-photon microscopy, we detected approximately 1 to 3% mean percent change in fluorescence (ΔF/F) for our odor set (Fleischmann et al 2008).  The imaging results can be improved by using better Ca indicators. Therefore, in another set of experiments we used GCaMP3 developed by Loren L. Looger and his group (Tian et al. 2009).   Following their protocol, we introduced GCaMP3 postnatally via an adeno-associated viral vector. We implanted cannulas  (VisualSonics, Toronto Canada) to the injection site to precisely relocalize the olfactory bulb in the anterior/posterior and medial/lateral axes. The depth of infected cells is scanned by the ability to image while accessing fluorescent cells.  

For successful experiments,  we had to optimize expression levels of GCaMP3 as high expression results in cytotoxicity while low expression gives rise to low signal levels. Imaging two weeks following infection gave yield to the best results.

Next, we imaged GCaMP3 detected odor-evoked calcium transients in the piriform cortex of an anesthetized mouse. We detected 5%mean percent change in fluorescence in response to odors. These results are in agreement with our previously published imaging results with conventional 2-photon imaging with Oregon Green 488 BAPTA-1 AM and GCaMP3, respectively, these results are in good alignment with each other (Stettler and Axel, 2009;  Stettler and Choi, unpublished data).  We have also tested the system in freely behaving mice, in regions of the deep brain including piriform cortex and the ventral tegmental area.  In agreement with the results of Maskos et al., we get reliable and robust Ca signals in behaving animals with GCaMP3 in response to appropriate environmental stimuli using the Cellvizio (See also Maskos, SFN abstracts 2008 and Vincent et al. 2006 for VTA imaging with fluorescence dyes using Cellvizio). 

In conclusion, Cellvizio makes possible experiments which could only previously be imagined by a limited number of facilities to the broad research community. Specifically, imaging neuronal activity in the deep brain of freely moving animals can be accomplished very quickly, owing to the turn-key solutions provided. This is significant as it will allow the correlation of behavior with the underlying specific neuronal activity. 
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Table of specific reagents and equipment:

	Name of the reagent & equipment
	Company
	Catalogue number
	Comments (optional)

	Cellvizio LAB 488
	Visulsonics
	CV-30000
	

	ImageCell Software 
	Visulsonics
	CV-30032
	

	QuantiKit 488 calibration kit
	Visulsonics
	CV-30028
	

	Neuropak
	Visulsonics
	CV-30065
	

	Stereotaxic Universal Holder
	David Kopf 
	1770
	7.4 to 12 mm diameter

	Electrode holder
	David Kopf 
	1776
	Specify 1.5 to 6 mm, same purpose as universal holder 

	Stereotaxic Ear Cups 
	David Kopf
	Model 921
	F&G Zygoma Ear Cups

	Pipette holder for 1.5 mm glass 
	Parker Hannifin
	050-0015-130-1
	

	Capillary Glass Tubing 
	Warner Instruments 
	64-0804
	

	Tubing for picrospritzer 
	Parker Hannifin 
	035-0062-032-36
	

	Needle/Pipette Puller
	David Kopf
	Model 730
	

	SD9 Grass stimulator
	Grass Technologies
	# SD9
	Square pulse

	Picrospritzer III
	Parker Hannifin
	051-0500-900
	

	Tissue Adhesive
	Amazon.com
	Meridian Surgi-Lock 2oc Instant
	

	Fast Curing Acrylic Resin Liquid

	Lang Dental 
	# 1220
	* Fibred Pink

	Fast Curing Acrylic Resin Liquid 
	Lang Dental 
	# 1403
	

	Temperature Controller
	Fine Science Tools
	21052-00
	For Heating Blanket

	Heating Pad
	Fine Science Tools
	21060-90
	For Heating Blanket

	Power Supply
	Fine Science Tools
	21051-00
	For Heating Blanket

	Rectal Probe
	Fine Science Tools
	21060-01
	For Heating Blanket

	Micro Probe 
	Fine Science Tools
	100-66-15
	

	Micro-Drill 
	Harvard Apparatus
	726065
	

	Pet Trimmer
	Amazon.com
	By Wahl
	Stylique® Designer/Liner Pet Trimmer

	USB Powered Microscope 
	Amazon.com
	B0025U0L8Y

	Veho VMS004Deluxe 
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