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SUMMARY:
This protocol describes the preparation of horizontal hippocampal-entorhinal cortex (HEC) slices from mice exhibiting spontaneous sharp-wave ripple activity. Slices are incubated in a simplified interface holding chamber and recordings are performed under submerged conditions with fast-flowing artificial cerebrospinal fluid to promote tissue oxygenation and the spontaneous emergence of network-level activity.

ABSTRACT:
Acute rodent brain slicing offers a tractable experimental approach to gain insight into the organization and function of neural circuits with single-cell resolution using electrophysiology, microscopy, and pharmacology. However, a major consideration in the design of in vitro experiments is the extent to which different slice preparations recapitulate naturalistic patterns of neural activity as observed in vivo. In the intact brain, the hippocampal network generates highly synchronized population activity reflective of the behavioral state of the animal, as exemplified by the sharp-wave ripple complexes (SWRs) that occur during waking consummatory states or non-REM sleep. SWRs and other forms of spontaneous network activity can emerge spontaneously in isolated hippocampal slices under appropriate conditions. In order to apply the powerful brain slice toolkit to the investigation of hippocampal network activity, it is necessary to utilize an approach that optimizes tissue health and the preservation of functional connectivity within the hippocampal network. Mice are transcardially perfused with cold sucrose-based artificial cerebrospinal fluid. Horizontal slices containing the hippocampus are cut at a thickness of 450 m to preserve synaptic connectivity. Slices recover in an interface-style chamber and are transferred to a submerged chamber for recordings. The recording chamber is designed for dual surface superfusion of artificial cerebrospinal fluid at a high flow rate to improve oxygenation of the slice. This protocol yields healthy tissue suitable for the investigation of complex and spontaneous network activity in vitro.

INTRODUCTION:
Electrophysiological measurement from living hippocampal slices in vitro is a powerful experimental approach with numerous advantages. The experimenter can use a microscope, micromanipulators, and a recording system to directly visualize and collect measurements from individual neurons in the tissue. Tissue slices are also very accessible to photostimulation or drug delivery for optogenetic, chemogenetic, or pharmacological experiments.

The hippocampal network generates highly synchronous population activity in vivo, visible as oscillations in the extracellular local field potential1-5. Brain slice methods have been leveraged to gain insight into the cellular and circuit mechanisms underlying these neuronal network oscillations. Foundational work from Maier et al. demonstrated that sharp wave-ripple complexes (SWRs) can emerge spontaneously in slices of the ventral hippocampus6,7. Subsequent studies from multiple investigators have gradually elucidated many aspects of SWRs, including the role of neuromodulators in regulating the network state of the hippocampus8-10 and the synaptic mechanisms that drive the in vitro reactivation of neuronal ensembles previously active during behavior in vivo11. Brain slice experiments have also provided insight into the gamma range oscillation (30–100 Hz), a distinct hippocampal network state believed to support memory encoding and recall12,13. Finally, recognizing the central role of the hippocampus and associated structures in the pathophysiology of temporal lobe epilepsy14,15, researchers have used hippocampal slice preparations to investigate the generation and propagation of epileptiform activity. Carter et al. demonstrated that combined hippocampal-entorhinal cortex slices prepared from chronically epileptic animals can spontaneously generate epileptiform discharges in vitro16. Subsequently, Karlócai et al. explored the mechanisms underlying epileptiform discharges in hippocampal slices by using modified artificial cerebrospinal fluid (ACSF) with altered ion concentrations (reduced Mg2+ or elevated K+) or added drugs (4AP or gabazine)17.

Investigators have developed numerous hippocampal slice approaches that differ in key ways: (1) the region of the hippocampus contained in the slice (dorsal, intermediate, or ventral); (2) the presence or absence of extrahippocampal tissues such as the entorhinal cortex; (3) the orientation used to cut slices (coronal, sagittal, horizontal, or oblique); and (4) the conditions under which the tissue is maintained after slicing (submerged fully in ACSF or held at the interface of ACSF and humidified, carbogen-rich air).

The choice of which slicing approach to use should be determined by the experimental objective. For example, transverse or coronal slices of the dorsal hippocampus maintained under submerged conditions have been used very effectively for the investigation of intrahippocampal circuitry and synaptic plasticity18-20. However, such preparations do not spontaneously generate network oscillations as readily as slices from the ventral hippocampus21-23. Although a state of persistent SWR activity can be induced by tetanic stimulation in transverse slices from the dorsal and ventral hippocampus24, spontaneous SWRs are more readily observed in ventral slices7,25.

An inherent physiological and anatomical distinction between the dorsal and ventral hippocampus is supported by studies performed both in vivo and in vitro26. Recordings in rats revealed strongly coherent theta rhythms throughout the dorsal and intermediate hippocampus, yet poor coherence between the ventral region and the rest of the hippocampus27. SWRs in vivo propagate readily between the dorsal and intermediate hippocampus, while SWRs that originate in the ventral hippocampus often remain local28. The associational projections originating from CA3 pyramidal neurons that reside in the dorsal and intermediate hippocampus project long distances along the longitudinal axis of the hippocampus. CA3 projections originating from ventral regions remain relatively local, and thus are less likely to be severed during the slicing process29,30. Ventral slices may, therefore, better preserve the recurrent network necessary to generate population synchrony. The propensity of ventral slices to generate spontaneous network activities in vitro may also reflect higher intrinsic excitability of pyramidal neurons or weaker GABAergic inhibition in the ventral hippocampus as compared to more dorsal regions31. Indeed, ventral hippocampal slices are more susceptible to epileptiform activity32,33. Thus, many studies of spontaneous physiological8,9,11,24 or pathological16,34-36 network oscillations have traditionally used a horizontal slicing approach, sometimes with a slight angle in the fronto-occipital direction, which yields tissue slices parallel to the transverse plane of the ventral hippocampus.

Network connectivity is unavoidably impacted by the slicing procedure as many cells in the slice will be severed. The angle and thickness of the slice and the tissue retained in the preparation should be considered to optimize connectivity in the circuits of interest. Many studies have utilized horizontal combined hippocampal-entorhinal cortex slices (HEC) to explore interactions between the two structures in the context of physiological or pathological network oscillations. Roth et al. performed dual recordings from the CA1 subfield of the hippocampus and layer V of the medial entorhinal cortex to demonstrate propagation of SWR activity through the HEC slice37. Many studies of epileptiform activity have used the HEC slice preparation to investigate how epileptiform discharges propagate through the corticohippocampal network16,35,36,38. It is important to note that preservation of the intact corticohippocampal loop is not a prerequisite for spontaneous SWRs, epileptiform discharges, or gamma oscillations; network oscillations can be generated in transverse slices of the dorsal or ventral hippocampus with no attached parahippocampal tissues21-23, 25,39-41. A more important factor for the spontaneous generation of network oscillations in hippocampal slices may be the thickness of each slice, as a thicker slice (400–550 m) will preserve more connectivity in the CA2/CA3 recurrent network21,22,25.

Although angled horizontal HEC slices (cut with an approximately 12˚ angle in the fronto-occipital direction) have been used to study the functional connectivity of the corticohippocampal loop11,16,34,35,42, such angled preparations are not required for spontaneous network activity43-45. However, the use of an angled slicing plane does allow the investigator to selectively make slices that best preserve the transversely-oriented lamellae of either the ventral or intermediate hippocampus, depending on whether a downward or an upward angle is applied (Figure 1). This approach is conceptually similar to that used by Papatheodoropoulos et al., 2002, who dissected each hippocampus free and then used a tissue chopper to create transverse slices along the entire dorsal-ventral axis21. In the light of the aforementioned functional distinctions between the ventral and dorsal-intermediate hippocampus, investigators should consider the anatomical origin of slices when designing experiments or interpreting results. Using an agar ramp during the slicing procedure is a simple way to preferentially produce slices from either the intermediate or ventral hippocampus.

Hippocampal slices can be maintained in either a submerged chamber (with the tissue fully immersed in ACSF), or an interface-style chamber (e.g., Oslo or Haas chamber, with slices covered only by a thin film of flowing media). Interface maintenance enhances oxygenation of the tissue, which promotes neuronal survival and allows for sustained high levels of interneuronal activity. Traditionally, submerged recording conditions use a slower ACSF flow rate that does not provide adequate tissue oxygenation for stable expression of network-level oscillations. In submerged hippocampal slices carbachol-induced gamma oscillations are only observed transiently46,47, while they can be stably maintained in interface recording chambers10,48,49. As such, many studies of complex spontaneous activity in vitro have relied on interface recording chambers to investigate sharp-wave ripple complexes6-10,25,37, gamma oscillations10,13, and epileptiform activity16,38,45,47.

In a submerged-style recording chamber, an immersion microscope objective can be used to visualize individual cells and selectively target healthy-looking cells for recordings. The submerged preparation also allows fine control over the cellular milieu, as submersion facilitates rapid diffusion of drugs or other compounds to the tissue. Thus, a modified methodology in which stable network oscillations are maintained under submerged conditions represents a powerful experimental approach. This approach is exemplified by the work of Hájos et al., in which hippocampal slices recover in a simplified interface-style holding chamber for several hours before transfer to a modified submerged recording chamber with a high flow rate of ACSF (~6 mL/min) to enhance oxygen supply to the tissue12,48,49. Under these conditions, high levels of interneuron activity and stable spontaneous network oscillations can be maintained in a submerged recording chamber. This modified approach allows the investigators to perform visually guided whole-cell patch clamp recordings and characterize the contribution of morphologically identified cell types to carbachol-induced gamma oscillations12. SWRs can also occur spontaneously in submerged hippocampal slices with a fast flow rate of ACSF11,48,49. Maier et al. demonstrated that hippocampal slices that recovered in an interface chamber before transfer to a submerged recording chamber reliably exhibited spontaneous SWRs, whereas slices that recovered submerged in a beaker before transfer to a submerged recording chamber showed smaller evoked field responses, lower levels of spontaneous synaptic currents, and only very rarely exhibited spontaneous SWRs43. Schlingloff et al. used this improved methodology to demonstrate the role of parvalbumin-expressing basket cells in the generation of spontaneous SWRs44.

The following protocol presents a slicing method through which spontaneously active neurons in horizontal hippocampal slices can be recovered under interface conditions and subsequently maintained in a submerged recording chamber suitable for pharmacological or optogenetic manipulations and visually guided recordings.
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All methods described here have been approved by the Institutional Animal Care and Use Committee at Columbia University (AC-AAAU9451).

1. Prepare solutions

1.1. Prepare sucrose cutting solution for slicing as described in Table 1.

NOTE: After preparing 1 L of sucrose solution, freeze a small amount (approximately 100–200 mL) in an ice tray. These frozen sucrose ice cubes will be blended into an icy slurry (see step 4.3).

1.2. Prepare artificial cerebrospinal fluid (ACSF) for recording as described in Table 2.

1.3. Prepare 1 M of NaCl for stimulation pipettes by dissolving 0.05844 g of NaCl in 1 mL of purified water that has been filtered to remove trace metals and other impurities.

NOTE: Sucrose cutting solution and ACSF should be prepared fresh for each experiment.

2. Prepare agar ramp

2.1. Prepare 4% agar (e.g., 2 g of agar in 50 mL of water) by dissolving agar powder into purified water that has been filtered to remove trace metals and other impurities. Heat the mixture in a microwave until it just begins to boil (approximately 30–60 s). Pour the molten agar into a mold and allow it to cool and solidify at 4 ˚C in a fridge at an approximately 12˚ incline.

NOTE: For a mold, one can use any glass or plastic container set at an angle, with enough molten agar poured in to form a ramp of 4 cm in length and approximately 0.8 cm in height.
 
3. Stage the slicing area

3.1. Fill a 400 mL beaker containing a slice recovery chamber with approximately 250 mL of ACSF; place it in a water bath warmed to 32 ˚C and begin bubbling with carbogen (95% oxygen gas/5% carbon dioxide gas).

NOTE: Fill the recovery beaker with just enough fluid to place the nylon mesh of the holding chamber at the very surface of the solution, so that slices will be held at the interface of the warm solution mixture and the air (Figure 1). Place small pieces of lens paper on the nylon mesh. The slices will lay on top of the lens paper, which can later be used to transfer slices individually to the recording chamber (see step 6.6).

3.2. Place a flask with the sucrose solution into an ice bucket to chill and begin bubbling with carbogen.

NOTE: The recovery beaker and sucrose solution should be warmed and chilled, respectively, with carbogen bubbling for at least 30 mins before the mouse is placed in the isoflurane chamber.

3.3. Pull out the tray of premade, frozen sucrose solution ice cubes from the freezer and place on the bench to partially thaw.

3.4. Place one half of a clean double-edged razor blade into the microtome and calibrate if necessary. Set aside the other half of the razor blade for use during the dissection.

3.5. Run a carbogen line and temperature probe into the slicing chamber and surround with ice to chill the chamber.

3.6. Prepare a clean bench or table covered with two disposable absorbent pads. Lay out all dissection tools and three pieces of lab tape on the left pad, where the transcardial perfusion will be performed.

NOTE: Dissection tools include small Bonn scissors, dissector scissors, large spatula/spoon, microspatula, scalpel with new blade, spatula, sharp/blunt surgical scissors, large tissue forceps, and small tissue forceps (see Table of Materials).

3.7. On the other absorbent pad to the right of the perfusion area, place a circular piece of filter paper into the lid of a 100 mm diameter glass Petri dish. Place the bottom of the Petri dish next to the lid and place a carbogen line into both pieces of the dish.

3.8. Use a razor blade or scalpel to cut a small ramp of agar (approximately 4 cm along the angled surface, 0.8 cm in height, 2 cm in width). Cut off a piece of the ramp from the tall end and reverse it to create a backing block of agar. Use cyanoacrylate adhesive to affix the agar ramp and backing block to the slicing platform and set aside.

NOTE: The backing block of agar helps stabilize the brain during slicing and provides a surface on which to dissect away unnecessary tissues from each slice (Figure 1).

4. Transcardial perfusion

4.1. Suspend a 60 mL capacity syringe as a reservoir for sucrose cutting solution approximately 18 inches above the benchtop (e.g., using a three-pronged swivel clamp on a vertical post). Attach tubing to the bottom of the reservoir, run the tubing through a roller clamp, and connect the other end of the tube to a clean 20 G needle.

4.2. Fill the 60 mL reservoir with approximately 30 mL of chilled sucrose solution and direct a carbogen line into the sucrose reservoir to continually bubble the perfusate.

NOTE: Ensure that the sucrose is flowing through the tubing and needle without any trapped bubbles. The flow rate should be just fast enough to have a steady, continual stream of dripping sucrose from the needle.

4.3. Using a blender, crush and blend the frozen sucrose into an icy slurry and use the large spatula/spoon to distribute the slurry.

4.3.1. Place a small amount of sucrose slurry around the edges of the glass Petri dish lid. Add a small amount of sucrose slurry to the Petri dish bottom.

4.3.2. Add roughly 20–30 mL of sucrose slurry to the perfusion fluid reservoir, mixing it well with the 30 mL of chilled liquid sucrose until the reservoir contains a mixture of very cold, predominantly liquid sucrose with some remnant frozen solution.

4.4. Place the mouse into a chamber connected to an isoflurane vaporizer. With oxygen flowing at approximately 2 L/min, turn the dial of the vaporizer to deliver isoflurane at 5% concentration and start a timer.

NOTE: Keep this timer going throughout the course of slicing to gauge how quickly the slices are obtained. The procedure should be done as quickly as possible, such that slicing is complete, and tissue is recovering in the interface chamber within 15–20 min of the animal entering the isoflurane chamber. Watch the mouse to ensure a state of deep anesthesia is achieved. After a minimum of 5 min, the mouse should be deeply anesthetized and unresponsive to toe pinches.

4.5. Immediately before removing the mouse from the isoflurane chamber, fill the Petri dish lid with chilled sucrose solution to a depth of approximately 3–5 mm and fill the Petri dish bottom with chilled sucrose solution to a depth of approximately 1.0 cm.

4.6. Quickly transfer the mouse to the left absorbent pad and use the 3 pieces of tape to secure the forelimbs and tail. Using the large tissue forceps and surgical scissors, tent the skin and make a lengthwise incision from the bottom of the sternum to the top of the chest. Using the forceps pull up on the sternum and use the scissors to cut through the diaphragm.

NOTE: The initial positioning of the mouse and first several incisions to sever the diaphragm should be performed as quickly as possible to ensure the mouse does not regain consciousness. 

4.7. Use the scissors to cut through the rib cage on each side, cutting in one large motion towards the point where the forelimb meets the body. With the forceps, swing the front of the rib cage away and up toward the head, and then fully remove it with a horizontal cut using the large scissors. Hold the heart in place using the large forceps and insert the 20 G perfusion needle into the left ventricle. Once the needle is positioned correctly, the left side of the heart should quickly pale as chilled sucrose solution fills the ventricle.

4.8. Use the small dissector scissors to cut into the right atrium and allow the blood to flow out of the circulatory system. If the incisions are performed correctly, there should be minimal damage to the heart, and it should continue pumping throughout the perfusion.

NOTE: Rolled-up pieces of tissue paper can be used to wick away blood and sucrose solution from the heart and maintain visibility of the perfusion needle during the procedure.

4.9. Ensure that the perfusion needle stays in place and does not fall out of the left ventricle. With a proper flow rate and placement, the liver will start to pale to a light tan/beige color with 20–30 s.

4.10. After 30–45 s, use the large scissors to decapitate the mouse. Holding the head in the left hand, push or peel the skin away from the skull. In a well-perfused animal, the skull should be very pale, and the brain should appear a very light pink color (approaching white) through the skull without clearly visible blood vessels.

5. Extract the brain and cut slices

5.1. Using the small Bonn scissors, make two lateral cuts through the skull towards the midline at the front of the skull, near the eyes. Make two additional cuts on either side of the base of the skull.

5.2. Transfer the head to the bottom of the glass Petri dish where it should be mostly immersed in chilled sucrose solution. Use the small Bonn scissors to cut down the midline along the length of the skull, pulling up with the scissors to minimize damage to the underlying brain tissue. Using the small tissue forceps, firmly grasp each side of the skull and swing it up and away from the brain, like opening a book.

5.3. Use the fingers of the left hand to hold the flaps of skull open and insert the microspatula under the brain near the olfactory bulbs. Flip the brain out of the skull into the sucrose and use the microspatula to sever the brain stem. Wash of the brain to remove any residual blood, fur, or other tissues.

5.4. Use the large spatula/spoon to transfer the brain to the lid of the glass Petri dish. With the other half of the double-edged razor blade previously set aside, make two coronal cuts to first remove the cerebellum and then the most anterior portion of the brain, including the olfactory bulbs (Figure 1).

5.5. Apply cyanoacrylate adhesive to the agar ramp. Very briefly place the brain onto a piece of dry filter paper using the large tissue forceps and then immediately transfer it to the agar ramp, placing the ventral surface of the brain onto the adhesive.

NOTE: For slices of the intermediate hippocampus, the brain should be oriented with the anterior facing up the slope of the ramp, and the posterior closer to the blade. For slices of the ventral hippocampus, orient the brain with the anterior end pointed down the slope of the ramp, with the posterior end at the top of the ramp, further away from the blade. In either case, the brain should be positioned at the top of the ramp, such that the coronally-cut surface of the brain contacts the agar backing block (Figure 1).

5.6. Place the slicing platform with the agar and brain into the slicing chamber of the microtome and completely immerse with chilled sucrose solution. Use the large spatula/spoon to transfer some sucrose slurry to the chamber, stirring to melt any frozen sucrose and rapidly bring down the temperature of the mixture to ~1–2 ˚C.

NOTE: Watch the temperature gauge throughout the slicing. If the sucrose solution warms above 3 ˚C, add more slurry and mix to bring the temperature back down.

5.7. Cut slices at a thickness of 450 m with the microtome speed set to 0.07 mm/s. As each slice is freed, use the small tissue forceps and a sharp scalpel to first separate the two hemispheres, and then to cut away tissue until the slice consists primarily of the hippocampus and parahippocampal regions (Figure 1).

5.8. Use a plastic transfer pipette to transfer the slices individually to the interface recovery chamber, ensuring that they are positioned at the interface of the ACSF and the air with only a thin meniscus of ACSF covering the slices. Tightly close the lid of the chamber and allow slices to recover at 32 ˚C for 30 min.

5.9. After the initial recovery at 32 ˚C, bring the interface recovery chamber out of the water bath and place on a stirrer set to a slow speed such that the magnetic stir bar promotes circulation of ACSF within the chamber. Allow it to gradually cool to room temperature as the slices recover for an additional 90 min. Ensure that the recovery chamber is continually bubbled with carbogen and do not allow large bubbles to become trapped underneath the slices.

6. Perform local field potential (LFP) recordings of spontaneous activity

6.1. Prepare for LFP recordings by turning on all necessary equipment, including the computer running the acquisition software, the monitor connected to the computer, the stimulators, the micromanipulator, the temperature controller, the microscope light source, the microscope-attached camera, the microelectrode amplifier, the digitizer, and the peristaltic pump. If using a central vacuum system, open the wall valve to prepare the vacuum line that will remove ACSF from the recording chamber.

6.2. Fill the heated reservoir with ACSF, then place one end of the tubing into the 400 mL beaker containing the bubbling ACSF. Turn on the peristaltic pump to direct ACSF from the 400 mL beaker to the heated reservoir, and from the reservoir onward to the recording chamber. Tap or pinch the tubing to release any trapped bubbles.

6.3. Adjust the peristaltic pump to ensure that the ACSF flow rate through the recording chamber is fast (~ 8–10 mL/min). Use a temperature probe to ensure that the ACSF is 32 ˚C in the center of the recording chamber.

NOTE: If ACSF is delivered to the recording chamber using a peristaltic pump, a high flow rate can result in a significant fluctuation in flow rate. Consistent flow rates can be achieved using a simple pulsation dampener consisting of a series of empty syringes integrated into the tubing (Figure 2).

6.4. Prepare stimulation and recording pipettes from borosilicate capillaries using a heated filament puller. The puller protocol should be configured to yield pipettes with a resistance of 2–3 MOhm for stimulation or local field potential recording electrodes.

6.5. Fill stimulation pipettes with 1 M NaCl and LFP pipettes with ACSF.

6.6. Briefly clamp the tubing and turn off the pump to pause flow of ACSF. Transfer a slice to the recording chamber using fine forceps to grasp a corner of the lens paper the slice is resting on-the slice will stick to the lens paper. Place the lens paper and slice into the recording chamber with the slice facing down, then “peel” away the lens paper leaving the slice submerged in the recording chamber. Secure the slice using a harp.

NOTE: Harps can be purchased pre-made or made in-lab using a U-shaped piece of stainless steel or platinum and fine nylon filament.

6.7. Place a NaCl-filled stimulation pipette in the manual micromanipulator and slowly advance the tip of the pipette into the surface of the slice (e.g., in the SR layer) at an angle of approximately 30–45˚. Once the tip of the pipette enters the tissue, advance the pipette forward slowly and refrain from large movements in the lateral or vertical direction that could unnecessarily damage axons within the slice. Place the tip of the pipette at least 50–100 m deep into the slice to avoid cells near the surface that were damaged during slicing.

6.8. Place an ACSF-filled LFP pipette into the pipette holder attached to the motorized micromanipulator. Apply a very light positive pressure using either mouth pressure or a 1 mL syringe connected via a stopcock valve and a short length of tubing to the pipette holder.

NOTE: Position LFP pipettes within the slice in order to record the signals of interest: in the case of sharp wave ripples, one LFP pipette should be placed in the stratum pyramidale (SP) and a second pipette in the stratum radiatum (SR). This configuration allows for simultaneous recordings of the negative sharp-wave in the SR and the high-frequency ripple oscillation in the SP (Figure 3).

6.9. Using the micromanipulator slowly advance the tip of the LFP pipette into the region of interest (e.g., the CA1 pyramidal cell layer) at an angle of approximately 30–45˚. Place the tip of the pipette at least 50–100 m deep into the slice to avoid cells near the surface that were damaged during slicing. While advancing the LFP pipette, continually deliver a small voltage test pulse using the acquisition software and watch for a sudden increase in electrode resistance. This may indicate that the pipette has been clogged or pressed up against a cell.

6.10. Once the LFP pipette is positioned in the region of interest, carefully release the positive pressure by opening the valve on the tubing attached to the pipette holder.

6.11. To record the LFP in a second location simultaneously, repeat steps 6.8–6.10 with a second pipette and micromanipulator.

6.12. Use the microelectrode amplifier in the current clamp configuration to record spontaneous activity in the local field potential after using the bridge balance function in the acquisition software to correct for series resistance of the pipette. Spontaneous SWRs will appear as positive deflections in the extracellular potential of the SP layer (Figure 3).

6.13. In order to record evoked field potentials, use the stimulators connected to the digitizer to deliver a short (200 us) square voltage pulse through the NaCl-filled stimulation pipette. Adjust the stimulation voltage dial to evoke a range of responses amplitudes.

REPRESENTATIVE RESULTS:
Presented here are representative recordings from HEC slices prepared as described in this protocol. Following recovery in an interface holding chamber (Figure 1C), slices are transferred individually to a submerged recording chamber (Figure 2B). The recording chamber is supplied with carbogen-saturated ACSF using a peristaltic pump (Figure 2A). The pump first draws ACSF from a holding beaker into a heated reservoir. Carbogen lines are placed into both the holding beaker and the heated reservoir to provide continuous oxygenation of the media. A pulsation dampener, consisting of a series of air-filled syringes, is positioned in between the peristaltic pump and the recording chamber to minimize the fluctuations in flow rate produced by rapid peristalsis. The air pocket in each syringe absorbs the changes in pressure caused by each cycle of the pump, so that the recording chamber receives a smooth and consistent flow of ACSF52,53. An inline heater positioned after the pulsation dampener ensures that the temperature of the ACSF is held at 32 C as it enters the recording chamber.

In this example, the dual-surface superfusion recording chamber consists of three 3D-printed layers (Figure 2B). The bottom layer has a rectangular cutout to fit a coverslip, secured with vacuum grease. The middle layer contains the bottom half of an elongated oval chamber, with two horizontal supports. Nylon filament is strung across these supports (roughly every 0.5 mm) and secured with cyanoacrylate adhesive. The slice will rest on top of this strung filament. The top layer contains the upper half of the oval chamber along with small wells into which the silver chloride ground pellets can be placed. The elongated oval shape of the chamber is designed to promote fast laminar flow of ACSF.

Figure 3 presents representative recordings from HEC slices prepared according to this protocol. To initially assess slice health, field postsynaptic potentials (fPSPs) are evoked in the stratum radiatum (SR) using a pipette filled with 1 M of NaCl. In healthy slices, electrical stimulation should produce a fPSP with a small presynaptic fiber volley and a large postsynaptic potential with a rapid initial descent (Figure 3B, upper left). In healthy slices, spontaneous sharp-wave ripples (SWRs) are visible as positive deflections in the LFP in the stratum pyramidale (Figure 3B, lower left). In suboptimal slices evoked fPSPs show a large fiber volley and a relatively small postsynaptic potential, and such slices do not show spontaneous SWRs (Figure 3B, right). SWRs in vitro show characteristics consistent with published descriptions: a positive field potential in the SP layer with an overlaid high frequency oscillation, paired with a negative field potential in the SR layer (Figure 3C). A single SWR recorded in CA2 is indicated with an asterisk (Figure 3C, right). SWRs in HEC slices originate within CA2/CA3 recurrent circuits and propagate to CA1. A single SWR observed in the CA2 and CA1 SP layer is indicated with an asterisk (Figure 3D, right). In this representative example, the CA2 SWR (green) leads that in CA1 (blue) by several milliseconds, as shown in the overlay of the SWR envelope (filtered at 2–30 Hz) recorded in each region.
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FIGURE AND TABLE LEGENDS:
Figure 1: Preparation of horizontal angled hippocampal-entorhinal cortex (HEC) slices. (A)(i) After extracting the brain, perform two coronal cuts with a razor blade to remove the posterior and anterior portions of the brain. (ii) The agar ramp is formed of two angled portions glued to the microtome slicing platform. To prepare slices of the intermediate hippocampus, place the brain block onto the agar ramp with the anterior surface facing up the slope and making contact with the tall backing portion of the ramp. To prepare slices of more ventral hippocampus, place the brain block onto the agar ramp with the anterior surface facing down the slope, so that the posterior cut surface makes contact with the tall backing portion of the ramp. (iii) As each slice is freed, perform several more cuts with the scalpel to separate the hemispheres and remove unnecessary tissue. (B) Representative image of the resulting slice with cell nuclei labeled by DAPI. (C) In an interface recovery, chamber slices are placed on pieces of lens paper on top of a stainless steel or nylon mesh, level with the surface of the ACSF. A ceramic bubbler conveys carbogen into the chamber and a magnetic stir bar continually mixes the fluid in the chamber. A thin film of ACSF covers the top surface of the slice, enhancing diffusion of oxygen from the humid carbogen-rich air of the chamber.

Figure 2: Dual surface superfusion recording chamber with pulsation dampener in the ACSF delivery tubing. (A) Diagram of the superfusion system. ACSF is warmed to 32 ˚C, constantly bubbled with carbogen gas, and delivered at approximately 8–10 mL/min using a peristaltic pump with a pulsation dampener consisting of a series of air-filled syringes. (B) The recording chamber consists of three 3D-printed layers, the middle of which is strung with nylon filament. The slice rests upon this strung filament and ACSF flows above and below the tissue.

Figure 3: Representative recordings of spontaneous sharp-wave ripples from HEC slices. (A) A simplified diagram of the HEC slice showing the positions of the recording and stimulation electrodes. (B) Representative recordings of LFP activity from both an active, healthy slice and a suboptimal slice. The healthy slice (left, in green) shows large evoked field responses and spontaneous sharp-wave ripples (SWRs), visible as irregularly occurring positive deflections in the local field potential of the SP layer. In contrast, an unhealthy slice shows small evoked field responses and no spontaneous activity (right, in gray). (C) Representative recordings of SWRs in the CA2 region, consisting of a negative deflection in the LFP in the SR layer and a high frequency oscillation with an underlying positive deflection in the LFP in the SP layer. Peaks in each channel greater than three standard deviations of the signal amplitude are highlighted in red. A bandpass filter of 2–30 Hz isolates the underlying positive and negative envelope of the sharp wave in the SP and SR layer, respectively, while a bandpass filter of 80–250 Hz is used to isolate the high-frequency oscillation of the ripple in the SP layer. (D) SWRs in vitro propagate from CA2/CA3 to CA1. In these representative recordings, SWRs in CA2 (green, bottom) precede that in CA1 (blue, top) by several milliseconds. Peaks in each channel greater than three standard deviations of the signal amplitude are highlighted in red.

Table 1: Composition of sucrose cutting solution. Begin with approximately 0.75 L of purified water that has been filtered to remove trace metals and other impurities. Dissolve each solid while mixing the solution with a magnetic stir bar. Once all solids are dissolved, bubble carbogen gas through the solution for 10 min. Add the MgCl2 and CaCl2 solutions and add water to bring the total volume to 1 L. Mix with a magnetic stir bar for 10 min to ensure the solution is uniformly mixed. The osmolarity should be between 315 and 325 mOsm, and the pH should be approximately 7.4.

Table 2: Composition of artificial cerebrospinal fluid. Begin with approximately 1.5 L of purified water that has been filtered to remove trace metals and other impurities. Dissolve each solid while mixing the solution with a magnetic stir bar. Once all solids are dissolved, bubble carbogen gas through the solution for 10 min. Add the MgCl2 and CaCl2 solutions and add water to bring the total volume to 2 L. Mix with a magnetic stir bar for 10 min to ensure the solution is uniformly mixed. The osmolarity should be between 315 and 325 mOsm, and the pH should be approximately 7.4.

DISCUSSION:
There are several steps in this slicing protocol designed to promote tissue health and favor the emergence of spontaneous naturalistic network activity: the mouse is transcardially perfused with chilled sucrose cutting solution; horizontal-entorhinal cortex (HEC) slices are cut at a thickness of 450 m from the intermediate or ventral hippocampus; slices recover at the interface of warmed ACSF and humidified, carbogen-rich air; during recordings slices are superfused with ACSF warmed to 32 °C and delivered at a fast flow rate with dual-surface superfusion in a submerged recording chamber.

Slice health is of paramount importance for the generation of network oscillations in vitro. Young animals will yield more healthy slices, and generally with juvenile or adolescent mice the transcardial perfusion step can be skipped. As animals age, it becomes increasingly difficult to make healthy slices, yet some investigations (such as disease models or longitudinal studies) necessitate the use of adult or aging animals. Dengler et al., for example, used transcardial perfusions in their preparation of HEC slices from pilocarpine-treated chronically epileptic adult mice50. With adult mice, it is beneficial to perform a transcardial perfusion with chilled sucrose cutting solution to cool the tissue, clear blood from the brain, and reduce metabolic activity before removing the brain from the skull51. It is important to note, however, that transcardial perfusions require training to be performed correctly and care must be taken to ensure that the procedure is carried out quickly and in a way that does not pose a risk to animal welfare. When possible, experiments should be designed to use young animals so as to preclude the use of transcardial perfusions. In a suboptimal slice preparation, there will not be enough healthy cells, particularly interneurons, to support ongoing network oscillations. To assess slice health during the experiment, it is useful to first record evoked field potentials (for example, with a stimulation pipette and a recording pipette in the stratum radiatum, SR). In a healthy slice, stimulation in the SR layer will evoke a large field postsynaptic potential (fPSP) with a relatively small presynaptic fiber volley (Figure 3).

The slices produced by this protocol are angled horizontal hippocampal-entorhinal cortex (HEC) slices. Importantly, neither the inclusion of parahippocampal tissue nor the angled cut are necessary for hippocampal slices to spontaneously generate network activities such as SWRs. Indeed, many studies have utilized horizontal or transverse hippocampal slices to interrogate aspects of physiological25,40,41,44 or pathological network oscillations33,38. In this protocol the placement of the brain onto an agar ramp allows the experimenter to selectively produce more slices from either the ventral or intermediate hippocampus (Figure 1), which may be beneficial for experimental objectives that take into account the functional heterogeneity that exists along the longitudinal axis of the hippocampus26,31. If the anatomical origin of the slices is not a factor, then the agar ramp can be excluded and a true horizontal cutting plane will yield slices of the intermediate-to-ventral hippocampus. As each horizontal tissue slice is freed, most extraneous parts of the slice can be removed with three simple cuts, leaving a roughly rectangular slice that contains the hippocampus and some surrounding tissue, including the parahippocampal region (Figure 1). Further dissection can be performed to remove all extrahippocampal tissues, but the inclusion of surrounding tissue is beneficial, in that, the slice harp can be easily placed such that the nylon filaments do not rest across the hippocampus proper. As discussed above, the combined HEC slice is also a useful preparation with which to investigate a larger corticohippocampal network in the context of physiological37 or pathological16,35,36,38 network oscillations.

The key factor in this protocol is to optimize oxygen supply to the tissue, both during the recovery phase and during the recordings. Many studies of network oscillations are performed in slices that are transferred directly from the microtome to an interface recording chamber and allowed to recover with continual perfusion of fresh ACSF. After several hours of recovery, recordings can then be performed in the same interface chamber. Thus, slices are held at the interface of ACSF and humid carbogen-rich air for the full duration of the experiment. In the alternative methodology presented in this protocol, slices recover in an interface-style holding chamber for at least two hours before individual slices are transferred to a submerged-style recording chamber with sufficiently fast ACSF flow rates. Slices prepared under these conditions can exhibit stable gamma oscillations12 or spontaneous SWR activity43. Slice recovery in an interface-style holding chamber is a critical step: Maier et al. demonstrated that slices which recover in a beaker completely submerged in ACSF exhibit smaller evoked field potentials, less frequent spontaneous postsynaptic currents, and only rarely produce spontaneous network activity43. Similarly, Hájos et al. demonstrated that fast ACSF flow rates result in a higher frequency of spontaneous inhibitory postsynaptic currents, suggesting improved interneuronal activity49. During the recording period, dual-surface superfusion is not strictly necessary, provided the recording chamber holds a relatively small volume of ACSF delivered at a fast flow rate (at least 6 mL/min)43. The 3D printed recording chamber presented in this protocol (Figure 2B) is a relatively cost effective and a simple option, but there are also commercially available submerged recording chambers designed to hold smaller volumes, promote laminar flow of the media, or provide dual-surface superfusion (in contrast to circular recording chambers, for example, which allow excess dead volume of ACSF).

While this protocol allows one to record network oscillations without the requirement of a traditional interface recording chamber, there are several limitations. Although slices are held in the ACSF-air interface during the recovery period, they do not receive continual perfusion of fresh media as occurs in traditional Haas-style interface recording chambers. Slices must be transferred individually (using a plastic transfer pipette) from the recovery chamber to the submerged recording chamber. Furthermore, fast flow rates can cause instability and motion artifacts problematic for some recordings, particularly if ACSF is delivered with a peristaltic pump. In order to maintain fast flow rates and minimize mechanical disturbances, a simple pulsation dampener can be integrated into the perfusion system (Figure 2). This pulsation dampener operates using the Windkessel effect52, in which empty syringes contain air pockets that act as elastic reservoirs, absorbing the fluctuating pressure generated by the rollers of the peristaltic pump53. However, incorporation of a pulse dampener can add length to the tubing that delivers ACSF to the recording chamber and impact oxygen supply to the slice. Flow rates should only be as fast as is necessary to yield stable network oscillations, and if a peristaltic pump is used it should ideally be a pump that uses a large number of rollers (> 12) to minimize the pulsation caused by peristalsis, preclude the use of a pulsation dampener, and ensure that the tubing that delivers ACSF to the recording chamber is as short as possible. Recordings performed with fast flow rates also necessitate large volumes of ACSF, which may be problematic if experiments require the addition of valuable or expensive drugs or compounds to the media. Although a dual-surface superfusion chamber requires a specially constructed recording chamber with two fluid inlets to deliver oxygenated media to both sides of the slice, spontaneous network oscillations can be observed with moderate ACSF flow rates48. This protocol utilizes both a fast flow rate (stabilized with a pulsation dampener) and a dual-surface superfusion chamber to improve the likelihood of observing spontaneous activity.

Finally, this protocol has a low yield with regards to the number of slices produced per animal. Horizontal slicing with a thickness of 450 m yields a small number of HEC slices at the preferred orientation (in which the slice is effectively parallel to the transverse axis of the hippocampus). Of these slices, typically, only one or two per hippocampi exhibits spontaneous SWR activity, fewer than has been reported elsewhere43. Though thicker slices presumably contain a greater degree of recurrent connectivity, cutting slightly thinner slices (400 m) may yield a greater number per mouse of transversely-oriented slices with SWR activity. In addition, the likelihood that multiple slices reliably exhibit spontaneous SWR activity may be higher in experiments that utilize true horizontal or downward angled slices of the ventral hippocampus. The current protocol incorporates the use of upward angled horizontal slices of the intermediate hippocampus, which may be less likely to exhibit spontaneous network activity in comparison to slices from the ventral hippocampus25,26,31. Finally, this protocol used slices from adolescent and adult mice. While transcardial perfusions can improve the quality of slices from older animals, the likelihood of observing spontaneous network activities may be improved by the use of slices from younger animals12,41,44.

In summary, this protocol presents a mouse brain slicing approach that yields angled horizontal hippocampal-entorhinal cortex slices from the intermediate or ventral hippocampal formation that can exhibit complex spontaneous network activity in the form of sharp wave-ripple complexes.
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