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Rigorous investigation of synaptic transmission requires analysis of unitary synaptic 

events by simultaneous recording from presynaptic terminals and postsynaptic target 

neurons. However, this has been achieved only at a limited number of model 

synapses, including the squid giant synapse and the mammalian calyx of Held. 

Cortical presynaptic terminals have been largely inaccessible to direct presynaptic 

recording, due to their small size. Here, we describe a protocol for improved 

subcellular patch-clamp recording in rat and mouse brain slices, with the synapse in a 

largely intact environment. Slice preparation takes ~2 h, recording ~3 h, and post-hoc 

morphological analysis 2 d. Single presynaptic hippocampal mossy fiber terminals are 

stimulated minimally invasively in the bouton-attached configuration, in which the 

cytoplasmic content remains unperturbed, or in the whole-bouton configuration, in 

which the cytoplasmic composition can be precisely controlled. Paired pre-

postsynaptic recordings can be integrated with biocytin labeling and morphological 

analysis, allowing correlative investigation of synapse structure and function. Paired 

recordings can be obtained from mossy fiber terminals in slices from both rats and 

mice, implying applicability to genetically modified synapses. Paired recordings can 

also be performed together with axon tract stimulation or optogenetic activation, 

allowing comparison of unitary and compound synaptic events in the same target cell. 

Finally, paired recordings can be combined with spontaneous event analysis, 

permitting collection of miniature events generated at a single identified synapse. In 

conclusion, improved subcellular patch-clamp techniques enable the analysis of 

biophysics, plasticity, and circuit function of cortical synapses in the mammalian 

central nervous system.  

 

 

Introduction  

Rigorous biophysical characterization of synaptic transmission requires simultaneous 

recording from presynaptic terminals and postsynaptic target neurons near the site of the 

synapse. However, this has been achieved only at a very limited number of “model 

synapses”, notably the giant synapse in the stellate ganglion of the squid2,3 and the calyx of 

Held in the auditory brainstem of mammals4– 6 . These synapses are particularly accessible to 

biophysical analysis, because of the large size of their presynaptic terminals. Cortical 

synapses are much smaller and highly diverse in their structural, molecular, and functional 

properties. Thus, whether information about basic synaptic transmission properties can be 

extrapolated from giant synapses to more typically sized synapses in cortical circuits remains 

unclear.  

Direct paired presynaptic and postsynaptic recordings at cortical synapses would be 

highly desirable for several reasons. First, paired pre-postsynaptic recordings are required to 

rigorously examine the biophysical properties of synaptic transmission, for example the 
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coupling between Ca2+ channels and release sensors inferred from Ca2+ chelator 

experiments2,7,8 and the properties of exo- and endocytosis determined from capacitance 

measurements9–12. Second, paired pre-postsynaptic recordings are necessary to understand, 

at the biophysical level, the mechanisms of short-term and long-term synaptic plasticity13. 

This information cannot be obtained by extrapolation from previously established model 

synapses, because plasticity is either lacking or markedly different at these synapses. 

Finally, paired pre-postsynaptic recordings are useful to precisely measure unitary synaptic 

strength and to functionally assess synapse-to-synapse diversity. While functional analysis of 

local synaptic connectivity can be performed by paired somatic recordings (e.g. for 

GABAergic interneurons14), a similar analysis of long-range connectivity in vitro remains 

difficult. Thus, single-bouton stimulation provides a welcome alternative15. Precisely 

measuring unitary synaptic efficacy is important to elucidate how the functional properties of 

synapses shape higher order network computations and to insert appropriate parameters into 

biologically inspired network models16.  

Here, we describe a protocol that allows researchers to perform paired recordings 

between cortical presynaptic terminals (the hippocampal mossy fiber terminals or mossy fiber 

boutons (MFBs)) and synaptically connected postsynaptic target cells (the hippocampal CA3 

pyramidal neurons8,16,17). These terminals have a diameter of 2–5 µm, much smaller than the 

calyx of Held, but large enough to be accessible to direct electrophysiological recording18–20. 

The method allows us to characterize synaptic strength, dynamics, and plasticity at the same 

level of depth as previously achieved at the calyx of Held, facilitating the characterization of 

the biophysical mechanisms of storage and processing of information in the brain. Several 

components of the protocol are generic, and may be applied to large presynaptic terminals in 

other brain regions, such as mossy fiber terminals in the cerebellum21,22, or even smaller 

presynaptic boutons23–25.  

 

Development of the protocol  

The protocol originated from the development of a technique to record from hippocampal 

mossy fiber terminals26,27. However, the technique initially was mainly used for recording 

from isolated mossy fiber terminals, independently of the response of postsynaptic target 

cells. In particular, obtaining long-term recording from pairs of synaptically connected MFBs 

and postsynaptic CA3 pyramidal neurons remained extremely challenging. A major step 

forward was the discovery that presynaptic terminals could be reliably stimulated in the cell-

attached (or, here, bouton-attached) configuration. The advantage of this recording 

configuration, originally developed for recording from cell bodies28,29, is that the presynaptic 

cytoplasm is not perfused, allowing minimally invasive stimulation of the presynaptic structure 

by brief voltage pulses8,16,17. Simulations indicated that the shape of the locally evoked action 

potential is similar to that of the naturally propagated action potential (Vyleta and Jonas, 2014 
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(Ref. 8); their Fig. S3). Furthermore, simulations suggested that the mossy fiber synapse is 

particularly suitable for presynaptic cell-attached stimulation, because both the high Na+ 

channel density and the large diameter of hippocampal mossy fiber terminals facilitate 

extracellular stimulation30. In combination, these technical developments now allow 

experienced investigators to routinely obtain long-lasting paired recordings from presynaptic 

mossy fiber terminals and postsynaptic CA3 pyramidal neurons, permitting the analysis of 

both biophysics and plasticity of hippocampal mossy fiber synapses. This has allowed us to 

quantify the coupling distance between presynaptic Ca2+ channels and release sensors at a 

cortical synapse8, to precisely measure unitary synaptic strength16, and to elucidate the 

biophysical mechanisms of presynaptic plasticity17. 

  

Overview of the Procedure 

The protocol allows researchers to obtain paired recordings from single presynaptic 

hippocampal mossy fiber terminals and synaptically connected postsynaptic CA3 pyramidal 

neurons. The procedure consists of 14 steps. In the first step, acute hippocampal slices from 

rats or mice are prepared. In the second step, neurons and presynaptic terminals attached to 

dendrites are visualized by light microscopy using infrared light illumination31. In steps 3 and 

4, cell-attached patch clamp recording configurations are established in postsynaptic CA3 

pyramidal neurons and presynaptic mossy fiber terminals, respectively. In steps 5 and 6, a 

transition from cell-attached to whole-cell recording is made in the postsynaptic cell, 

permitting recording in voltage- or current-clamp configuration. In step 7, presynaptic 

terminals are stimulated by brief voltage pulses in the minimally invasive cell-attached 

configuration. This allows the investigator to record unitary excitatory postsynaptic potentials 

(EPSPs) if the postsynaptic cell is held in the current-clamp configuration and unitary 

excitatory postsynaptic currents (EPSCs) in the voltage-clamp configuration. This 

configuration combines minimally invasive stimulation of single hippocampal mossy fiber 

terminals and unprecedented precision in the analysis of mossy fiber synaptic transmission. 

Furthermore, in steps 8 and 9, paired recordings between mossy fiber terminals and CA3 

pyramidal neurons can be compared with extracellular stimulation of mossy fiber axons and 

optogenetic stimulation of hippocampal granule cells, allowing a versatile and controlled 

stimulation of single and multiple synaptic inputs converging on the same target cell. In steps 

10–12, the presynaptic recording is switched from cell-attached into whole-cell configuration, 

permitting precise control of both voltage and cytoplasmic composition in the presynaptic 

terminal8. In this configuration, the frequency of spontaneous release at the recorded 

terminal can be selectively enhanced by presynaptic depolarization, permitting the analysis of 

miniature EPSCs at a single, identified synapse. In step 13, presynaptic terminals and 

postsynaptic cells can be visualized using biocytin labeling, permitting post-hoc 
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morphological analysis of the synapse. In final step 14, latency, rise time, peak amplitude, 

and decay time constant of unitary EPSCs are quantitatively analyzed.    

 

Alternative methods  

Traditionally, electrical stimulation of mossy fiber axons or stimulation of granule cell somata 

is used to evoke mossy fiber EPSCs32,33. Although much easier to implement, these 

techniques have the disadvantage that mossy fiber responses may be contaminated by non-

mossy fiber signals. Furthermore, unitary synaptic events are difficult to isolate. Recent 

papers try to distinguish mossy fiber from non-mossy fiber inputs based on the criterion of 

DCG-4 block34. However, this approach may not be absolutely selective35. Finally, 

polysynaptic events may be more likely. Recent papers record kainate or NMDA receptor 

components of synaptic responses after AMPA receptor block to minimize polysynaptic 

activity. However, analysis of unitary synaptic signals at high temporal resolution is not 

possible with this approach. Furthermore, stimulation failures may confound the results. 

 More recently, optogenetics has been used to stimulate granule cells and mossy fiber 

axons. Using granule cell-specific constitutive Cre-driver lines (e.g. Prox1-Cre), stimulation 

can be restricted to granule cells20,37. Furthermore, using inducible Cre-ERT2-driver lines (e.g. 

Prox1-Cre-ERT2), the number of labeled granule cells can be titrated by the dose of 

tamoxifen injection20. However, these techniques have the disadvantage that direct 

depolarization of presynaptic terminals is difficult to exclude. Furthermore, channelrhodopsin-

mediated depolarization could lead to presynaptic action potential broadening26, changing 

the properties of transmitter release. Like with extracellular axon stimulation, stimulation 

failures may confound the results. Moreover, combination with morphological analysis would 

be impossible.  

 Finally, dual somatic paired recordings represent a possible alternative. However, the 

low connectivity and the long distance represent particular challenges for mossy fiber 

synapses. Although such kind of experiments have been performed in slice culture38, they 

will be even more challenging than presynaptic recordings.  

 

Advantages and limitations  

The main advantage of the technique described in this Protocol is that unitary mossy fiber 

EPSPs or EPSCs can be recorded with almost calyx-like accuracy6, permitting the 

biophysical analysis of synaptic strength and plasticity. Other advantages include 

compatibility with pre- and postsynaptic biocytin labeling, allowing precise localization of the 

synaptic contact. Furthermore, success of presynaptic stimulation can be checked by 

presynaptic action current monitoring.  
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 A main disadvantage of the technique is that it is technically challenging, leading to 

low yield during the training period. Other potential limitations of the technique include that 

action potentials are locally evoked rather than naturally propagated and that the granule cell 

soma is preserved in only a fraction of recordings, depending on the slice angle. Thus, 

transcription- and translation-dependent forms of plasticity may be absent.  

 

Applications 

The technique has been successfully used to measure the coupling distance between Ca2+ 

channels and release sensors of the hippocampal mossy fiber synapse by infusing Ca2+ 

chelators into presynaptic terminals, to elucidate the efficacy of unitary synaptic inputs in 

spike initiation in postsynaptic CA3 pyramidal neurons16, and to quantitatively measure the 

biophysical mechanisms underlying presynaptic plasticity17. More generally, paired 

recordings from mossy fiber terminals and postsynaptic CA3 pyramidal neurons have been 

used to examine the role of presynaptic K+ channels in transmission and spike broadening,40, 

the mechanisms of analogue coding at hippocampal mossy fiber synapses41, and the 

properties of synaptic transmission of mossy fiber synapses on GABAergic interneurons42. In 

the future, it may be possible to apply the technique to probe the biophysical mechanisms 

underlying long-term changes in synaptic efficacy. Furthermore, it may be feasible to target 

large presynaptic terminals in other brain regions, such as mossy fiber terminals in the 

cerebellum21,22, or even smaller presynaptic boutons23–25. Finally, it may be possible to 

rigorously correlate structure and function in the same synapse, for example number of 

anatomical and functional release sites.  

 

Experimental Design 

To execute the described protocol, special equipment for cutting acute brain slices, including 

a high-quality tissue slicer, must be present. Furthermore, a patch-clamp setup with upright 

microscope, a high-numerical aperture water-immersion objective, and two or three 

absolutely stable micromanipulators must be available. Finally, 19- to 23-day-old rats or mice 

of either sex have to be available on a regular basis. Prior experience in patch-clamp 

recording, preferentially in acute brain slices, is necessary, and previous experience in 

subcellular patch-clamp recording is useful. For details, see the Materials and Procedure 

sections.  

 

 

Materials 

Biological materials  

• Rats (Wistar or Sprague-Dawley) or mice (C57BL/6). Animals of either sex can be used. 
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We recommend an age range between 19 and 23 days. The use of younger animals is 

discouraged, because mossy fiber terminals have not reached their mature size43. The use 

of older animals is also not recommended, because slice quality degrades with age. We 

also recommend a specific weight range (55–65 g for Wistar rats; 10–15 g for C57BL/6 

mice). If animals have low weight, this may indicate dehydration, insufficient food supply, 

sickness of the animals, or errors in birth-dating.  

• Prospero homeobox 1 (Prox1)-Cre x Ai32 mice for optogenetic stimulation of granule 

cells20. The Prox1-Cre line can be obtained from MMRRC (Tg(Prox1-Cre)SJ32Gsat/Mmucd 

line, Mutant Mouse Resource & Research Centers; RRID: MMRRC_036644-UCD). The 

Ai32 channelrhodopsin-2 (H134R)–EYFP reporter line can be obtained from the Jackson 

Laboratory (B6;129S-Gt(ROSA)26Sortm32(CAG-COPA*H134R/EYFP)Hze/J; line #012569; 

RRID: IMSR_JAX:012569). Alternatively, a tamoxifen-dependent Prox1-CreERT2 line can 

be used to restrict channelrhodopsin expression to a subset of granule cells. The Prox1-

CreERT2 line can be obtained from the authors of the original paper (Bazigou et al., 2011 

(Ref. 44)).  

 

! CAUTION All animal experiments are to be performed in accordance with relevant 

authorities’ guidelines and regulations. The experiments presented in this Protocol were 

carried out in strict accordance with institutional, national, and European guidelines for 

animal experimentation, and approved by the Bundesministerium für Wissenschaft, 

Forschung und Wirtschaft of Austria (A. Haslinger). 
 

Reagents  

▲ CRITICAL Purity of water and chemicals is of critical importance for slice quality. Carefully 

maintain the ultra-pure water system. Replace cartridges early.  

• High-quality water (e.g. Milli-Q, Millipore) 

 

 

Equipment (for details, see Supplementary Table 1) 

• Scissors, e.g. iridectomy scissors, to cut the skull  

• Forceps, e.g. Dumont No. 5 or 7 forceps  

• Spatulum (10 x 5 mm, flat) for transferring the brain hemisphere into the buffer tray of the 

slicer  

• Dissection needles (1-ml plastic syringe + bent 0.4-mm injection needle) to separate each 

slice from the adjacent tissue block by cutting through the entorhinal cortex 

• Scalpel or razor blade for ‘magic cut (Fig. 1b)27  

• Sylgard (Dow Corning)-coated 10-cm Petri dish for ‘magic cut’ 

• Cyanoacrylate glue (‘superglue’, e.g. UHU) for mounting the hemispheres in the buffer tray 

of the slicer 
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• Mixer for homogenization of partially frozen sucrose-based cutting solution (e.g. ESGE, 

Carl Roth, Cat # 8290)  

• Micro filter candles (‘bubbling stones’; e.g. 6 mm tube diameter, pore number 4, Robu, 

Hattert, Germany) for equilibration of physiological saline with O2 -CO2 gas mixture 

• A high-quality vibratome / tissue slicer (e.g. VT1200, Leica Microsystems; Geiger et al., 

2002 (Ref. 45; Fig. 1c). ▲ CRITICAL For presynaptic recordings, it is important that the 

slicer generates minimal vibrations of the cutting blade in the vertical direction. Thus, a 

vibratome with options for cutting blade adjustment and monitoring of vertical blade 

vibrations (e.g. Vibrocheck. Leica Microsystems)45 is highly recommended. The best 

available vibratomes produce vertical vibrations of < 0.1 µm for a horizontal oscillation 

amplitude of 1.5 mm. A chilling unit is useful to keep the temperature in the buffer tray near 

0°C 

• Sharp razor blades for slicing (e.g. Gillette). ▲ CRITICAL To avoid bending, blades should 

be mounted as a whole and carefully inserted into the blade holder. During cutting, the 

angle between blade and horizontal plane should be ~17° (Bischofberger et al., 2006 (Ref. 

27)). This prevents the blade from scratching over the surface of the brain 

• Maintenance chamber with submerged design for storage of slices (Fig. 1d). ▲ CRITICAL 

The maintenance chamber is made from disposable material, as reported previously27,46. It 

consists of a horizontal ring and a gauze net for holding the slices, a vertical tube to hold 

the micro filter candle, and two plastic Pasteur pipettes on either side to promote 

circulation. The maintenance chamber should be regularly disassembled for careful 

cleaning and component replacement 

• Water bath for control of temperature of the maintenance chamber 

• Mechanically stable upright microscope (e.g. Zeiss Axioskop FS). The simplest first 

generation Axioskop works best  

• Magnifying tube or Optovar slider (e.g. Zeiss 451490; magnification 1.6 or 2.2) to achieve 

sufficient magnification 

• Long-distance, high-numerical aperture water-immersion objective (e.g. Olympus 

LUMPlanFL 60x W, numerical aperture 0.9, 2 mm working distance; Olympus LUMPLFLN 

60x W, numerical aperture 1.0, 2 mm working distance; Olympus LUMFLN 60x W, 

numerical aperture 1.1, 1.5 mm working distance; Zeiss Plan Apochromat VIS-IR 63x W, 

numerical aperture 1.0, 2.1 mm working distance; Fig. 1e, left, inset). ▲ CRITICAL The 

higher the numerical aperture, the easier it is to visualize the presynaptic terminals. For the 

LUMFLN 60x W, the correction collar should be set to zero, because a coverslip is absent, 

or to small positive values, as the refractory index of physiological saline is slightly higher 

than that of water. Setting should be further optimized on empiric grounds 

• High-numerical aperture condenser (numerical aperture equal to or larger than numerical 

aperture of objective; e.g. Zeiss 445245 with achr. apl. 1.4 front lens 465268)  

• Differential interference contrast (DIC) equipment (e.g. Zeiss; polarizer 445226, prism 
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445294, analyzer 433605)  

• Optical filter for near-infrared illumination (720 nm; RG9, Schott, Mainz, Germany) 

• Infrared-sensitive camera. Both tube cameras (Dage VE-1000, Dage-MTI) and high-quality 

CCD cameras (e.g. Orca, Hamamatsu) can be used 

• Thermal videoprinters (e.g. Mitsubishi) or digital frame grabbers (e.g. Logilink video grabber 

VG0001A, together with the DScaler TV Viewer 4.1.1.9, 

https://www.videohelp.com/software/DScaler, or ShareX 13.1.1 software, 

https://getsharex.com) are useful for documentation and finding previously selected 

boutons after insertion of the patch pipette  

• Stable micromanipulators (e.g. Luigs and Neumann, Ratingen, Germany) 

• Stable pipette holders. We often use pipette holders in which an additional clamp holds the 

pipette near the shank, resulting in marked improvement of stability (Fig. 1e, right; Fig. 1f; 

Miba Machine Shop, IST Austria, Klosterneuburg, Austria; order number 100800-2019-02). 

▲ CRITICAL Stability of the micromanipulators is of extreme importance for obtaining 

recordings from small structures and for maintaining paired recordings over extended time 

periods. The custom-made holder that clamps the pipette at the shank of the glass tubing 

(Fig. 1e) is highly beneficial, increasing the duration of the recordings and facilitating the 

transition from the cell-attached into the whole-bouton or whole-cell configuration by suction 

pulses (which is particularly tricky in mouse slices) 

• Patch-clamp amplifiers (e.g. Axopatch 200B or Multiclamp 700B, Molecular Devices) 

• Pressure sensor to precisely control pipette pressure (Sigmann, Hüffenhardt, Germany; 

WPI; or custom-made) 

• Stimulus isolation unit for mossy fiber tract stimulation (e.g. A-M Systems, WPI, or custom-

made)  

• High-power laser for optogenetic stimulation (e.g. Laserglow LRS-0473-PFM-00100-03, 

wavelength 473 nm; intensity ~150 mW, Laserglow Technologies), in combination with an 

optical filter set (excitation bandpass 450–490 nm, beam splitter 510 nm, emission lowpass 

515 nm). ▲ CRITICAL The light path should be optimized so that the light intensity at the 

tissue surface is sufficiently high. Timing and intensity of light pulses should be repeatedly 

checked using a photodiode 

• Recording chamber (~40 mm diameter, conic shape, volume 1–2 ml; Miba Machine Shop, 

IST Austria, Klosterneuburg, Austria; order number 100800-2018-08) 

• Magnetic holders for inflow tube, outflow tube, and bath electrode (Luigs & Neumann, 

Ratingen, Germany) 

• Horizontal electrode puller (e.g. Flaming-Brown P-97 or P-1000, Sutter Instruments). ▲ 

CRITICAL A microprocessor-controlled puller is essential to reproducibly generate pipettes 

with short shanks and narrow tips 

• Separate microscope or microforge for inspection of patch pipette tips (e.g. customized 

Olympus CX-21 with swinging lever to bring pipette tips in front of the objective). Every 
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pipette should be visually examined before use, to ensure that the tip is clean, is smooth 

without irregularities, and has a diameter in the appropriate range  

• Data acquisition hardware. For simultaneous recording of pre- and postsynaptic signals, we 

use a CED 1401 plus, a power1401 mkII, or a CED power 3A interface (Cambridge 

Electronic Design, Cambridge, UK). For data acquisition, we use either commercial 

software (Signal version 7, CED) or custom-made scripts (FPulse version 3.3.3, U. Fröbe, 

Freiburg, Germany) running under Igor Pro (Wavemetrics). The system is able to sample 

data from multiple channels at a frequency of 100 kHz, as required for high-resolution 

analysis of synaptic transmission  

• Data analysis software. Paired recording data can be conveniently analyzed using Stimfit47 

(e.g. version 0.15.8; https://github.com/neurodroid/stimfit)  

 

 

Reagent setup  

Standard physiological saline (artificial cerebrospinal fluid, ACSF): 125 mM NaCl, 

25 mM NaHCO3, 2.5 mM KCl, 1.25 mM NaH2PO4, 25 mM D-glucose, 2 mM CaCl2, and 1 mM 

MgCl2 (equilibrated with 95% O2 and 5% CO2 gas mixture using micro filter candles for at 

least 10 minutes; mean osmolarity ~317 mOsm). ! CRITICAL Because of potential Ca2+ salt 

precipitation and bacterial contamination, the standard physiological saline solution must be 

freshly prepared every day.  

 

Sucrose-based cutting / storage solution: High-sucrose ACSF used for cutting contains 

120 mM sucrose, 64 mM NaCl, 25 mM NaHCO3, 2.5 mM KCl, 1.25 mM NaH2PO4, 10 mM D-

glucose, 0.5 mM CaCl2, and 7 mM MgCl2, equilibrated with 95% O2 and 5% CO2, ~334 

mOsm. High-sucrose ACSF used for storage contains 75 mM sucrose, 87 mM NaCl, 25 mM 

NaHCO3, 2.5 mM KCl, 1.25 mM NaH2PO4, 10 mM D-glucose, 0.5 mM CaCl2, and 7 mM 

MgCl2, equilibrated with 95% O2 and 5% CO2, ~326 mOsm. For simplification, either 120 mM 

sucrose or 75 mM sucrose can be used throughout for both cutting and storage. ! CRITICAL 

Because of potential Ca2+ salt precipitation and bacterial contamination, the sucrose-based 

cutting / storage solution must be freshly prepared every day.  

 

Standard postsynaptic pipette solution: For standard whole-cell voltage-clamp recording 

of EPSCs from CA3 pyramidal neurons, a K-gluconate-based pipette solution is used, 

containing 120 mM K-gluconate, 20 mM KCl, 2 mM MgCl2, 2 mM Na2ATP, 0 or 0.3 mM GTP, 

10 mM HEPES, and 10 mM EGTA (pH adjusted to 7.3 with KOH, ~300 mOsm). Alternatively, 

a solution with 0.1 mM EGTA can be used. With high EGTA, it is easier to obtain and 

maintain postsynaptic series resistance (RS, also termed access resistance). With low EGTA, 

RS needs to be more carefully monitored. RS can be further improved by slightly increasing 

osmolarity of the solution by adding sucrose or by gently applying positive pressure to 
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remove the nucleus from the pipette tip. For current-voltage relation measurements, the use 

of a CsCl-based pipette solution should be considered. Although morphological analysis 

following biocytin labeling may be compromised, steady-state voltage-clamp conditions will 

be substantially improved48. For whole-cell current-clamp recording of EPSPs from CA3 

pyramidal neurons, the intracellular Cl- concentration needs to be chosen to mimic the 

physiological situation as closely as possible. If the Cl- concentration is lowered, electrode 

offset potential has to be particularly carefully monitored. The standard postsynaptic pipette 

solution can be prepared in aliquots, kept frozen at ~−20°C for maximally three months. 

Biocytin must be freshly added to the pipette solution directly before each recording session.   

 

Standard presynaptic pipette solution: For tight-seal, bouton-attached stimulation under 

voltage-clamp conditions, the presynaptic pipette contains a K+-based intracellular solution 

(120 mM K-gluconate, 20 mM KCl, 2 mM MgCl2, 2 mM Na2ATP, 0 or 0.3 mM GTP, 10 mM 

HEPES, and 10 mM EGTA; pH adjusted to 7.3 with KOH, ~300 mOsm). Alternatively, a 

solution with 0.1 mM EGTA can be used. High EGTA intracellular solutions will lead to easier 

seal formation at the level of the terminal. High-EGTA  is also ideal to check for spontaneous 

break-in (not desired for non-invasive cell-attached stimulation), which will lead to almost 

complete block of transmission because of the loose coupling between Ca2+ channels and 

release sensors at this synapse8. For miniature EPSC recordings, a cesium-based internal 

solution (145 mM CsCl, 2 mM MgCl2, 2 mM Na2ATP, 0.3 mM Na2GTP, 5 mM 

Na2phosphocreatine, 10 mM HEPES, 10 mM EGTA, pH adjusted to 7.3 with CsOH) is used 

(phosphocreatine and GTP are added to maintain the functionality of the presynaptic Ca2+ 

channels). Whereas K+-based solution is preferred in experiments mimicking physiological 

conditions, Cs+-based solution is used to generate long-lasting depolarizations in the 

presynaptic terminal for miniature EPSC recording. ! CRITICAL The standard presynaptic 

pipette solution can be prepared in aliquots, kept frozen at ~−20°C for maximally three 

months. Biocytin should be freshly added to the pipette solution directly before each 

recording session.   

 

 

Equipment setup 

Patch-clamp setup: Several tricks for the assembly of a functional setup can be found in 

Sakmann and Neher’s book ‘Single-channel recording’ (1995) and the axon guide (1993; 

Molecular Devices; https://www.moleculardevices.com/en/assets/ebook/dd/cns/axon-guide-

to-electrophysiology-and-biophysics-laboratory-techniques).  

 

Patch pipettes: Recording pipettes are fabricated from borosilicate glass capillaries (2.0 mm 

outer diameter, 1.0 mm inner diameter; Hilgenberg, Malsfeld, Germany). For presynaptic 

recording, pipettes should have open-tip resistances of 10–20 MΩ when filled with internal 
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solution. For postsynaptic recording, pipettes should have open-tip resistances of 2–7 MΩ; 

sufficiently large pipettes should be used to optimize voltage-clamp conditions. Patch 

pipettes should be pulled freshly every experimental day, and stored in a container to be 

protected from dust.  

 

 

Procedure 

Cutting of acute hippocampal slices (● TIMING ~ 2 h)  

1.  Cut acute brain slices from rat or mouse brain. Use approximately transverse slices, 

and implement the “magic cut” as previously described27 (Fig. 1b). From one rat 

hemisphere we usually obtain four transverse slices from the center of the 

hippocampus. The second and third slice are ideally suited for the recordings. The 

standard slice thickness is 350 µm. The use of thicker slices (> 350 µm) will reduce 

the contrast of the images and will impair the visibility of the terminals sitting on 

dendrites.  

 

▲CRITICAL STEP Stable mounting of the hemisphere in the buffer tray during cutting is 

critical to obtain high-quality slices. Using the optimal cutting angle is also important to 

ensure preservation of mossy fiber axons.  

 

Obtaining paired mossy fiber terminal–CA3 pyramidal neuron recordings (● TIMING ~ 

3 h)  

2.  Visualize dendrites and presynaptic terminals by high-resolution light microscopy. 

Infrared differential interference contrast videomicroscopy is useful to visualize 

subcellular structures and processes in deeper layers of the slice. Some 

experimentalists use Köhler illumination always adjusted before the start of the 

experiment. Others prefer to illuminate the slice at an angle (no central Köhler 

illumination; condenser iris slightly displaced towards the edges), which may improve 

the contrast of subcellular structures. Select cells in the range of 10–50 µm from the 

surface of the slice. Focus on CA3 pyramidal neurons in CA3b (central third of CA3 

region) and CA3c (hilar third of CA3), because neurons tend to be healthier. Position 

both pre- and postsynaptic pipettes close to apical dendrites and the soma of a CA3 

pyramidal neuron, respectively.  

 

▲ CRITICAL STEP For cutting-edge paired recording experiments, slice quality is of 

eminent importance. Make sure slices are in the best possible shape, and are obtained from 

unstressed animals of correct age and weight range. If slices are of suboptimal quality, cut 

brain slices from a new animal. As the quality of slices fluctuates, and slices rapidly 

deteriorate, it is not unusual to have three preparations per experimental day. Absolutely 
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avoid fixatives in the lab, which are well known to impair slice quality. Also avoid detergents, 

which according to our experience affect the stability of patch-clamp recordings, particularly 

presynaptic cell-attached recordings. Before starting the experiment, quickly scan the CA3 

area. If many cells are swollen or show highly contrasted boundaries, replace the slice. If this 

does not help, cut new slices.   

? TROUBLESHOOTING  

 

3.  Obtain a postsynaptic cell-attached patch-clamp recording from the selected CA3 

pyramidal neuron (Fig. 2a). Approach the cell body of the pyramidal neuron with 

positive pressure of 50–90 mbar in the pipette, and the amplifier set to voltage-clamp 

mode. Pipettes have to be always devoid of dust or dirt, positive pressure should be 

visible in the infrared videoimage by dimpling or structure displacement; the lack of 

this effect will lead to sealing difficulties. Carefully compensate the postsynaptic 

pipette capacitance in the cell-attached configuration.   

 

▲ CRITICAL STEP Try to find a healthy CA3 pyramidal cell in a planar area of the slice, 

which has a clearly visible apical dendrite extending into stratum lucidum and radiatum. Too 

pale or too contrasted structures often reflect dead cells and should be avoided. Pale cells 

often explode after dimpling. Excessively contrasted cells show dimples, but sealing requires 

plenty of suction and break-in is usually difficult. The dimple should develop smoothly and 

expand without damaging the neuron (Fig. 2a). Release of intrapipette pressure and setting 

the pipette potential to ~−70 mV usually leads to immediate sealing without additional suction 

being required. 

? TROUBLESHOOTING  

 

4.  Obtain a presynaptic bouton-attached patch-clamp recording from a hippocampal 

mossy fiber terminal (Fig. 2b–d; Supplementary Video 1). To achieve this, scan the 

dendrite of the CA3 neuron and watch out for mossy fiber axons perpendicular to the 

apical CA3 pyramidal neuron dendrites in stratum lucidum. Identify a mossy fiber axon 

that intersects with the dendrites of the recorded CA3 pyramidal cell. By adjusting the 

focal plane, one can sometimes see the axon wiggle around the dendrite and then 

continue (Fig. 2e–g, blue arrows). These wiggle spots often contain terminals, as 

sometimes directly seen as an ellipsoid expansion in the infrared videoimage. Some 

researchers adjust the contrast by closing the condenser iris and increasing the light 

intensity. This procedure can facilitate visual identification of presynaptic terminals. 

Approach these structures with a positive pressure of ~50 mbar in the presynaptic 

pipette, and the amplifier set to voltage-clamp mode. Release of pressure often results 

in rapid seal formation. If the seal does not form spontaneously, apply slight suction in 

the presynaptic pipette. To ensure specificity of the presynaptic stimulation, and to 
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maintain the option of subsequent whole-bouton recording, seal resistance should be 

> 1 GΩ. Carefully compensate the presynaptic pipette capacitance.  

 

▲  CRITICAL STEP If the structure stays in place and shows dimpling of the membrane 

during approach, it is likely to be a synaptically connected presynaptic terminal. The dimple 

will be limited to the presynaptic structure and will not expand (Fig. 2e–g, red arrows). This is 

the best indication of having your pipette on a mossy fiber terminal and not a dendrite. 

Patchable terminals are mostly found on the proximal part of the dendritic tree (up to 50 µm 

from the soma). At this point the dendrites still have a large diameter, so the small size of the 

dimple is a good indication. By contrast, if the structure is displaced or even blown away, it is 

unlikely to be a connected terminal. In the latter case, approach a different presynaptic 

terminal on the same dendrite. Approaching the chosen structure with glass pipettes often 

leads to reduced visibility. It is therefore common that boutons, which were visible before 

approaching, will vanish. Changing the condenser settings may help. It is recommended to 

pick the healthiest neuron with a clearly visible apical dendrite (without having identified the 

terminal beforehand), and to scan the dendrite for structures after having sealed on the 

postsynaptic cell, while slowly displacing the presynaptic pipette.  

? TROUBLESHOOTING 

 

5.  Make transition from postsynaptic cell-attached to postsynaptic whole-cell 

configuration by applying suction pulses. To facilitate break-in, apply a negative 

holding voltage (~−50 mV) to the postsynaptic pipette. For recording of EPSCs, switch 

the postsynaptic cell into voltage-clamp mode (go to −70 or −80 mV), and repeatedly 

check RS, from the peak amplitude of a response to a small test pulse (5- or 10-mV 

amplitude). RS can be easily computed as RS = U / I, where U is test pulse voltage and 

I is peak current of the response. Because of the fast time course of the capacitive 

transients, low-pass filters should be set to corner frequencies of ≥ 10 kHz or entirely 

taken out for accurate measurement.  

 

6.  For the recording of EPSPs, hold the postsynaptic cell in the current-clamp 

configuration, compensate pipette capacitance, and accurately set bridge balance. 

Pipette capacitance compensation in current-clamp mode is set to 60–80% of the 

pipette capacitance setting in the prior cell-attached mode. Overcompensation of 

pipette capacitance should be avoided. A small degree of overcompensation can lead 

to distortion of the time course of the recorded signals, and larger overcompensation 

may induce oscillations (“ringing”), which could disrupt the recording. 

 

7.  Stimulate presynaptic terminals noninvasively in the bouton-attached configuration 

(Figs. 3 and 4). Tight-seal cell-attached stimulation of mossy fiber terminals is a highly 
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suitable way to obtain long-lasting recordings of unitary synaptic events at mossy fiber 

synapses. The presynaptic holding potential is set at ~–70 mV to minimize the holding 

current (less than −10 pA). Action potentials in mossy fiber terminals are evoked by 

brief voltage pulses (e.g. amplitude ~800 mV, range 200 mV – 1000 mV; duration 

0.1 ms; Fig. 3a, b). To be able to trigger up to 1000-mV stimuli in voltage clamp, the 

gain settings (command sensitivity) of the amplifier have to be appropriately set. 

Under optimal conditions, the presynaptic action current can be monitored (as a 

response with biphasic shape; Fig. 3a). According to our experience, a K+-rich solution 

works best for cell-attached recording and stimulation of mossy fiber terminals, 

presumably because it allows to pass more current into the intracellular compartment. 

The use of a solution containing 10 mM EGTA is recommended, allowing easy 

recognition of inadvertent transition from the cell-attached into the presynaptic whole-

cell configuration as a sudden decline of release8. Another advantage of K+-rich 

solutions is that the amplitude of the action currents is larger than with Na+-rich 

solutions, which allows a more precise monitoring of activity in the presynaptic 

terminal. However, a Cs+-rich solution should be used if subsequent miniature EPSC 

recordings are planned. We recommend that connectivity testing is performed with 

moderate stimuli (e.g. 5 pulses at 5 Hz; see Supplementary Video 1). This is 

particularly important with Cs+-rich solution, in which release probability may be 

increased. For further information about the mechanisms of cell-attached stimulation, 

see Vyleta and Jonas, 2014 (Ref. 8), their Supplementary Figure S3. Although the 

technique of mossy fiber–CA3 pyramidal neuron recordings has been originally 

developed for rats, similar recordings can be obtained in mice (Fig. 4).  

 

Combining paired mossy fiber terminal–CA3 pyramidal neuron recording with 

extracellular tract stimulation or optogenetic stimulation (Steps 8 and 9) 

 8.  To study the integration of mossy fiber EPSPs or to examine heterosynaptic 

interactions between mossy fiber inputs converging on the same target cell, it may be 

useful to combine single-bouton stimulation with mossy fiber tract stimulation (Fig. 5). 

For tract stimulation experiments, put a large pipette (tip diameter 5–10 µm) filled with 

1 M NaCl in the subgranular zone of the dentate gyrus. For stimulation, use a stimulus 

isolation unit and set simulation intensity to ~30 V (amplitude: 10–100 V, duration 

0.1 ms)32. According to previous experience, the subgranular location is the most 

suitable to stimulate mossy fiber axons. Using this stimulation intensity, the amplitude 

of EPSCs evoked by tract stimulation is typically ~3-fold larger than the amplitude of 

unitary EPSCs evoked by mossy fiber terminal stimulation, indicating that multiple 

mossy fibers are stimulated under these conditions.  

 

9.  Combine single-bouton stimulation with optogenetic stimulation of granule cells and 
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mossy fiber axons (Fig. 6). For optogenetic stimulation experiments, use a Prox1-Cre 

or a Prox1-CreERT2 mouse line crossed with an Ai32 ChR2 (H134R)–EYFP reporter 

line20. For the Prox1-CreERT2 mouse line, mice have to be intraperitoneally injected 

with tamoxifen at least 7 days before the experiment20. For excitation of 

channelrhodopsin, a high-power laser should be used (wavelength 473 nm; intensity 

~150 mW, Laserglow Technologies), in combination with an optical filter set (excitation 

bandpass 450–490 nm, beam splitter 510 nm, emission lowpass 515 nm). Switching 

objectives is discouraged, because mechanical vibrations may disrupt the recording. 

Thus, optogenetic stimulation is performed through the high numerical aperture water 

immersion objective. To reliably stimulate multiple mossy fiber axons, a high stimulus 

intensity may be needed (~5 mW, corresponding to ~112–225 mW mm-2 at the 

sample).  

 

 

 

Transition into presynaptic whole-cell configuration (Steps 10–12) 

10.  To study the mechanisms of transmitter release, such as the relation between the 

shape of the presynaptic action potential, the efficacy of presynaptic Ca2+ channel 

activation, and the release probability, or the coupling between Ca2+ channels and 

release sensors, it will be necessary to make a transition from presynaptic cell-

attached to whole-bouton configuration, using a suction pulse. The presynaptic RS 

should be 30–90 MΩ. 

 

11.  Stimulate presynaptic terminals in the whole-bouton configuration, using 1- or 2-ms 

current pulses (100–400 pA amplitude).  

 

12.  Depolarize presynaptic terminals in the presence of Na+ and K+ channel blockers 

(tetrodotoxin and tetraethylammonium) to record miniature EPSCs derived from a 

single, identified presynaptic terminal (Fig. 7). Depolarization markedly enhances the 

frequency of miniature synaptic events, as first demonstrated at the neuromuscular 

junction49. The use of pre-postsynaptic recordings allows us to extend this concept 

towards central synapses. To be able to depolarize the presynaptic terminal 

effectively, we use a Cs+-containing solution for such experiments. The pulse 

amplitude should be set to a value below the threshold of Ca2+ channel activation50. 

For subsequent analysis of miniature EPSCs, a powerful detection algorithm should 

be used, which could be template fit, deconvolution, or machine learning-based 

detection algorithms,51,52.  

 

Post-hoc morphological analysis (● TIMING ~ 2 d)  
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! CRITICAL  

13.  A central goal in neuroscience is to correlate structure and function. This aim can be 

reached by combined pre- and postsynaptic recording. To achieve this, it is necessary 

to fill pre- and postsynaptic neuron with biocytin during recording in the whole-bouton 

and whole-cell recording configuration, respectively, and label the synaptic connection 

after fixation. Use K-gluconate intracellular solution containing 0.2% (wt/vol) biocytin 

for this purpose. After 20–30 min of recording in the whole-bouton configuration and 

successful excision of an outside-out patch, leave the slice in the recording chamber 

for another 30 min to enable transport of biocytin along the entire mossy fiber axon. 

Then fix the slice with 2.5% (wt/vol) paraformaldehyde, 1.25% (vol/vol) glutaraldehyde, 

and 15% (vol/vol) saturated picric acid solution in 0.1 M PB (pH = 7.35) at 4°C 

overnight. Rinse slices three times in 0.1 M PB, and then incubate them in 2% H2O2 in 

0.1 M PB for 10 min. Afterwards, wash slices 6–8 times for 10 min in 0.1 M PB. Then 

permeabilize membranes with 1% (vol/vol) Triton X100 in PB for 1 h. Transfer slices to 

a PB solution containing 1% (vol/vol) avidin-biotinylated horseradish peroxidase 

complex (ABC, Vector Laboratories) and 1% (vol/vol) Triton X100 for ~12 hr. Remove 

excess ABC by several rinses in PB (15, 15, 30, and 60 minutes). Next, develop slices 

with 0.04% (wt/vol) 3,3’-diaminobenzidine tetrahydrochloride, 0.008% (wt/vol) Co2+, 

0.006% (wt/vol) Ni2+ (all from Sigma-Aldrich), and subsequently H2O2. Finally, embed 

slices in Mowiol (Roth).  Labeled MFBs and CA3 pyramidal cells can be examined 

with a high-resolution light microscope. For quantitative morphological analysis, both 

pre- and postsynaptic structures can be also reconstructed using a Neurolucida 

reconstruction system (MBF Bioscience). Alternatively, slices can be incubated with 

streptavidin-Alexa Fluor 488 or streptavidin-Alexa Fluor 647 and embedded in 

ProLong Gold antifade (Invitrogen) for subsequent fluorescent imaging with a confocal 

microscope.  

 

! CRITICAL STEP Spatially separate electrophysiology experiments and morphological 

procedures using fixative as much as possible. Minimal traces of fixative contamination will 

impair slice quality, which massively affects the success of functional electrophysiological 

experiments.    

 

Data analysis (● TIMING ~30 min) 

14.  In configuration 7, the technique can be used to noninvasively stimulate presynaptic 

terminals and to obtain long-term recordings of unitary EPSPs and EPSCs (Figs. 3 

and 4). In configurations 8 and 9, single-bouton stimulation can be combined with tract 

stimulation or optogenetic stimulation to test the rules of dendritic integration and 

synaptic plasticity induction (Figs. 5 and 6). In configuration 11, the method can be 

used to intracellularly stimulate presynaptic terminals under controlled conditions, in 
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which the presynaptic action potential and the cytoplasmic composition are precisely 

controlled. For example, defined concentrations of Ca2+ chelators (BAPTA or EGTA) 

can be infused into presynaptic terminals8, capacitance measurements can be 

performed11,53 and Ca2+ uncaging experiments can be conducted54,55. In configuration 

12, the technique can be used to record miniature EPSCs that originate from a single, 

identified mossy fiber terminal (Fig. 7). To analyze paired recording data between 

mossy fiber terminals and CA3 pyramidal neurons, use programs for quantitative 

analysis. For analysis of evoked EPSCs, Stimfit is a suitable program46 (e.g. version 

0.15.8; https://github.com/neurodroid/stimfit). Using this program package, synaptic 

latency (between stimulus or steepest point in the rise of the presynaptic action 

potential and onset of the EPSC), 20–80% rise time, and EPSC peak amplitude can 

be determined, and decay time constant can be measured by monoexponential or 

biexponential non-linear least squares fit (Table 2). Analysis of miniature EPSCs 

evoked by presynaptic depolarization is more complicated; template fit algorithms, 

deconvolution methods51, or machine-learning based optimal filtering techniques52 can 

be used for event detection.  

 

 

 

Timing 

Step 1 (slice preparation): ~2 hours.  

Steps 2–12 (recording): ~3 hours (1 hour per slice). If necessary, repeat steps 2–12.  

Step 13 (post-hoc morphological analysis): 2 days. 

Step 14 (data analysis): ~30 min.  

  

Troubleshooting 

Table 1 summarizes problems, their possible reasons, and potential solutions in paired 

patch-clamp recording from hippocampal mossy fiber terminals and postsynaptic CA3 

pyramidal neurons. 

 
 

Anticipated results  

If the above-mentioned steps are followed, an experienced investigator should be able to 

obtain up to five paired MFB–CA3 pyramidal neuron recordings per experimental day. 

However, as the quality of slices fluctuates and slices rapidly deteriorate, multiple 

preparations per day are often necessary. MFB–CA3 pyramidal neuron paired recordings 

have been performed by several groups,27,40,41,42,56. Thus, the technique of MFB–CA3 

pyramidal neuron paired recording has made the successful transition from a heroic 

anecdotal experiment to a standard neurophysiology tool.  
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Although the technique requires more experimental efforts in comparison to simpler 

experiments with axon tract stimulation or optogenetics, it permits the biophysical analysis of 

synaptic transmission with unprecedented accuracy in an almost calyx-like manner6. In 

particular, in paired recordings between presynaptic terminals and postsynaptic neurons, 

stimulation is precisely controlled. Furthermore, the possibility of stimulation of non-mossy 

fiber axons can be excluded, and the probability of evoking polysynaptic events is reduced13. 

In contrast, with tract stimulation and optogenetics, the number and identity of stimulated 

inputs is less well defined, and the temporal precision of stimulation is much lower.   

 

Paired recordings, in which the presynaptic terminal is stimulated in the cell-attached 

configuration28,29, allow reliable stimulation of presynaptic terminals over extended time 

periods, up to several tens of minutes. Washout of the presynaptic terminal is avoided, which 

conveys a minimally invasive character to the presynaptic stimulation. This allows us to 

examine mossy fiber plasticity and to analyze the effects of pharmacological manipulations, 

in which single or even multiple drugs are consecutively applied (Fig. 3e, f).  

 

The technique can also be easily combined with biocytin labeling (Fig. 3g), to enable the 

precise localization of the synaptic contact on the dendritic tree of the postsynaptic neuron. 

This may allow an estimation of the degree of postsynaptic cable filtering, and a systematic 

correlative analysis of structure and function. Although the morphological properties of the 

recorded presynaptic terminal may be somewhat compromised, it may be possible to analyze 

the number of active zones, e.g. by super-resolution microscopy, and to correlate these 

results with functional estimates of release probability, number of release sites, or size of the 

readily releasable pool.  

 

The described method can be applied to mossy fiber terminals in both rats and mice (Fig. 4). 

Mouse compatibility is important, because it allows analysis of synaptic transmission in 

genetically modified animals and permits an easy incorporation of optogenetics into the 

experimental paradigms (Fig. 6). Thus, our protocol will also enable analysis of mossy fiber 

synaptic transmission in various knockout or transgenic mice, allowing a systematic analysis 

of the molecular determinants of mossy fiber synaptic transmission and plasticity.  

 

The described method can be also flexibly combined with both electrical stimulation of mossy 

fiber axon tracts and optogenetic activation of granule cells and mossy fibers (Figs. 5 and 6). 

This permits the stimulation of multiple inputs converging on the same CA3 pyramidal 

neuron, which could be useful to map the rules of dendritic integration and of synaptic 

plasticity induction. While the combination of single-bouton stimulation, tract stimulation, and 

optogenetics is uniquely powerful, the results also reveal a number of caveats in such 
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experiments. Although the basic synaptic transmission properties are approximately the 

same (Table 2), stimulation or conduction failures may occur with extracellular and optical 

stimulation (Figs. 5 and 6), and presynaptic action potentials may become broadened by 

direct optogenetic depolarization of mossy fiber axons (Fig. 6).  

 

Finally, the described protocol also allows to analyze miniature EPSCs generated at a single 

identified synapse (Fig. 7), as previously achieved at the neuromuscular junction49. A general 

problem with miniature EPSC recording is that synaptic events are generated at a large 

number of synapses distributed over the entire dendritic tree of the recorded neuron. The 

protocol, which increases the frequency of miniature EPSCs by presynaptic depolarization17 

(Fig. 7), circumvents this problem. Under these conditions, the population of miniature 

synaptic events is highly enriched by events derived from the depolarized synapse. The 

results confirm that a small subset of miniature EPSCs originating from mossy fibers has a 

large amplitude, consistent with previous observations32,57.  

 

The technique has already proven to be highly powerful, shedding new light on synaptic 

biophysics, synaptic plasticity, and single-synapse computations at MFB–CA3 pyramidal 

neuron synapses. Paired recordings between mossy fiber terminals and postsynaptic CA3 

pyramidal neurons were used to analyze the coupling distance between Ca2+ source and 

release sensor8, the mechanisms of presynaptic short-term plasticity at hippocampal mossy 

fiber synapses, and the efficacy of single mossy fiber inputs in terms of initiation of 

postsynaptic spikes16. Notably, the use of the method has revealed a number of remarkable 

differences between mossy fiber–CA3 synapses and the calyx of Held, for example regarding 

channel sensor coupling8 and short-term plasticity. It is expected that the more extended 

application of the protocol may provide crucial information about both similarities and 

differences among central synapses throughout the mammalian brain. Further improvement 

of the technique may allow extension towards smaller boutons23–25.  

 

 

Reporting summary 

Further information is available in the nature research reporting summary linked to this 

article.  
 

Data availability 

Original data are available via the primary research article (doi: 

10.1016/j.neuron.2020.05.013). Further original data are stored in the scientific repository of 

the Institute of Science and Technology Austria and will be provided by the corresponding 

author upon reasonable request.  
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Code availability 

Analysis software is available via github (Stimfit version 0.15.8; 

https://github.com/neurodroid/stimfit). Further code for analysis of miniature EPSCs will be 

provided from the corresponding author upon reasonable request.  
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Figure legends  

Fig. 1 | Experimental setup for MFB–CA3 pyramidal neuron paired recordings.  

a, Schematic summary of steps of the procedure (top, step numbers; bottom, timing 

information).  

b,  Magic cut used for mounting the hemispheres. Green, dentate gyrus and 

hippocampus; purple, red, midbrain. Lines indicate approximate range from which 

slices were taken. Image obtained from Allen Brain Explorer beta 

(http://connectivity.brain-map.org/3d-viewer?v=1).  

c,  Cutting slices using the vibratome. Left, low magnification image; right, expanded 

view of buffer tray with ice sludge, mounted brain hemisphere in the center, and 

cutting blade at the back. Tubings (right) connect buffer tray to a chiller for additional 

cooling.  

d, Maintenance chamber used for storage of slices. Left, front view of maintenance 

chamber in water bath; Right, top view of maintenance chamber with three slices on 

a nylon net. 

e,  Paired recording setup used for MFB–CA3 pyramidal neuron paired recordings. Left, 

front view of setup, with micromanipulators on the sides, microscope mounted on a 

sliding table in the center, and camera on top. Inset shows high-NA water immersion 

objective. Right, pipette holder, in which an additional clamp holds the pipette near 

the shank, resulting in improvement of stability.  

f,  3-dimensional surface model of pipette holder for stable electrode positioning and 

long-term subcellular recording.  

g,  Schematic illustration of MFB–CA3 pyramidal neuron paired recording configuration 

and combination with either mossy fiber tract stimulation (“Tract”) or optogenetics 

(“Opto”).  

 

 

Fig. 2 | Videomicroscopy-guided targeting of pre- and postsynaptic structures for 
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MFB–CA3 pyramidal neuron paired recordings.  

a–d,  Establishing the MFB–CA3 pyramidal neuron paired recording configuration. Seal 

formation on the postsynaptic CA3 pyramidal neuron (a), scanning of apical dendrites 

of the recorded neuron for boutons (b), approach of MFB with patch pipette and 

dimpling (c), and seal formation on MFB. Infrared differential interference contrast 

videomicrographs of three different pairs; pair 1 corresponds to the recording shown 

in Supplementary Video 1.   Left, postsynaptic pipette; right, presynaptic pipette.  

e–g,  Expanded view of the recorded bouton of the pairs shown in (a–d) during pipette 

approach and dimpling. Red arrow, dimpling of presynaptic membrane; blue arrow, 

wiggling axon; yellow circle, MFB. Scale bars, 10 µm.  

 

 

Fig. 3 | MFB–CA3 pyramidal neuron paired recordings combined with post-hoc 

morphological analysis.  

a, b,  Simultaneous presynaptic cell-attached and postsynaptic whole-cell recording during 

presynaptic pulses of 100 µs duration and increasing amplitude. In the example 

shown in (a), the 400-mV pulse evoked a presynaptic action current and a 

postsynaptic response (red). Top, presynaptic stimulus; center, cell-attached 

presynaptic voltage-clamp recording showing action currents; bottom, postsynaptic 

responses (EPSCs at −80 mV in voltage-clamp conditions).  Traces are single 

sweeps. In the summary graph shown in (b), the variation of the threshold between 

100 mV and 900 mV is illustrated. Successes are indicated in blue, failures of 

postsynaptic response in white. Data from 9 pairs, pair number on the vertical axis; 

stimulation intensity in mV on the horizontal axis. 

c, d,  Unitary MFB–CA3 pyramidal neuron EPSCs during the first stimulus (c) and during 

the entire train of stimuli (d). Top, presynaptic stimulus; center, cell-attached 

presynaptic voltage-clamp recording showing action currents; bottom, postsynaptic 

responses (EPSCs at −80 mV in voltage-clamp conditions).  Traces are averages 

from 15 single sweeps.  

e, f,  Inhibition of mossy fiber synaptic transmission by bath-application of 1 µM of the 

group 2 metabotropic glutamate receptor agonist DCG-4. Note that stable, long-term 

recordings of unitary EPSCs can be obtained with presynaptic cell-attached 

stimulation, as required for reliable pharmacological analysis. Data from a 

representative pair are shown in (e), and summary plot of EPSC peak amplitude 

against experimental time is shown in (f).  Traces in (e) are from 15 single sweeps 

(EPSCs in control conditions) and 10 single sweeps (EPSCs in DCG-4). Data in (f) 

are mean values from 3 pairs. Error bars indicate standard error of the mean (SEM). 

Note that DCG-4 efficiently reduces unitary mossy fiber EPSCs, as previously 

reported for compound synaptic events13,1.  
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g, Biocytin labeling of both presynaptic mossy fiber axon and postsynaptic CA3 

pyramidal neuron. Left, overview light micrograph; right, expanded view of the same 

synapse. Note the presence of a putative synaptic contact. Light micrographs taken 

from a hippocampal slice from a 21-day-old rat. Scale bars 50 µm (left) and 20 µm 

(right).  

 

 

Fig. 4 | MFB–CA3 pyramidal neuron paired recordings in mice and rats.  

a, b,  Unitary MFB–CA3 pyramidal neuron EPSCs in mouse (a) and rat (b). Top, stimulus 

voltage (gray); center, presynaptic action currents (red); bottom, postsynaptic 

responses (EPSCs at −70 mV in voltage-clamp conditions). Average from 5 and 10 

single traces, respectively.  

c–g,  Summary bar graphs of EPSC peak amplitude (first EPSC in train; c), synaptic delay 

(d), 20–80% rise time (e), decay time constant (f), and paired-pulse ratio (EPSC2 / 

EPSC1; g). Boxes indicate mean values, horizontal lines represent median, error bars 

indicate SEM, circles represent results from individual paired recordings. Black, paired 

recordings from mice; blue, paired recordings from rats. Note that unitary EPSC peak 

amplitude is significantly larger in rats than in mice. *, p < 0.05; n.s., non-significant 

difference.  

  

 

Fig. 5 | MFB–CA3 pyramidal neuron paired recordings combined with mossy fiber tract 

stimulation.  

a,  Schematic illustration of experimental paradigm. EPSCs were evoked by alternating 

stimulation of presynaptic terminals in the minimally invasive tight-seal bouton-

attached configuration (red pipette on bouton) or tract stimulation (green pipette near 

granule cell layer). 

b,  Analysis of stimulation overlap of different mossy fiber inputs converging on a single 

CA3 pyramidal cell. Top, example in which presynaptic action current analysis 

indicates input overlap. Green trace indicates tract stimulation, red trace represents 

currents measured in tight-seal configuration at the mossy fiber terminal, and black 

trace shows EPSCs. The occurrence of action currents in the presynaptic terminal 

(red asterisks, top panel) reveals stimulation overlap. Bottom, example in which 

presynaptic action current analysis reveals input separation (i.e. absence of 

stimulation overlap).  

c–f,  Summary bar graph of EPSC peak amplitudes (c), synaptic latency (d), 20–80% rise 

time (e), and EPSC decay time constant (f) with cell-attached single-bouton 

stimulation and mossy fiber axon tract stimulation (at 30 V stimulus intensity). In (d–f), 

analysis was performed on the second EPSC in a train (EPSC2) to enhance reliability 
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of the measurement. Data points from the same recording were connected by lines. *, 

p < 0.05; **, p < 0.01. 

g,   Complex dynamics of stimulation of hippocampal mossy fiber axons by extracellular 

tract stimulation (stimulation frequency 100 Hz). Left, traces from the entire period of 

high-frequency stimulation; right, expanded view of the region indicated by the 

horizontal bar (left top). In a subset of recordings, successes in the early phase of the 

stimulation train were followed by failures in the later phase of the train (top). In 

another subset, early failures were followed by later successes (center). Additionally, 

alternating patterns of failures and successes were occasionally observed (bottom). 

Asterisks in the right panels indicate presynaptic action currents, demonstrating 

successful stimulation.   

h, i,  Peak-to-peak time (h) and latency (i) of action current (AC) evoked by extracellular 

tract stimulation for the first 5 stimuli in a 100-Hz stimulus train. Note that the peak-to-

peak time of the action current increases during repetitive stimulation, demonstrating 

action potential broadening, whereas the latency slightly decreases.  

 

 

Fig. 6 | MFB–CA3 pyramidal neuron paired recordings combined with optogenetic 

stimulation in Prox1-Cre mice.  

a,  Schematic illustration of experimental paradigm. EPSCs were evoked by alternating 

stimulation of presynaptic terminals in the minimally invasive tight-seal bouton-

attached configuration (red pipette on proximal apical dendrite) or by wide-field 

optogenetic stimulation of dentate gyrus granule cells and mossy fiber axons (“Opto”). 

A Prox1-Cre x Ai32 mouse line was used in these experiments, which selectively 

expresses ChR2(H134R) in granule cells20.  

b,  Responses of presynaptic terminal and postsynaptic CA3 pyramidal neuron to 5-ms 

light pulses. Top, light pulse; center, presynaptic current; bottom, postsynaptic current. 

Light colors (light red and gray, respectively) indicate individual traces (6 overlaid 

responses), dark colors (dark red and black) represent averages.  Note that the time 

course of the EPSCs is slower than that of unitary EPSCs evoked by direct stimulation 

of mossy fiber terminals. Based on photodiode measurements, the light intensity at the 

specimen during the pulse was estimated as 5.4 mW.  

c–g, Summary bar graphs of EPSC peak amplitude (c), synaptic latency (d), 20–80% rise 

time (e), EPSC decay time constant (f), and paired-pulse ratio (EPSC2 / EPSC1; g). 

Data points from the same recording were connected by lines. Note that responses to 

light pulses show larger peak amplitude, slower kinetics, and reduced paired-pulse 

ratio. *, p < 0.05; **, p < 0.01; n.s., non-significant difference.  

h–j,  Proportion of failures (h), peak-to-peak time (i), and latency (j) of action current (AC) 

evoked by optogenetic stimulation for the first 5 stimuli in a 20-Hz stimulus train. Note 
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that both the peak-to-peak time and the latency of the action current increases during 

repetitive stimulation.   

 

 

Fig. 7 | Miniature EPSCs evoked by depolarization of a single identified presynaptic 

terminal. 

a,   Schematic illustration of experimental approach to measure miniature EPSCs 

generated by a single presynaptic mossy fiber terminal. (1) The synapse was first 

examined in the paired recording configuration with presynaptic terminal in the tight-

seal cell-attached configuration. (2) To enable recording of miniature EPSCs, TTX + 

TEA was applied to the bath, and a transition was made from bouton-attached to 

whole-bouton configuration. (3) Miniature EPSCs were evoked by depolarization of the 

presynaptic terminal with long pulses from −70 mV to −10 mV, near the threshold of 

activation of presynaptic Ca2+ channels. (4) Miniature EPSCs can be detected by 

various analysis techniques, such as template-fit1, deconvolution51, or MOD (machine-

learning optimal-filtering detection)52. The effect of the channel blockers was verified 

by the absence of Na+ inward currents in the presynaptic terminals. Scale bar for 

insets, 5 µm.  

b, Traces of miniature EPSCs in the postsynaptic CA3 pyramidal neuron evoked by long 

depolarizing pulses applied to the presynaptic terminal.  

c, Insets of miniature EPSCs at expanded time scale after detection and alignment to the 

onset time point; white overlaid curve represents average.  

d, Summary bar graph of median miniature EPSC amplitude. Black bar represents 

amplitudes of miniature EPSCs recorded during depolarization of a single presynaptic 

terminal; thus miniature EPSCs will mostly originate from the recorded presynaptic 

terminal. Blue bar indicates amplitudes of miniature EPSCs without presynaptic 

depolarization; miniature EPSCs will originate at synapses impinging on the entire 

dendritic tree of the recorded neuron. Boxes indicate median values, circles represent 

data from single paired recordings. Lines connect data points from the same 

experiments.  **, p < 0.01. Data from Vandael et al., 2020 (Ref. 17). 
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Table 1 | Troubleshooting Table.  

 

Step Problem Possible reason  Potential solution  

2 Uniformly swollen or 

shrunk neurons and 

subcellular structures 

Osmolarity problem Always check 

osmolarity of all 

solutions. Take care to 

not cut with too frozen 

solution which can 

harm the tissue. Use 

slushy, not too icy 

sucrose solution 

3 No dimpling during 

approach with patch 

pipette; difficulty to 

penetrate the surface 

of slice with patch 

pipette and to 

approach target 

structures 

Dead tissue on top 

of the slice, no 

access to CA3 

pyramidal cells 

Cut new slices and 

improve slicing 

procedures. Check for 

fixative or detergent 

contamination, which 

negatively affect slice 

quality 

3 Pipette is touching the 

structures, but no 

dimpling and lack of 

Gigaohm seal 

formation  

Problem with 

internal solution 

Replace both internal 

solution and syringe 

filter. Filtering of 

solutions is essential 

for patching 

presynaptic terminals 

4 Putative presynaptic 

terminal blown away 

during approach with 

presynaptic pipette 

Structure not 

connected to the 

dendrites of the 

recorded CA3 

pyramidal neuron 

Select a mossy fiber 

axon that wiggles 

around the apical 

dendrite of the CA3 

pyramidal neuron 
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4 Cell-attached 

configuration 

established on putative 

presynaptic terminal, 

but no response in 

postsynaptic neuron 

Recording from 

dendrite or glial cell  

Try to establish a 

whole-cell configuration 

in the presynaptic 

terminal. Large 

capacitance and large 

Na+ currents suggests 

dendritic recording. 

Low input resistance, 

negative membrane 

potential, and lack of 

Na+ currents suggests 

glial cell recording. 

Verify action potential 

broadening, which is 

highly characteristic of 

mossy fiber terminals23. 

In any case, patch 

another terminal 

4 “Presynaptic” structure 

has correct properties, 

but no synaptic 

connection 

Recorded structure 

is a presynaptic 

terminal, but is not 

connected to the 

recorded 

postsynaptic CA3 

pyramidal neuron 

(although it may be 

connected to other 

CA3 cells) 

Make sure presynaptic 

structure shows 

confined dimpling and 

wraps around the 

dendrite of the 

recorded postsynaptic 

CA3 pyramidal neuron 

5–7 Run-down of evoked 

EPSCs (but not 

EPSPs)  

Increase in 

postsynaptic series 

resistance (RS) 

Monitor postsynaptic 

RS as a function of 

experimental time 

computed from the 

amplitude of the 

capacitive current 

evoked by test pulse 

(e.g. −5 mV amplitude). 

If postsynaptic RS is 

larger than 10 MΩ, 

discard recording 
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5–7 Run-down of evoked 

EPSPs and EPSCs 

Insufficient slice 

quality. 

Furthermore, 

spontaneous break-

in in the presynaptic 

recording is a 

common problem 

Cut new slices and 

improve slicing 

procedures. Check 

fixative or detergent 

contamination, which 

negatively affect slice 

quality 

10 Presynaptic terminal 

depolarized after 

break-in 

Mossy fiber terminal 

dead  

Cut new slices and 

improve slicing 

procedures 

10 Presynaptic terminal 

lost after break-in 

attempt 

Presynaptic pipette 

too large or 

Gigaohm seal 

broken 

Try smaller presynaptic 

pipette (15–20 MΩ 

open-tip resistance) 
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Table 2 | Comparison of unitary EPSCs in MFB–CA3 pyramidal neuron paired recordings 

with extracellular stimulation by electrical pulses and optogenetic stimulation by light pulses  
 

 

Parameter  MFB–CA3 pyramidal 

neuron paired 

recordings 

Extracellular 

stimulation  

Optogenetic 

stimulation  

EPSC peak 

amplitude  

181 pA (Vandael et 

al., 2020, Ref. 17) 

70 pA (Jonas et al., 

1993, Ref. 1) 

 

EPSC latency 1.47 ms (Vandael et 

al., 2020, Ref. 17) 

4.2 ms (Jonas et al., 

1993, Ref. 1)  

4.54 ms (Borges-

Merjane et al., 2020, 

Ref. 20) 

EPSC 20–80% 

rise time  

0.9 ms (Vandael et 

al., 2020, Ref. 17)  

0.6 ms (Jonas et al., 

1993, Ref. 1)  

1.72 ms (Borges-

Merjane et al., 2020, 

Ref. 20) 

EPSC decay 

time constant  

6.9 ms (Vandael et 

al., 2020, Ref. 17)  

6.2 ms (Jonas et al., 

1993, Ref. 1) 

 

Paired-pulse 

facilitation ratio 

(EPSC2 / 

EPSC1) 

2.2 (Vyleta and 

Jonas, 2014, Ref. 8); 

2.6 (Vyleta et al., 

2016, Ref. 16) 

~2.2 (Salin et al., 

1996, Ref. 58);  

~2.8 (Jackman et al., 

2016, Ref. 59) 

~2.5 (Ben-Simon et al, 

2015, Ref. 1);  

~1.2 (Borges-Merjane 

et al., 2020, Ref. 20) 

Posttetanic 

potentiation 

442% (Vyleta et al., 

2016, Ref. 16);  

432% (Vandael et al., 

2020, Ref. 17) 

 

334% (Griffith, 1990, 

Ref. 60);  

~450% (Toth et al., 

2000, Ref. 61);  

~750% (Salin et al., 

1996, Ref. 58) 

~250% (Vandael et al., 

2020, Ref. 17) 

 

 

 

Supplementary Video 1 | MFB–CA3 pyramidal neuron paired recording under 

experimental conditions.  

Left, infrared differential videomicroscopy image of the CA3 pyramidal cell layer and the 

stratum lucidum. Note that postsynaptic pipettes have much larger tip diameter than 

presynaptic pipettes, corresponding to a difference of open-tip resistance (2–7 MΩ for 

postsynaptic pipette; 10–20 MΩ for presynaptic pipette).   

Right, top, red trace: response of the postsynaptic pipette to a −5-mV test pulse. Right, 

bottom, green trace: Response of the presynaptic pipette to a −5-mV test pulse. Video is 

shown at 2-times accelerated frame rate in comparison to real time.  
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Timing information:  

5 s: Release of pressure and application of suction in the postsynaptic pipette.  

7 s: Formation of Gigaohm seal in the postsynaptic recording.  

18 s: Release of pressure and application of suction in the presynaptic pipette.  

22 s: Formation of Gigaohm seal in the presynaptic recording.  

23 s: Increase of gain in postsynaptic channel.  

26 s: Increase of gain in presynaptic channel.  

29 s: Application of suction pulse in postsynaptic cell, resulting in break-in and transition into 

whole-cell configuration.   

32 s: Switch-off of pre- and postsynaptic test pulse.  

33 s: Application of train of short pulses to the presynaptic terminal (800 mV amplitude, 100 

µs duration, 5 Hz stimulation frequency). Note that brief pressure pulses were applied to the 

postsynaptic pipette to ensure low series resistance in the postsynaptic recording.  
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Supplementary Table 1 | Chemicals and one-way materials 
 
Chemical  Source – company  Catalog number  

NaCl VWR (Merck) Cat # 1.06404.1000 

Sucrose Sigma-Aldrich Cat # 16104 

NaHCO3 VWR (Merck) Cat # 1.06329.1000 

D-glucose VWR (Merck) Cat # 1.08342.1000 

KCl VWR Cat # 26764.232 

Na2HPO4 VWR (Merck) Cat #1.06580.0500 

NaH2PO4 VWR (Merck) Cat # 1.06346.0500 

CaCl2 VWR (Merck) Cat # 1.02382.0250 

MgCl2 Sigma-Aldrich Cat # M9272-1KG 

HEPES Sigma-Aldrich Cat # M3375-100G 

EGTA Sigma-Aldrich Cat # EO396-100G 

Na2ATP Sigma-Aldrich Cat # A3377-100G 

Potassium D-Gluconate Sigma-Aldrich Cat # G4500-100 g 

NaGTP Sigma-Aldrich Cat # G8877-250 mg 

Tetrodotoxin citrate Tocris Cat # 1069/1 

Tetraethylammonium chloride Sigma-Aldrich Cat # T2265 

Cesium chloride Sigma-Aldrich Cat # C3011-25 g 

H2O2 Sigma-Aldrich Cat # 95321-100 ml 

Biocytin Invitrogen Cat # B1592 

Cesium hydroxide Sigma Cat # C8518 

KOH (1 M) Merck Millipore Cat # 1.09108.1000 

Phosphocreatine disodium salt 
hydrate 

Sigma Cat # P7936 

Sylgard 184 Dow Corning Cat # 634165S 

   

Cyanoacrylate superglue Uhu, Bühl, Germany Cat # 45570 3 g 

Paraformaldehyde TAAB Cat # FO 17/1 

Glutaraldehyde Carl Roth Cat # 4157.1 

Saturated picric acid solution Sigma-Aldrich Cat # P6744-1GA 

Triton X100 Sigma-Aldrich Cat # X100-100ml 
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Avidin-biotinylated horseradish 
peroxidase complex 

ABC, Vector 

Laboratories 

Cat # PK6100 

3,3’-Diaminobenzidine 
tetrahydrochloride 

Sigma-Aldrich Cat # D5637-5 g 

Cobalt (II) chloride 

hexahydrate 

Sigma-Aldrich Cat # C8661-25 g 

Nickel (II) chloride 
hexahydrate 

Sigma-Aldrich Cat # 223387-25 g 

Mowiol 4-88 Carl Roth Cat # 713.2 

   

Spatula  Lactan Cat # 330503211 

1-ml syringes Braun Cat # 9161406V 

Sterican injection needles 0.4 
x 20 mm gray  

Braun  Cat # 4657705 

Scalpel handle No. 3 Carl Roth  Cat # CE16.1 

Scalpel blades No. 10 Braun  Cat # BB510 

Razor blades  Gillette SuperSilver GIN 642107 
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