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Abstract

In the mammalian cerebellum, deep cerebellar nuclear (DCN) cells convey all information from 

cortical Purkinje cells (PCs) to premotor nuclei and other brain regions. However, how DCN cells 

integrate inhibitory input from PCs with excitatory inputs from other sources has been difficult to 

assess, in part due to the large spatial separation between cortical PCs and their target cells in the 

nuclei. To circumvent this problem we have used a Cre-mediated genetic approach to generate 

mice in which channelrhodopsin-2 (ChR2), fused with a fluorescent reporter, is selectively 

expressed by GABAergic neurons, including PCs. In recordings from brain slice preparations from 

this model, mammalian PCs can be robustly depolarized and discharged by brief photo 

stimulation. In recordings of postsynaptic DCN cells, photo stimulation of PC axons induces a 

strong inhibition that resembles these cells' responses to focal electrical stimulation, but without a 

requirement for the glutamate receptor blockers typically applied in such experiments. In this 

optogenetic model, laser pulses as brief as 1 ms can reliably induce an inhibition that shuts down 

the spontaneous spiking of a DCN cell for ∼50 ms. If bursts of such brief light pulses are 

delivered, a fixed pattern of bistable bursting emerges. If these pulses are delivered continuously to 

a spontaneously bistable cell, the immediate response to such photostimulation is inhibitory in the 

cell's depolarized state and excitatory when the membrane has repolarized; a less regular burst 

pattern then persists after stimulation has been terminated. These results indicate that the spiking 

activity of DCN cells can be bidirectionally modulated by the optically activated synaptic 

inhibition of cortical PCs.
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Introduction

The mammalian cerebellum plays important roles in motor control and motor learning, and 

is also involved in such non-motor functions as arousal, emotion, and cognition (Ito, 2001; 

Leiner et al, 1993; Raymond et al, 1996; Stoodley et al, 2012). How such functions are 

accomplished, either directly by the cerebellum or through its interactions with other brain 

structures, is not well understood. The fact that its circuitry is remarkably uniform an d well-

defined in all its subregions and across many species has suggested that the cerebellum 

performs a single characteristic computation (Ito, 1984; Voogd and Glickstein, 1998; Apps 

and Garwicz, 2005). Despite great variation in its inputs, one constant is that the sole output 

projection of the cerebellar cortex is from the inhibitory Purkinje cells (PCs) to neurons of 

the deep cerebellar nuclei (DCN) and the vestibular nuclei (VN), where this inhibition is 

integrated with excitation transmitted by collaterals of mossy and climbing fibers. As DCN 

cells convey the final cerebellar output signals, how they process synaptic inhibition from 

PCs is a key factor in determining the result of the cerebellar computation that is sent to 

premotor and non-motor nuclei in the brainstem and thalamus (Bell et al, 2008; Eccles et al, 

1967; Sugihara, 2011; Teune et al, 2000; Welsh et al, 1995).

Despite decades of effort, exactly how PC-DCN neuron interactions occur is far from clear. 

An outstanding question is how individual DCN cells integrate inhibitory inputs from PCs 

and excitatory inputs from the brainstem to generate their functional output signals. Such 

characterization has proved difficult to obtain because PCs and DCN neurons are too far 

apart in the mammalian cerebellum to allow monosynaptically-connected pairs of neurons to 

be recorded simultaneously (McDevitt et al, 1987). As an approximation, studies using 

dynamic clamp to model PC-triggered conductances in DCN neurons have indicated an 

important role for PC firing synchrony in determining both the responsiveness of DCN cells 

to input from excitatory terminals and the timing of these cells' post-inhibitory spiking 

(Jaeger, 2011; Person and Raman, 2012). That the modulation of PC ensemble activity is 

likely to play a major role in DCN neuronal computation is reinforced by quantitative 

anatomy, which has demonstrated that each DCN neuron receives synaptic inputs from ∼860 

PCs (Palkovitz et al, 1977), although there is more recent evidence that this convergence 

ratio may be more than an order of magnitude less (Person and Raman, 2012). Such real-

time synaptic integration within the DCN is believed to be essential to movement 

coordination. Although an earlier model holds that the activity-dependent modification of 

synaptic strength, including long-term potentiation (LTP) and depression (LTD), in cortical 

PCs underlies associative eyeblink conditioning and vestibuloocular reflex (VOR) adaptation 

(Gao et al, 2012; Hansel et al, 2001; Ito, 2001; Jorntell and Hansel, 2006; Pugh and Raman, 

2006), real-time interactions between cortical PCs and DCN cells during movement are also 

believed to be critically important for motor control and motor learning, as indicated by 

experimental studies and computational modeling (Mauk and Donegan, 1997; Ohyama et al, 

2006; Shutoh et al, 2006).
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To further explore and characterize the critical inhibitory synapse between cortical PCs and 

DCN cells, we have created a mouse model, in which the conditional expression of 

channelrhodopsin 2 (ChR2), fused with a fluorescent reporter protein, is induced by a 

Gad2Cre transgene, such that GABAergic neurons, including PCs, can be depolarized by 

blue light (Madisen et al, 2012; Nagel et al, 2002; Taniguchi et al, 2011; Tye and Deisseroth, 

2012). Using cerebellar slices from this model, we have found that brief photo stimulation 

can robustly depolarize PCs and induce a strong inhibition in DCN cells that is very similar 

to the IPSPs induced by conventional focal electrical stimulation under pharmacological 

isolation (Aizenman et al, 1998). We have further shown that the spontaneous firing activity 

of at least some DCN cells can be effectively modulated by the optical activation of PC 

axons through the voltage-dependent inhibition, shunting or excitation of the postsynaptic 

membrane current.

Experimental Procedures

Generation of optogenetic mice for studies of GABAergic PCs

Two parental mouse strains allowing Cre-induced conditional expression of ChR2 from the 

mouse Gt(ROSA)26Sor locus were employed: Ai27, which expresses a ChR2(H134R)-

tdTomato fusion protein, and Ai32, which expresses a ChR2(H134R)-EYFP fusion protein 

(Madisen et al, 2012). These were obtained from Dr. H. Zeng at the Allen Institute for Brain 

Science. The Cre-driver line Gad2tm2(cre)Zjh/J (Gad2Cre) was obtained from Jackson Labs 

(Taniguchi et al, 2011). The Cre-driver and optogenetic effector transgenic lines were 

maintained separately on a C57BL/6 genetic background, and were interbred to generate 

Gad2Cre/Ai27 and Gad2Cre/Ai32 double-heterozygotes for the experiments described below. 

It has been well documented that ChR2 is a light-gated nonspecific cation channel expressed 

in the plasma membranes of target neurons and that it opens on a millisecond timescale upon 

exposure to blue laser light, leading to the influx of Na+, K+, Ca2+ and H+ (Nagel et al, 

2002; Madisen et al, 2012). These basic channel properties are also present in the target cells 

in our model (see below).

Slice preparation

Mice of either sex between P14 and P30 were deeply anesthetized with isoflurane and 

decapitated. The brain was quickly removed and left in ice-cold oxygenated saline for ∼1 

min to harden the tissue. After trimming, the cerebellum (with the brainstem attached) was 

glued to a cutting stage with the back support of an agar block. The cutting tray was filled 

with oxygenated cold saline (bubbled with 95% O2 and 5% CO2) that included (in mM): 

sucrose 252, KCl 2, MgCl2 2, CaCl2 2.6, NaH2PO4 1.2, NaHCO3 26, and glucose 20, with 

the pH adjusted to 7.4 ± 0.5 and the osmolarity to 315 ± 5 mOsm. After cutting, typically at 

200 μm in either the parasagittal or transverse plane, slices were immediately returned to the 

same solution and maintained in a warm bath (28 ± 0.5° C) for recovery. After 30-60 min, 

they were transferred into normal oxygenated ACSF with the same contents as before except 

for the replacement of sucrose by 126 mM NaCl. Slices were kept at room temperature until 

recording.
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Whole-cell patch recording

Individual slices were placed in a submerged recording chamber and continuously perfused 

with oxygenated ACSF at a rate of 1-2 ml/min. Recording was done at 31 ± 1°C. The glass 

pipettes for patch recording had resistances of 4-8 MΩ after being filled with an internal 

solution containing (in mM): K-gluconate 132, HEPES 10, MgCl2 2, EGTA 5, CaCl2 0.5, 

ATP 4, GTP 0.5 and phosphocreatine 5, with the pH is adjusted to 7.4 ± 0.5 and the 

osmolarity to 285 ± 5 mOsm. The internal solution was aliquoted and stored at -20°C, and 

filtered before use. To perform perforated patch recordings, gramicidin, an antibiotic that 

forms pores in the patched membrane that are permeable to cations without disturbing the 

intracellular Cl- concentration (Kyrozis and Reichling, 1995), was added to the internal 

solution (20 μg/ml) which was then filtered before filling the recording pipettes. In some 

cases, 40 mM K-gluconate in the internal saline was replaced by a molar equivalent of KCl 

to facilitate the detection of IPSP/Cs, as noted.

Cells were visualized under infrared Nomarski optics using the 40× water-immersion 

objective of an upright microscope (Olympus, BX51WI). The patch electrode was advanced 

toward the target cells by a micromanipulator (Sutter) and a gigaohm seal was established, 

typically by a small negative pressure, with the membrane ruptured by gentle suction and/or 

zap pulses. Signals from headstage were amplified (MultiClamp 700A, Axon Instruments), 

digitized (D1322, Axon), and stored on a computer hard drive for offline analysis. P-Clamp 

9 software (Axon) was used for data acquisition and analysis. In some cases, dual cell 

recordings, in which two cells are simultaneously patched by a pair of recording electrodes, 

were performed to determine the variability of same cell type to identical manipulations 

(Zhang et al, 2012).

For control purposes, bipolar tungsten electrodes were added in some cases, with one pole 

positioned in a region of interest to activate specific fibers and the other in the solution 

nearby as a reference. For electrical stimulation, TTL signals (0.1 ms duration) were 

generated by a digitizer to trigger a constant current stimulator to deliver pulses over a range 

of 50-200 μA. For bistable cells, upstate durations were measured between the first and last 

spikes of membrane depolarization, whereas those of the downstate were taken as the 

intervening intervals of stable membrane hyperpolarization.

Pharmacological tests

In some cases, pharmacological compounds, including the AMPA receptor blocker CNQX 

(20 μM), the NMDA receptor blocker AP5 (30 μM), and the GABAa receptor blocker 

bicuculline (25 μM) or picrotoxin (100 μM) were delivered to the recording chamber 

through a perfusion system. For morphological identification, the recording pipettes were 

pre-loaded with the tracers neurobiotin or biocytin (both at 0.2-0.5%) which were then 

injected into the recorded cells by positive current pulses (500 pA, 500 ms on and 500 ms 

off) for 5-10 min at the conclusion of a session. Slices were maintained at recording 

conditions for another 15-20 min before being transferred to fixative (4% in 

paraformaldehyde 0.1 M phosphate buffer) for histology.
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Fiber optics and photostimulation

TTL signals were used to trigger a LD-WL206 laser power supply connected to a MXL-473 

laser (OptoEngine LLC, Utah) to generate 473 nm blue laser light pulses, which were 

delivered to the tissue via a 200 μm optical fiber. The tip of the optical fiber was submerged 

in the ACSF in the recording chamber at a tip distance of about 1.5 mm from the recording 

site. The power level was about 1 mW/mm2 and the duration of the TTL signals was 

adjusted based on the responses (see Results).

Histology and data analysis

The histology for recovering recorded cells injected with biocytin has been described in 

detail elsewhere (Han et al., 2006). Briefly, whole slices were fully rinsed and incubated 

with the streptavidin-conjugated fluorescent dye FITC (for the Ai27 mouse) or Texas Red 

(for the Ai32 mouse). In some cases, slices were counterstained with a differently colored 

fluorescent dye (DAPI or green Nissl staining) for confocal image analysis. Data analysis 

was carried out using the Clampfit function of P-Clamp 9 along with Origin (OriginLab) and 

CorelDraw (Corel) software. Student's t-test and post hoc ANOVA analysis were used to 

determine the statistical significance, with alpha set to P < 0.05 unless otherwise noted.

Results

Genetic targeting of ChR2/tdTomato or ChR2/EYFP expression to PCs

The target cell types in this investigation were cerebellar cortical PCs, which were 

genetically labeled with a Gad2cre transgene, and projection cells in the DCN that are the 

synaptic targets of PCs. Gad2cre mice were interbred with Ai27 or Ai32 mice, allowing for 

conditional expression of ChR2-tdTomato or ChR2-EYFP, respectively (Fig. 1A). As 

expected, in the cerebella of Gad2Cre/Ai27 (Fig. 1B-D) and Gad2Cre/Ai32 mice (see below), 

the fluorescent reporters were expressed exclusively in GABAergic neurons, including PCs. 

In Gad2Cre/Ai27 and Gad2Cre/Ai32 mice, the tdTomato and EYFP labeling in the 

cerebellum was restricted to the Purkinje cell and molecular layers of the cortex (Tsubota et 

al, 2011), where PC somata and dendritic arbors are located, respectively, and to the DCN, 

where the axons of PCs terminate. An example of the tdTomato labeling in the cerebellum of 

a Gad2Cre/Ai27 mouse is shown in Fig. 1B. The details of these morphological features can 

also be observed in confocal images, where the somata and dendrites of all examined PCs 

are brightly labeled (Fig. 1C). Bundles of PC axons can also readily be traced from single 

lobes of the cortex to the deep nuclei. In the deep nuclei, however, the target cells are not 

labeled, but after counterstaining with green Nissl stain were found embedded in tdTomato-

positive terminals (Fig. 1D). In an optical section, these target cells showed morphological 

features similar to the DCN cells visualized by staining postsynaptic GABAa receptors 

(Garin et al, 2002).

Electrophysiological characterization of cortical PCs in Gad2Cre/Ai27 and Gad2Cre/Ai32 
mice

While a number of studies have used optogenetic models to investigate specific functions of 

the cerebellum (Chaumont et al, 2013; Gutierrez et al, 2011; Sasaki et al, 2012; Tsubota et 
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al, 2011), there has been no detailed characterization of how individual PCs and DCN cells 

in such models respond to photo stimulation. The present in vitro study, therefore, focuses 

on how single PCs respond to photo stimulation and how photoactivated PC axon terminals 

inhibit individual cells in the DCN. In our initial characterization, the spontaneous and 

electrically evoked spiking of PCs in the optogenetic mice (Fig. 2A) was indistinguishable 

from the corresponding activity observed in controls (not shown). When focal electrical 

stimulation was applied to the cerebellar molecular layer to activate parallel fibers (PFs), a 

clear paired-pulse facilitation was observed in either current- or voltage-clamp mode (Fig. 

2B), whereas similar stimulation delivered to the granular layer to activate a single climbing 

fiber (CF) under voltage clamp resulted in a strong paired-pulse depression (Fig. 2B). 

Induction of both of these forms of short-term plasticity, which are characteristic of PCs in 

mammals (Eccles et al, 1967; Llinas and Sugimori, 1980) and in teleost fish (Han and Bell, 

2003), was consistently obtained in four animals.

Taken together, these results indicate that the electrophysiology of PCs in Gad2Cre/Ai27 and 

Gad2Cre/Ai32 mice is essentially the same as that of control mice (n=3; not shown), and that 

patch recording per se yields results similar to those observed in other in vitro preparations 

(Welsh et al, 2011; Zhang et al, 2012). Although the vast majority of our recordings were 

performed on Gad2Cre/Ai27 mice, some were done in Gad2Cre/Ai32 mice for control 

purposes. As we found no significant differences in the photoactivated responses of both 

PCs and DCN cells between the two mouse lines, data from both groups have been 

combined (see below).

We then tested the responses of PCs to photo stimulation induced by a 473 nm laser. In all 

cells examined, long (>100 ms) pulses generated continuous spiking at a rate of ∼25 Hz 

(Fig. 2C; n=21). When the laser pulse length was reduced to 40 ms and given in a train, 

single spikes followed individual pulses up to a rate at 25-30 Hz (Fig. 2D; n=10). In 

comparison, an injection of inward current generated spiking at about 50 Hz (Fig. 2A). 

When the duration of the laser pulse was shortened further, a single stimulation as brief as 

0.5-1 ms could still reliably cause these cells to depolarize and fire spikes. As shown in Fig. 

2E, a dually-recorded pair of PCs under current-clamp conditions was depolarized more than 

10 mV by a 1 ms light pulse, leading to the generation of a single spike in one cell and a 

short burst of spikes in the other. Similar depolarization and spiking in response to photo 

stimulation were observed in 21 PCs in both single and dual-cell recordings.

To further quantify responses to ChR2-gated current in PCs and for purposes of comparison, 

dual-cell recordings of paired PCs were also performed under voltage c l amp while laser 

pulses of variable duration were applied. It was found that a stimulation as brief as 0.5 ms 

could reliably induce an inward current of ∼100 pA, while a 1 ms pulse induced a robust 

response of more than 400 pA that persisted for over 50 ms in both cells (Fig. 2F). The 

amplitude of the inward current increased proportionally with the duration of the laser pulse, 

reaching a maximum for 10 ms of stimulation. Further increases in pulse duration generated 

a plateau current that returned to baseline in about 150 ms (Fig. 2F).

Photostimulation of Gad2Cre/Ai27 and Gad2Cre/Ai32 mouse PCs in voltage-clamp mode 

induced an inward current that typically consisted of a rapidly inactivating transient and a 
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long-lasting steady state response at an average > 800 pA. To verify that this response to 

photostimulation was similar for both mouse lines, 37 PCs were taken from the Ai27 mice 

and 10 from the Ai32 mice. The amplitudes of steady state inward currents from these two 

groups of cells were 905 ± 95pA (mean ± SEM) and 917 ± 125 pA (mean ± SEM), 

respectively; a statistically insignificant difference (P> 0.05). Hence the ChR2 similarly 

expressed in the PCs of Gad2Cre/Ai27(32) and Gad2Cre/Ai32 mice is sufficiently expressed 

to enable these cells to be robustly activated by photostimulation in slice preparations. 

Pooled data from all the recorded cells (910 ± 119 pA, mean ± SEM, n=47) is summarized 

in Fig. 2G.

In additional recordings, our unpublished date indicate that other cortical GABAergic cells, 

such as stellate cells, basket cells and Golgi cells, also respond to photo stimulation, 

although with much more variation than we observed in PCs In stellate and basket cells, for 

example, photo stimulation induced a minimal depolarization that rarely reached the 

threshold for spiking, while the spiking behavior of Golgi cells was significantly altered. 

Discussion of these results is beyond the scope of this report.

Morphological identification of cerebellar cortical PCs

To ensure morphological identification of the cells recorded, slices containing cells filled 

with biocytin or neurobiotin were visualized using fluorescent markers (Han et al, 2006), 

with those expressing tdTomato (Ai27) labeled with green fluorescent streptavidin and those 

expressing EYFP (Ai32) labeled with red fluorescent streptavidin (Fig. 3A & B). Without 

exception, the physically recorded PCs were morphologically identified as such (n=29) 

while all PCs in the slice, including those morphologically identified, were brightly labeled 

with ChR2 reporters that appeared to be restricted to cell membranes, as expected (Madisen 

et al, 2012). As illustrated in Fig. 3C, PCs, whether labeled with red or green tracer (Fig. 3A 

and B), or not labeled at all, could be readily identified in a thin (1.2 μm) optical section by 

their fluorescent-labeled membranes (Fig. 3C). These results provide clear morphological 

evidence supporting our physiological recordings from PCs in this optogenetic model. The 

ChR2 reporters tdTomato and EYFP can be easily visualized in targeted PCs in Gad2Cre/

Ai27(32) mice, and the photoresponses in PCs are as robust and controllable as those evoked 

by conventional electric stimulation.

Classifications of DCN cells

The mammalian cerebellar nuclei consist of multiple subregions which include three 

subnuclei (from lateral to medial): the dentate nucleus, the interposed nucleus and the 

fastigial nucleus, where each consists of multiple types of cells (Chan-Palay, 1977; 

Czubayko et al, 2001) that have different connectivities and therefore, distinct functions 

(Baumel et al, 2009; Zhang and Raman, 2010). Histologically, each of these nuclei includes 

large glutamatergic and small GABAergic cells (Uusisaari and Knopfel, 2011). The present 

study focuses on the largest of these subregions, the laterally-located dentate nucleus, 

although some cells in other two nuclei and the vestibular nuclei were also recorded with 

similar results. We found that the spontaneous activities of these DCN cells were highly 

variable, ranging from a complete absence of spiking to rapid discharge ∼50 Hz. In addition, 

some cells were bistable and showed a strong pattern of membrane oscillation in which 
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depolarization and burst spiking (up-state) alternated with silent phases of hyperpolarization 

(down-state, see below). The silent cells (with firing rates < 1 Hz; n=11, 23.4%), as well as 

the spontaneously firing (n=24, 51.1%) and bistable (n=12, 25.5%) ones showed a scattered 

distribution within each nuclear region.

Various criteria have been used to classify DCN cells. The simplest one for visualized patch 

recording is the soma size, which is somewhat larger for glutamatergic cells than for 

GABAergic cells. However, due to the overlapping morphologies of these two cell types 

(Uusisaari et al, 2007), classification also requires their physiological properties. As 

demonstrated in Fig. 4, cells with relatively large somata (>15 μm) showed strong rebound 

responses (Fig. 4A&B, n=31), whereas those with smaller somata (10-15 μm) had moderate 

rebound responses (Fig. 4C&D; n=14) to inward current injections. DCN cells with similar 

characteristics have previously been classified as type I and type II (Czubayko et al. 2001), 

and it is likely that of the cells in our two groups, the larger ones with a robust rebound 

phase following electrical stimulation are of type I, while the others are of type II (Fig. 4). 

To ensure the accuracy of these cells' classification, their responses to photo stimulation have 

been taken into account (see below) and their other basic properties have also been 

examined. It was found that the membrane input resistant, time constant and capacitance for 

the larger cells were 210±95 MΩ, 41±7.4 ms and 122±11.1 pF, respectively, and for smaller 

cells were 810±125 MΩ, 45±11.0 ms and 52±9.2 pF, measurements comparable to those 

previously reported (Uusisaari et al, 2007). For simplicity, we will refer to these two types of 

DCN cells as type I and II.

To correlate the physiological properties of DCN cells with their morphologies, patch 

pipettes were routinely loaded with intracellular tracer and the best-recorded cells selected 

for histological processing and imaging analysis. Examples of the morphologically 

recovered type I cells (n=14), are shown in Fig. 3 (D & E). Examples of a medium- and a 

small-sized cell (n=7), are also shown in Fig. 3 (F), where both cells are heavily innervated 

by EYFP positive-terminals. These morphological results support our physiological 

classification of DCN cell types, demonstrating that the ones of this optogenetic model are 

distinguishable by their morphology as well as by their responses to current injection. DCN 

cells of both subtypes were found to be innervated by ChR2-expressed PC axon terminals 

(Figs. 1D&3F).

Inhibition of type I DCN cells by photostimulation

We then examined the synaptic responses of type I cells to focal electrical stimulation. When 

brief electrical pulses (typically 50-150 μA in intensity and 0.1 ms in duration) were 

delivered to a nearby fiber track via a metal stimulation electrode, a biphasic response 

consisting of a brief EPSP followed by a longer IPSP was typically elicited under current 

clamp (Fig. 5A). When ionotropic glutamate receptors were pharmacologically blocked by 

the AMPA-type receptor antagonist CNQX (20 μM) and the NMDA-type receptor 

antagonist AP5 (30 μM), the evoked EPSPs disappeared but the IPSPs were enhanced, as 

expected (Fig. 5A; n=4).

We then examined the responses of these cells to photo stimulation using the same optical 

methods used for cortical PCs. As shown in Fig. 5B, strong inhibitory responses similar to 
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those observed following electrical stimulation occurred upon the onset of the laser pulse, 

but without pharmacological blockage of the glutamate receptors. Similar tests were done in 

24 c ells with consistent results. When GABAa receptor antagonist bicuculline was bath 

applied, the photoactivated inhibition disappeared (Fig. 5B; n=5). Moreover, when the light 

pulse durations were reduced to as short as 1 ms, similar responses could still be consistently 

obtained (Fig. 5C). Additional tests showed that, as expected, the light-induced inhibition 

was insensitive to CNQX and AP5, but disappeared in the presence of bicuculline (Fig. 5D; 

n=4). By carefully adjusting the level of the laser power, unitary responses similar to 

spontaneously occurring current events could be elicited in three DCN cells. Spontaneous 

events and the light-induced responses are shown for one such cell in Fig. 5E, where a 

higher concentration of Cl- in the pipette solution inverts the IPSCs. The results clearly 

indicate that in the Gad2Cre/Ai27(32) mouse lines, in the absence of any pharmacological 

intervention, type I DCN cells can be selectively inhibited by photostimulation in a precisely 

controlled manner.

Responses of type II DCN cells to photostimulation

We next examined the medium- and smaller-sized DCN cells, which typically showed 

abbreviated rebound firing in response to hyperpolarizing current injections and hence were 

classified as type II, as described above (Fig. 4). Typically, laser pulses applied as before 

under current clamp resulted in sequences of depolarization and hyperpolarization, examples 

of which are shown in Fig. 6A and B (n=6). The depolarization component followed the 

laser pulse and was insensitive to the GABAa receptor antagonist bicuculline. The duration 

of the subsequent IPSP was not related to that of the laser pulse; however, this component 

was blocked by bicuculline and is thus similar to the IPSPs obtained in the type I DCN cells 

(Fig. 5). Under voltage clamp and in the presence of bicuculline, the photoactivated inward 

current consisted of two phases: a brief high-amplitude transient and a smaller steady-state 

component that persisted until the termination of the laser pulse (Fig 6C; n=4). When the 

level of laser power was adjusted to a near-threshold level, a 1 ms stimulation resulted in 

only the initial brief component. Interestingly, the amplitude of this inward current varied in 

a quantal fashion with the same photostimulation (Fig. 6D; n=3), suggesting a unitary 

response, similar to that shown for type I cells in Fig. 5E. These results indicate that similar 

photo stimulation as described above induces two types of responses in type II DCN cells: a 

direct activation mediated by ChR2 as seen in cortical PCs (Fig. 2) and a synaptic inhibition 

mediated by GABA release as seen in type I DCN cells (Fig. 5).

Quantitatively, light-induced inward currents in these type II cells (n=12) were in ranges of 

72 ± 15.9 pA (transient component) and 23 ± 7.5 pA (steady-state component), significantly 

smaller than those similarly generated in PCs (Fig. 2G). Although the membrane 

depolarization of these photo stimulated cells was always clear, in a range of 1.5 ± 0.55 mV 

(n=6), the photoactivation rarely evoked spikes (Fig. 6E), even under bicuculline (n=3). 

These results are consistent with the notion that type II cells are likely GABAergic 

(Czubayko et al. 2001; Uusisaari and Knopfel, 2011).
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It is important to point out that the rebound responses to electrical stimulation shown in Fig. 

4 were not observed following photo stimulation of any of either type of DCN cells, even 

under conditions of long laser pulses at high power levels.

Photoactivation induces short-term plasticity in DCN cells

Both intrinsic and synaptic plasticity in mammalian DCN cells have been reported 

(Aizenman et al, 1998; Aizenman and Linden, 1999; Ouardouz and Sastry, 2000). To 

validate photostimulation as appropriate for investigating specific synaptic modification at 

the PC projection onto DCN target cells, we examined the short-term plasticity at this 

synapse in optogenetic mice. In these experiments, single DCN cells were patched in either 

voltage- or current-clamp mode and photo stimulation applied to induce synaptic inhibition. 

Specifically, paired 1 ms laser pulses at varying delays were generated with the laser 

intensity set to a level that induced a synaptic response that was about half maximal. The 

paired inhibitory responses were recorded from cells of both types I and II, after which the 

IPSCs or IPSPs were measured and paired-pulse ratios calculated for each pair of 

stimulations (Fig. 7A, B & D), as we have done in other preparations (Zhang and Han, 

1997). As shown in Fig. 7A, a brief laser pulse reliably induced IPSCs at a constant delay 

(2.9±0.6 ms, n=8) and with fast kinetics (τdecay =6.5±1.4 ms, n=8). Pooling these results 

together with the others obtained under voltage clamp, the ratio of paired IPSC amplitudes 

was plotted as function of the corresponding paired-pulse intervals (Fig. 7C; n=9; type I 7 

cells and type II 2 cells). The same analysis was carried out with the set of results recorded 

under current-clamp conditions (Fig. 7D), yielding a similar relationship between synaptic 

responses and paired-pulse intervals (Fig. 7E; n=7, all type I cells). These summary plots 

almost completely reproduce the results induced by electrical stimulation under 

pharmacological isolation in rats reported in other studies (Caillard et al, 2000; Pedroarena 

and Schwarz, 2003), further supporting use of optogenetic mice in investigating the specific 

dynamics and plasticity of the PC-DCN cell synapse.

Modulation of DCN cell spiking by PC inhibition

We next examined how photoactivated inhibition affects the electrical activity of individual 

DCN cells. For these tests, cells that fired spontaneously were selected first and stimulated 

with 1 ms laser pulses at various frequencies. It was found that a single brief (1 ms) laser 

pulse could consistently shut down the spontaneous firing of a DCN cell for ∼50 ms (Fig. 

8A; n=12, all type I cells). If such laser pulses were delivered in short bursts to a tonically 

firing cell (10 Hz for 1 s), its spiking pattern could be transformed from continuous firing to 

a bistable progression of active and silent phases, as has been seen in other systems (Berndt 

et al, 2009), which persisted for the duration of the photostimulation (Fig. 8B; n=7, all type I 

cells).

We then selected cells undergoing spontaneous bistable firing to determine how this pattern 

can be modulated by both electrical currents and photostimulation. Although we found two 

type II cells showing spontaneous bistable firing, the following characterizations were 

focused on type I cells only. An example of a spontaneous bistable cell is shown in Fig. 8C, 

with its membrane potential switching up and down irregularly in the absence of any 

manipulations. In another such cell, the membrane potential reversed after longer durations 
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(∼20 s in both the up and down states), while a brief depolarizing current pulse (25 pA for 

100 ms) injected through the recording electrode reliably transitioned bursting from its silent 

down-state to an active upstate. Interestingly, a brief hyperpolarizing current pulse (-100 pA 

for 100 ms) induced similar state transitions in the same cell (Fig. 8D; n=4), as has been 

reported for PCs (Rokni et al, 2009). It is likely that such inward current pulse-induced state 

transitions were due to rebound effects (Fig. 4).

We then examined the effects of photoactivated synaptic inhibition on the firing activities of 

bistable cells. We first delivered single brief laser pulses (triggered by 1 ms TTL signals, as 

before) when a cell fired spontaneously in a bistable fashion. It was found that such 

photostimulation did not induce clear changes in membrane electrical activity during the 

down-state (not shown), but in the up-state reliably caused state transitions (n=6). Fig. 8E 

shows that in a pair of dual-recorded DCN cells, brief laser pulses consistently induced 

IPSPs (∼10 mV) in the tonically firing cell of the pair while reliably switching the bistable 

cell from its on-state to a down-state. It is possible that this photostimulation did not induce 

state transitions during the down-state due to its failure to generate the rebound responses 

seen earlier with electrical stimulation (Fig. 4).

Next, brief laser pulses were continuously applied to mimic the tonic inhibition of PCs on 

bistable cells. As shown in Fig. 9A, one such cell given continuous short bursts of 

photostimulation (3 pulses at 20 Hz, delivered every 2 s) fired in a bistable pattern of fixed-

length bursts. Upon termination of the stimulation, however, the burst durations became 

irregular and significantly lengthened. The regularity of this bistable pattern could be 

switched back and forth by turning on and off the laser pulses (not shown). The durations of 

the down-states of the membrane potential remained similar with (3.3 ± 0.6 s) or without 

(3.1 ± 0.3 s) the light-induced inhibitory inputs. However, when the tonic photostimulation 

was turned off, the durations of the up-states of burst firing became irregular, and 

significantly lengthened from 6.93.4±1.6 s to 11.4 ± 3.3 s (P<0.01). Measurements from 7 

such bistable cells (all type I) are summarized in Fig. 9B.

Interestingly, the same photo stimulation induced IPSPs during the up-state, but “EPSPs” 

during the down-state (Fig. 9A, right panel). The perforated patch recordings shown in Fig. 

9C demonstrate that this inversion of photostimulation-induced inhibition in bistable cells is 

due to the membrane potential's crossing the Cl- equilibrium potential (ECl) during the 

switching between states. As illustrated in Fig. 9A (right panel), membrane potentials were 

∼-46 mV and ∼-65 mV during the up- and down-states, respectively, while the measured ECl 

from 3 cells was between -58 and -62 mV (Fig. 9D).

These results indicate that inhibition from cortical PCs can bidirectionally modulate spiking 

behaviors of DCN cells via inhibition, shunting and excitation, and that this modulation may 

play an important role in maintaining DCN cell firing adaptation.

Discussion

Recently reported mouse lines allow the Cre-induced expression of optogenetic channels, 

potentially in any neuron that can be defined by a specific pattern of gene expression 
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(Madisen, et al, 2012). Here, we have used this transgenic approach to create a transgenic 

model, the Gad2Cre/Ai27(32) mouse, of particular importance to investigations of cerebellar 

physiology. Gad2Cre/Ai27(32) mice selectively express the light-sensitive membrane protein 

ChR2 in GABAergifc cells of the cerebellar system. Of the two principle cell types of 

interest in the present study, ChR2 expression is especially strong in all PCs, but present 

minimally in only a small fraction of DCN cells. These are likely to be the nuclei's 

GABAergic cells that project to the inferior olive. In these type II cells, as showed in Fig. 6, 

the direct photo responses under resting conditions rarely lead to spiking, although their 

synaptic responses to such photostimulation are as prominent as in all other DCN cells 

(compare with Fig. 5). Thus, the direct subthreshold responses to photostimulation in some 

DCN cells can be utilized for cell type identification.

Using this model system, we have been able to specifically target and examine the inhibition 

of DCN cells by cortical PCs in the mouse cerebellum. Light pulses applied to the cerebellar 

cortex in slice preparations from these mice reliably induced robust depolarization and 

spiking in all PCs examined. Similar photostimulation applied to the DCN region 

consistently generated strong inhibitory responses in DCN cells, confirming that such 

photostimulation effectively releases GABA from PC axon terminals. We have further 

characterized how this photoactivated, GABA-mediated inhibition modulates the spiking 

activities of nuclear cells and changes their firing patterns. Hence the Gad2Cre/Ai27(32) 

mice are useful models for investigating specific synaptic interactions between cortical PCs 

and DCN cells.

Optogenetics has developed and evolved rapidly in neuroscience research (Deisseroth, 

2014). Recently, other optogenetic methods have been utilized to investigate cerebellar 

functionality. These include the use of lentiviral vector transduction to examine the 

cerebellar control of cardiovascular function in vivo (Tsubota et al, 2011), as well as the 

creation of a transgenic mouse line to trigger the release of glutamate by Bergmann glial 

cells and thereby study PF-PC synapse plasticity (Sasaki et al, 2012). In another optogenetic 

mouse line, the use of laser light pulses to suppress PC spiking via activation of GABAb 

receptors altered an animal's motor learning behavior (Gutierrez et al, 2011). Most recently, 

an in vivo study has shown that photoactivation of a cluster of PCs can elicit phase-locked 

complex spikes in the illuminated PCs of optogenetic mice, presumably via disinhibition of 

a functionally closed loop in the olivo-cortico-nuclear network (Chaumont et al, 2013). 

While these investigations have focused on cerebellar functionality in intact animals, our 

study in Gad2Cre/Ai27(32) mice has for the first time characterized the basic intrinsic 

properties of optogenetically-targeted PCs and their outputs and provides a tool for 

understanding the physiological mechanisms that underlie the inhibitory effects of cortical 

PCs on their target cells in the DCN, and thus on DCN outputs. Ultimately, this model can 

be applied to test how the brief photo stimulation used in our slice preparations affects these 

animals' motor behavior and learning.

Using retrograde labeling combined with immunohistochemistry, an elegant study has 

shown that a single PC can innervate multiple types of projection neurons in the DCN, 

including the glutamatergic cells that project to the premotor nuclei and other brain regions, 

as well as the GABAergic cells that project to the inferior olive (Teune et al, 1998). Our 
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recordings have shown that some type II DCN cells (n=12) respond to photo stimulation 

with a small inward current and membrane depolarization followed by a strong inhibition 

(Fig. 6), whereas the type I cells respond with a robust inhibition only (Fig. 5). These results 

suggest that at least some type II cells in this mouse model are GABAergic, whereas the type 

I cells are predominantly non-GABAergic. We propose that the type I and type II DCN cells 

recorded in our study belong to these two respective types of projection neurons. Thus, our 

physiological results showing that cortical PCs synaptically inhibit both glutamatergic and 

GABAergic nuclear cells are consistent with our morphological identification of DCN cells 

showing both cell types as surrounded by ChR2-positive terminals (Figs. 1D&3F).

Rebound responses have been observed in many central neurons, particularly in those of the 

thalamus (Grenier et al, 1998) and the inferior olive (Welsh et al, 2011), but are particularly 

relevant in DCN neurons because of their overwhelming inhibitory input from cortical PCs 

(Eccles et al, 1967; Llinás and Mühlethaler, 1988). As rebound spikes in DCN neurons are 

widely considered to be membrane electrical activity related to these cells' plasticity and 

output, and hence to cerebellar function (Bengtsson et al, 2011), they have been well 

characterized experimentally, predominantly in slice preparations (Aizenman and Linden, 

1999; Pugh and Raman, 2006; Tadayonnejad et al, 2010). In our work, as shown in Fig. 4, 

robust rebound spiking consistently occurred in both types of DCN cells upon release of the 

membrane from an outward current injection-induced hyperpolarization. Being part of a 

cell's intrinsic membrane properties, such rebound responses can be reliably elicited and 

have been used in the classification of nuclear cell types (Czubayko et al, 2001; Uusisaari 

and Knöpfel, 2011). Their precise function, however, is largely speculative, and its 

importance has been questioned due to their weakness (Hoebeek et al, 2010) and their rarely 

being observed in in vivo preparations (Alviña et al, 2008; Freek et al, 2010; Bengtsson et al, 

2011). It has been proposed that a synchronized discharge of the whole inferior olive is 

required for rebound responses to occur in nuclear cells, but the physiological and 

behavioral contexts for such a synchronization remains unclear (Bengtsson et al, 2011).

In our experiments, a brief laser pulse resulted in a complex spike-like response in cortical 

PCs (Fig. 2E), while similar light stimulation reliably induced IPSPs and IPSCs in all DCN 

cells tested (Fig. 5 & 6). As laser power levels were typically adjusted to about half of the 

maximal response level, it is likely that such photostimulation activated the vast majority, if 

not all, of PC axon terminals surrounding a recorded DCN cell. However, rebound responses 

resembling those typically induced in DCN neurons by current injection (Fig. 4) were not 

observed in any of the DCN cells stimulated optically, even when in some such cases the 

laser power level was significantly increased. It is unclear at this point why photo 

stimulation fails to induce rebound responses. A simple explanation would be that the 

optically evoked synaptic inhibition is insufficient to reach the threshold for T-type Ca2+ 

channel deinactivation, as would explain the rebound response generated by inward current 

steps. Nevertheless, our results are consistent with other published data, suggesting that the 

occurrence of rebound responses under physiological conditions requires further study 

(Alviña et al, 2008; Bengtsson et al, 2011).

Periodic membrane transitions between an up-state of depolarization with continuous 

spiking and a down-state that is hyperpolarized and silent are characteristic of the bistable 
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neurons that have been reported in many brain regions (Grenier et al, 1998; Lewis and 

O'Donnell, 2000; Williams et al, 2002). Such membrane bistability is probably best 

characterized in cerebellar PCs (Loewenstein et al, 2005; Oldfield et al, 2010; Rokni et al, 

2009), where periodic spiking occurs without any clear input activation in vivo (Bell and 

Grimm, 1969) and in vitro (Fernandez et al, 2007; Williams et al, 2002). This suggests that 

bistability is largely an intrinsic membrane property, a hypothesis supported by the fact that 

these bistable PCs automatically switch between their up and down states across a range of 

membrane potentials (10-15 mV). Experimentally, brief inward or outward current pulses, or 

the stimulation of similarly acting synaptic inputs, have also been found effective in 

switching a PC's membrane state (Oldfield et al, 2010; Rokni et al, 2009; Williams et al, 

2002). These data suggest that expression of membrane bistability is the result of a 

combination of cell's intrinsic properties and synaptic inputs. Mechanistically, a 

hyperpolarization-activated current (Ih) was found to serve as a “safety net” to maintain the 

cell membrane potential within a range necessary for generating burst firing of more than a 

few seconds (Williams et al, 2002). Changes in the concentration of intracellular Ca2+ have 

also been proposed to play a role in these transitions between membrane states (Rokni et al, 

2006). However, the exact mechanisms determining how a neuron automatically switches its 

membrane potential over amplitudes of 15-20 mV remain largely unclear.

In rat DCN cells, cyclic bursting under a small constant hyperpolarization was described in 

type I cells and found to involve changes in intracellular Ca2+ levels (Czubayko et al, 2001). 

In our study, bistable DCN cells under resting conditions were selected by the presence of 

their spontaneous transitions between membrane states, as observed in both type I and type 

II cells. We showed that a tonically firing DCN cell could be turned into a bistable one by a 

burst of brief photostimulations, as is similar to what has been found for cultured 

hippocampal neurons (Berndt et al, 2009). This is interesting because some PCs are also 

bistable and as such, their firing patterns can be reversibly transmitted to their target DCN 

cells downstream. We further demonstrated that both brief hyperpolarizing and depolarizing 

current pulses can transition a cell from its down-state to an up-state in which it fires spikes 

(Fig. 8D). These results suggest that T-type Ca2+ channels probably contribute to this 

bistability, because DCN cells typically respond to hyperpolarizing current with a robust 

rebound depolarization followed by spiking (Fig. 4), and this is a cell property characteristic 

of the presence of these channels (Aizenman and Linden, 1999; Welsh et al, 2011). 

Considering that DCN cells are also known to have a strong Ih current (Aizenman and 

Linden, 1999; Fig. 4), the latter is also expected to contribute to DCN cell bistability, as 

occurs in PCs (Williams et al, 2002).

Using the dynamic clamp method, another recent study has shown that programmed current 

injections representing synaptic input from 40 variably synchronized PCs still elicit time-

locked responses in the DCN cells at which these inputs have been modeled as converging 

(Person and Raman, 2011). In our study, photoactivated IPSCs in DCN cells (Fig. 7A) 

resemble those induced by focal electric stimulation of the nearby white matter in the 

presence of glutamate receptor blockers (Pedroarena and Schwarz, 2003). But our paired 

pulse tests also show that at ∼50 Hz of photo stimulation of DCN cells, the amplitude of the 

second IPSC reduces to ∼30% of the control value, while the second response at 30 Hz 

reaches ∼70% (Fig. 7B&C). These results demonstrate that the short-term plasticity of the 
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PC-DCN synapse, which is bypassed by the dynamic clamp method, can still function as a 

low-pass filter in preventing synchronized high frequency signals from reaching DCN cells. 

The mechanisms underlying the paired-pulse depression shown here remain to be explored, 

and it is possible that desensitization of ChR2, as demonstrated in culture cells (Mattis et al, 

2011), may contribute to such short-term plasticity.

We have further demonstrated that photoactivated synaptic inhibition can bi-directionally 

modulate the firing activity of DCN cells, and that tonic photo stimulation makes the timing 

of these transitions more regular. As illustrated in Fig. 9, photoactivated synaptic 

transmission in such bistable cells can be either inhibitory or excitatory, depending on the 

membrane status relative to the Cl- reversal potential. Thus, our results show that synaptic 

inhibition from PCs plays a crucial role in modulating the firing pattern of bistable DCN 

cells through inhibition, shunting and excitation, as occurs in other systems (Staley and 

Mody, 1992; Vida et al, 2006). These results also suggest that transitions between states in a 

bistable cell can be governed by similar synaptic inputs, a hypothesis that is consistent with 

reports that both inhibitory and excitatory synaptic inputs (Loewenstein et al, 2005; Oldfield 

et al, 2010) as well as brief depolarizing and hyperpolarizing current steps (Rokni et al, 

2009; Fig. 8D) can effectively switch the DCN membrane between its up- and down-states. 

A critical advantage of photostimulating DCN cells in the Gad2Cre/Ai27(32) mouse line is 

that the method does not require pharmacological intervention to block inadvertent 

stimulation of these cells' excitatory inputs, as occurs with conventional electrical methods 

(Fig. 5A). It would be interesting to see how our optical stimulation of DCN cell inhibition 

might be combined with a similarly specific activation of these cells' mossy fiber afferents to 

determine how these bistable nuclear neurons integrate inhibitory signals from cortical PCs 

and excitatory signals from other sources to influence motor actions.
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Research Highlights

Photoactivation of Purkinje cells;

Synaptic inhibition of nuclear cells by Purkinje cells;

Modulations of firing patterns of nuclear cells by Purkinje cell inhibition;

Optogenetic mouse model.
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Fig. 1. Generation and characterization of Gad2Cre/Ai27 and Gad2Cre/Ai32 mice expressing 
tdTomato- or EYFP-ChR2 in GABAergic cerebellar neurons
A. Schematic for the activation of an inducible ChR2-tdTomato or ChR2-EYFP gene 

targeted to the Rosa26 locus using Gad2Cre. B. Image of the Gad2Cre/Ai27 mouse 

cerebellum in a parasagittal plane, showing tdTomato (red) counterstained with Nissl 

fluorescence (green). DCN, deep cerebellar nuclei; VN, vestibular nuclei. C. Confocal 

images of boxed area C of the cerebellar cortex in B, showing strong ChR2-tdTomato 

fluorescence in both somas and dendrites of PCs (C1), Nissl staining with green fluorescent 

dye (C2), and their overlay (C3). GL, granular layer; ML, molecular layer; PCL, Purkinje 

cell layer. D. Confocal image of a DCN region in B (boxed area D) in a Z-stack (10.5 μm, 
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D1) and in a single optical section (0.5 μm, D2), showing that cells are heavily innervated by 

ChR2-positive fibers. Scale bar: 500 μm in B, 25 μm in C, and 15 μm in D.
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Fig. 2. Physiology of Purkinje cells in Gad2Cre/Ai27(32) mice
A. Typical spiking of a Purkinje cell, spontaneously and in response to an inward current 

step. B. Responses of the same cell shown in A to parallel fiber (PF, top) and climbing fiber 

(CF, bottom) activation. Note the respective paired-pulse facilitation and depression of the 

PF and CF responses. C. Evoked burst spiking at ∼25 Hz elicited by a 500 ms laser pulse, 

followed by spontaneous spiking. D. Shorter (40 ms) laser pulses evoke spiking at 25 Hz. E. 
Dual recordings of a pair of PCs under current-clamp conditions. A single brief (1 ms) laser 

pulse reliably elicits a large depolarization and spikes in both cells. Note the complex spike-

like responses in cell A. F. Dual recordings of a pair of PCs in voltage-clamp mode, showing 

that laser pulses at variable durations evoke robust inward currents consisting of phasic and 

plateau components in both cells. G. Plateau current responses of different cell types to 
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longer laser pulses (≥50 ms). RMP, resting membrane potential; PC, Purkinje cells; DCN, 

(small- and medium-sized) deep cerebellar nuclear cells. **, P<0.01. Note that here and in 

the following figures, single or average traces are shown unless otherwise specified.
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Fig. 3. Morphology of cerebellar cortical and deep nuclear cells filled with intracellular tracers 
following their physiological characterization
A&B. Confocal images of two Purkinje cells in parasagittal slices, labeled with green 

fluorescent dye in a Gad2Cre/Ai27 mouse (with a tdTomato reporter) (A), and with red 

fluorescent dye in a Gad2Cre/Ai32 mouse (with an EYFP reporter) (B). Note that the axon of 

the cell in B was cut during slicing (arrow). C. Images of a 1.2 μm thick optical section of a 

Gad2Cre/Ai32 mouse cerebellum. C1. A biocytin labeled PC (red, arrow). C2. EYFP-labeled 

GABAergic cells, where the PC dendrites are heavily labeled in the molecular layer while 

the PC somas in the Purkinje cell layer are primarily labeled in their plasma membranes 

(asterisks). C3. Overlay of C1 and C2. Inset in C1 is enlarged boxed area of C2, showing a 

PC soma with clear EYFP-labeled membrane. D&E. Confocal images of two large DCN 
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cells labeled with green and red fluorescent dye from GAD2Cre/Ai27 (D) and GAD2Cre/

Ai32 (E) mice, respectively. F. A confocal stack image of labeled, physiologically-

characterized small- (asterisks) and medium-sized (double asterisks) DCN cells from a 

Gad2Cre/Ai32 mouse, showing both labeled cells surrounded by green GAD2 positive 

terminals. GL, granular layer; ML, molecular layer; PCL, Purkinje cell layer; PC, Purkinje 

cell. Scale bars: 30 μm in A and B, 40 μm in C, 20 μm in D-F.
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Fig. 4. Physiology of representative DCN cells
A. A type I cell, showing a high level of spontaneous firing, a large “sag” and robust 

rebound firing in response to hyperpolarizing current steps. B. A single hyperpolarizing 

current step (350 pA) induces robust rebound responses in a type I cell under resting 

conditions. C. A type II cell also shows a large “sag” but only moderate rebound firing in 

response to similar current steps. D. A single hyperpolarizing current step (350 pA) induces 

moderate rebound responses in a type II cell under resting conditions. Note that responses of 

both types of cells to hyperpolarizing inward current injections are similar to those reported 

by Czubayko et al, 2001.
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Fig. 5. Synaptic inhibition of type I DCN cells by electrical and optical stimulation
A. Typical IPSP evoked by focal electrical stimulation in a large DCN cell 

pharmacologically isolated by bath application of ionotropic glutamate receptor antagonists 

CNQX and AP5. B. A 50 ms laser pulse evokes similar inhibitory responses in another DCN 

cell, without any receptor blockers. The response is eliminated when the GABAa receptor 

blocker bicuculline is bath applied. C. A 1 ms laser pulse reliably evokes DCN cell 

inhibition similar to that seen in response to the 50 ms stimulation in the presence of CNQX 

and AP5 (A, right panel and B). D. The photostimulation-evoked IPSP is insensitive to 

ionotropic glutamate receptor antagonists CNQX and AP5, but disappears in the presence of 

bicuculline. E. A 50 ms laser pulse at threshold level evokes unitary inward current events 
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similar to spontaneous IPSCs (arrows). Note that the IPSCs are inverted due to a high Cl- 

concentration in the internal solution.
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Fig. 6. Responses of type II DCN cells to photostimulation
A&B. Under current-clamp conditions, long (A) and short (B) laser pulses induce 

depolarization mixed with IPSPs in small DCN cells, where the IPSPs, but not the 

depolarizations, are sensitive to the GABAa receptor blocker bicuculline. C. Under voltage 

clamp and in the presence of bicuculline, photostimulation of varying durations induces 

inward currents that typically include phasic and plateau components. D. A brief laser pulse 

at constant intensity induces current responses that vary in size by discrete steps, suggesting 

a unitary response at this synapse. E. A typical type II DCN cell, showing that 1 ms laser 

pulses induce depolarization, but rarely spiking.
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Fig. 7. Short-term plasticity of synaptic inhibition in DCN cells
A. Examples of averaged IPSCs induced by brief (1 ms) laser pulses. The left panel (a) is 

subtracted from the middle panel (ab) to give the right panel (c). B. Examples of IPSCs in 

one cell in response to paired laser pulses at varying interpulse intervals. C. Pooled data of 9 

cells, showing the ratio of paired-pulse inhibition amplitudes as a function of paired laser-

pulse intervals. Note that the response to the second pulse disappears, but then recovers to 

∼30% and ∼80% of the amplitude of the first pulse for interpulse intervals of ∼10, ∼25 and 

∼70 ms, respectively. D. Examples of averaged IPSPs induced by photo stimulation similar 

to A. E. Pooled data of 7 cells, showing that the inhibition is largely recovered for an 

interpulse interval of ∼100 ms. Note that some cells were recorded under both voltage- and 

current-clamp configurations, and are therefore included in both groups.
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Fig. 8. Bistability of DCN cell membrane potential
A. Brief (1 ms) laser pulses consistently induce robust IPSPs which pause spontaneous firing 

for ∼50 ms. B. Bursts of 1 ms laser pulses (10 Hz for 1 s) replace the cell's spontaneous 

tonic spiking with a bistable firing pattern. C. A spontaneously bistable cell under resting 

conditions, without any manipulations. D. Another spontaneously bistable cell is switched 

from its down-state to its up-state by either brief hyperpolarizing or depolarizing current 

pulses. Note the longer and more regular burst firing that occurs in the absence of current 

injections. E. A pair of DCN cells, with spontaneously tonic (top) and bistable (bottom) 

firing patterns. The middle and right panels show the boxed areas of the left and middle 

panels at shorter time scales. A brief laser pulse (1 ms) induces a ∼10 mV IPSP in the tonic 

cell, but switches the bistable cell from its up-state to the down-state.
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Fig. 9. Bidirectional modulations of DCN cell bursting by photostimulation-induced GABA 
release
A. A regular firing pattern persists under photo stimulation of 3 pulses at 20 Hz, delivered 

every 2s. However, upon removal of photostimulation the duration of the bursts lengthens 

(left). Time-expanded panels (middle, right) show that the laser pulses induce IPSPs 

(arrowheads) during up-states but EPSPs (arrows) during down-states. B. Bar graph of 

electrical behavior in bistable cells, showing that the length of the down-state is unaffected 

by tonic photostimulation, while the up-state's duration is significantly increased without 

light-activated inhibition. C. Examples of photostimulation-induced, GABA-mediated 

postsynaptic currents obtained at various holding potentials (shown on the left) in a DCN 

cell under perforated patch. The reversal potential for this cell was -58 mV. Note the delay 

(∼5 ms) between the laser pulse and onset of current responses. D. I-V curves of three DCN 

cells, including the cell shown in E, with reversal potentials ranging from -58 to -62 mV.
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