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SUMMARY

Inhibitory interneurons in the dorsal lateral geniculate
nucleus (dLGN) process visual information by pre-
cisely controlling spike timing and by refining the re-
ceptive fields of thalamocortical (TC) neurons. Previ-
ous studies indicate that dLGN interneurons inhibit
TC neurons by releasing GABA from both axons
and dendrites. However, the mechanisms controlling
GABA release are poorly understood. Here, using si-
multaneous whole-cell recordings from interneurons
and TC neurons and two-photon calcium imaging,
we find that synchronous activation of multiple reti-
nal ganglion cells (RGCs) triggers sodium spikes
that propagate throughout interneuron axons and
dendrites, and calcium spikes that invade dendrites
but not axons. These distinct modes of interneuron
firing can trigger both a rapid and a sustained com-
ponent of inhibition onto TC neurons. Our studies
suggest that active conductances make LGN inter-
neurons flexible circuit-elements that can shift their
spatial and temporal properties of GABA release in
response to coincident activation of functionally
related subsets of RGCs.

INTRODUCTION

Inhibitory interneurons play crucial computational roles in many

brain regions (Callaway, 2004; Cruikshank et al., 2007; Gabernet

et al., 2005; Guillery and Sherman, 2002; Murphy et al., 2005;

Pouille and Scanziani, 2001, 2004; Silberberg and Markram,

2007). In thalamic dorsal lateral geniculate nucleus (dLGN), inter-

neurons are thought to shape information flow from the retina

to the cortex (Norton and Godwin, 1992; Sherman, 2004). Visual

sensory information is conveyed from retinal ganglion cells

(RGC) to thalamocortical (TC) neurons in the dLGN, which in

turn project their axons to the visual cortex (Hubel and Wiesel,

1979). Within the dLGN, TC cell activity is modulated by feedfor-

ward inhibition provided by local GABAergic interneurons. dLGN

interneurons are activated by RGCs and provide feedforward in-

hibition onto TC neurons (Guillery and Sherman, 2002). These in-

terneurons are thought to refine the receptive fields of TC cells by

enhancing surround inhibition (Norton and Godwin, 1992; Norton

et al., 1989; Sillito and Kemp, 1983). Inhibitory interneurons may
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also control the number of visually evoked spikes in TC neurons

and the precision of their timing (Berardi and Morrone, 1984; Blitz

and Regehr, 2005; Usrey and Reid, 1999).

Although dLGN interneurons have several intriguing proper-

ties, the manner in which they provide inhibition is not well under-

stood. One important feature of interneurons is that they contain

GABAergic vesicles in their dendrites (Famiglietti, 1970; Fami-

glietti and Peters, 1972; Montero, 1986). These vesicles have

been observed within terminal dendritic protrusions or in bou-

ton-like structures along main dendritic shafts (Hamos et al.,

1985; Rafols and Valverde, 1973). Interneuron dendritic special-

izations are known to establish synaptic contacts with postsyn-

aptic TC neurons (Hamos et al., 1985; Rafols and Valverde,

1973). It has therefore been suggested that, in addition to con-

ventional transmitter release from the axon, interneurons can re-

lease GABA from their dendrites. However, the fundamental

mechanisms by which RGC activation triggers GABA release

from interneuron dendrites and axons are not known. Of partic-

ular interest is whether action potentials invade the dendrites

of interneurons and thereby control dendritic GABA release

(Cox et al., 1998; Crunelli et al., 1988; Sherman, 2004).

In this study, we evaluate the impact of active interneuron fir-

ing on the spatial and temporal properties of dendritic and axonal

transmitter release. We find that sodium and calcium conduc-

tances, which can be activated by synchronous firing of groups

of RGCs, allow interneurons to dynamically release GABA from

dendrites and axons with distinct temporal properties.

RESULTS

RGC Activation Can Evoke Sodium and Calcium
Spikes in LGN Interneurons
We first investigated the functional properties of interneurons

that could influence dendritic release. Whole-cell recordings

were obtained from interneurons (Figure 1A) identified by GFP

expression (Marowsky et al., 2005; Tamamaki et al., 2003), and

RGC inputs were stimulated with an extracellular electrode

placed in the optic tract around 1 mm away from recorded cells.

Under our experimental conditions, RGC-interneuron transmis-

sion was mediated by activation of both AMPA and NMDA re-

ceptors (n = 35, data not shown). Optic tract stimulation evoked

either a single action potential (Figure 1B, left), a prolonged pla-

teau potential (Figure 1B, right in red), or multiple action poten-

tials riding on a depolarizing plateau potential (Figure 1B, right

in black) (Zhu et al., 1999). Single spikes or bursts could also

be induced by brief somatic depolarization (Figure 1C, top).
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The blockade of voltage-gated sodium channels with TTX (0.5

mM) eliminated fast action potentials (Figure 1C, bottom left,

n = 17). Depolarizing plateau potentials were TTX resistant and

abolished by blocking L-type calcium channels with nimodipine

(10 mM) (Figure 1C, lower right, gray, n = 12). Thus, LGN interneu-

rons can fire both sodium and calcium spikes.

Active Interneuron Firing Evokes Widespread
Intradendritic Calcium Elevations
Previous studies have established that action potentials can

invade the dendrites of many types of neurons (Goldberg and

Yuste, 2005; Waters et al., 2005), but it is not known whether

the calcium and sodium action potentials observed in somatic

recordings of LGN interneurons invade the dendrites and

thereby contribute to GABA release. Thus, determining the spa-

tial profile of intradendritic calcium increases evoked by either

sodium or calcium spikes in LGN interneurons may provide in-

sight into the extent of dendrodendritic synapses activated by

these firing modes. We therefore determined the spatial features

of calcium elevations evoked by active interneuron firing using

two-photon laser scanning microscopy (Denk et al., 1990; Svo-

boda and Yasuda, 2006). Recordings were made with a pipette

containing the red dye Alexa 594 (50 mM) to visualize cells and

Figure 1. LGN Interneurons Fire Both Sodium and Calcium Spikes

(A) (Left) Schematic of an LGN microcircuit in which RGC axons excite thala-

mocortical cells (TC) and interneurons (INT) that in turn inhibit TC neurons

via dendritic (filled circle) and axonal (filled triangle) synapses. (Right) Inverted

fluorescence images taken with a two-photon microscope show interneuron

and TC cell morphology.

(B) Firing patterns in a representative interneuron after optic tract (OT) stimu-

lation (arrowhead, 60 mA for 300 ms).

(C) Somatic current injection (10 ms) evoked either a single TTX-sensitive spike

(left) or a burst of TTX-sensitive spikes riding on a calcium spike (right) that was

blocked by nimodipine (gray).

Resting membrane potentials were (in mV) �63 for (B), �60 for (C).
the green calcium indicator fluo-5F (100 mM). Single action po-

tentials were triggered by 5 ms pulses of somatic current injec-

tion, and calcium levels were monitored in dendrites and axons

in line-scan mode (Brenowitz et al., 2006). As expected, single

spikes evoked calcium signals in axonal boutons, and these sig-

nals were completely eliminated by bath application of 0.5 mM

TTX (Figures 2A–2D, red, 13 neurons). In dendrites, calcium ele-

vations were monitored in structures along main interneuron

dendritic shafts and in dendritic protrusions. As these structures

have been shown to contain synaptic vesicles filled with GABA

(Famiglietti and Peters, 1972; Montero, 1986; Rafols and Valve-

rde, 1973; Ralston, 1971), calcium elevations triggered here by

active interneuron firing may lead to GABA release. Sodium ac-

tion potentials consistently evoked fast, TTX-sensitive calcium

increases in these dendritic specializations (Figures 2A–2C,

blue, n = 98). A single sodium spike increased dendritic calcium

by 63 ± 7 nM (n = 35). To determine whether these calcium sig-

nals attenuate with distance from the soma, we studied calcium

levels in dendritic structures located up to 320 mm away from the

cell body. As shown in Figure 2D, calcium transients triggered by

somatic sodium spikes did not attenuate with distance from the

soma (n = 84). Thus, sodium action potentials evoke widespread

calcium signals in LGN interneurons, further suggesting that they

may evoke GABA release throughout dendrites and axons.

In parallel experiments, we studied dendritic and axonal cal-

cium signals evoked by calcium spikes in interneurons. Calcium

spikes were typically triggered by somatic injection of positive

current in the presence of TTX (Figure 2 and Figure S1 available

online). Interneuron calcium spikes elevated calcium throughout

the dendritic arbor (Figures 2E–2G, n = 77) and showed no signif-

icant attenuation with distance from the soma (Figure 2H, n = 48).

Calcium increases evoked by calcium spikes were larger (740 ±

100 nM, n = 27) and slower (200–300 ms time to peak) compared

to those induced by sodium spikes. In a subset of experiments,

we tested the effect of the L-type calcium channel antagonist

nimodipine on these calcium transients. Nimodipine reduced

them by 85% ± 10% (n = 18, data not shown), indicating that

they were mainly mediated by activation of dendritic L-type

calcium channels.

We then triggered calcium spikes in the soma and measured

calcium signals in putative boutons of LGN interneuron axons.

In proximal axons (<50 mm), calcium spikes sometimes evoked

modest calcium increases (Figures S1A–S1C, red). These small

and slow calcium transients may reflect activation of a small frac-

tion of voltage-gated calcium channels due to passive spread of

electrical signals from somatic compartments. Alternatively, they

may reflect passive diffusion of calcium ions from the soma. In

contrast to dendrites, no calcium signals were detected in axons

located more than 50 mm from the soma (Figures S1A and S1D,

red, n = 35), further establishing that calcium spikes propagated

throughout dendrites but not axons. Together, these results

suggest that calcium spikes may evoke widespread dendritic

GABA release without affecting axonal signaling.

Timing of Inhibition Mediated by Sodium
and Calcium Spikes
We used paired recordings from LGN interneurons and TC cells

to investigate the contribution of sodium and calcium spikes to
Neuron 57, 420–431, February 7, 2008 ª2008 Elsevier Inc. 421
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GABA release (Figure 3A). In some trials, prolonged interneuron

depolarization could evoke either fast or slow active responses

(Figure 3B, left, upper traces) that led to correspondingly fast

or slow GABAergic currents (Figure 3B, left, lower traces). In

other trials, interneuron stimulation triggered slow active re-

sponses that triggered fast presynaptic action potentials

(Figure 3B, right, upper red trace) and evoked both slow and

rapid GABAergic currents in postsynaptic TC cells (Figure 3B,

right, lower red trace). These recordings illustrate that complex

active responses in individual LGN interneurons, consisting

of a combination of sodium and calcium spikes, control the

amplitude and time course of inhibitory currents recorded in

TC neurons.

We then directly examined the properties of interneuron-TC

synapses when transmission was triggered by either a sodium

spike (Figures 3C and 3E) or a calcium spike (Figures 3D and

3F) in isolation. Sodium spikes were evoked in interneurons by

brief depolarizing current pulses (50–200 pA for 5–10 ms), and

inhibitory currents were recorded in TC cells voltage clamped

at +10 mV [E(Cl�) = �40 mV]. Presynaptic action potentials trig-

gered fast (10%–90% rise time, t10–90 of 1.2 ms) TTX-sensitive

IPSCs in the postsynaptic cell (Figure 3C). These currents were

eliminated by 20 mM picrotoxin and therefore were dependent

on the activation of GABAA receptor type located in TC cell den-

drites (n = 7, data not shown). Whether this form of fast inhibition

results from GABA released from dendrites and axon or from

axons only is not known. However, as sodium spikes trigger

Figure 2. Sodium and Calcium Spikes Elevate

Calcium Levels throughout Interneuron

Dendrites

Calcium signals evoked by somatic depolarization

were measured after single sodium spikes (A–D) or

calcium spikes evoked in TTX (E–H). (A and E) Images

of interneurons with dendritic (blue) and axonal (red)

areas selected for imaging. (B and F) Calcium tran-

sients evoked by a sodium spike (B) (top) or a calcium

spike (F) (top) were measured in the dendrites (blue

traces) and axon (red traces). Cumulative distributions

are shown for the amplitudes of calcium transients

(DG/R) for sodium spikes (C) and for calcium spikes

(G). The effect of TTX on calcium elevations evoked

by sodium spikes is shown (C) (dotted lines). (D and

H) Amplitudes of dendritic calcium elevations (DG/R,

blue open circles) plotted against distance from the

soma were fitted by a linear function (black lines),

with slopes for (D) and (H) of �7e–08 ± 1e–05 mm�1

and �1e–05 ± 8e–05 mm�1, respectively. Resting

membrane potentials were (in mV) �60 for (B) and

�62 for (F).

global calcium signals in interneurons, rapid

inhibitory interneuron-TC transmission could

arise from both axonal and dendritic release

sites.

In the presence of TTX, somatic current in-

jections of 100–600 pA for 10–40 ms induced

an early passive interneuron depolarization

that triggered delayed dendritic calcium

spikes (Figure 3D, top in red). Interneuron

calcium spikes evoked slow (t10–90 > 20 ms) IPSCs in TC cells

(Figure 3D, bottom in red), which were also mediated by GABAA

receptor activation (n = 5, data not shown). In trials where depo-

larizing pulses did not generate presynaptic calcium spikes,

postsynaptic IPSCs were greatly reduced in amplitude

(Figure 3D, blue), underlining the critical role of calcium spikes

in triggering GABA release. As these spikes elevate calcium

throughout interneuron dendrites but do not propagate down

the axon, slow GABAergic currents likely evoke exclusively

global dendritic release.

Calcium spikes could also be evoked by hyperpolarizing cur-

rent injection in the presence of TTX (Figure S2). Similar rebound

calcium spikes have been observed in other types of cells, in-

cluding the periglomerular cells in the olfactory bulb (Murphy

et al., 2005). Calcium spikes evoked in this manner also led to

large dendritic calcium signals, did not increase calcium in the

axon, and triggered slow GABA release from interneuron den-

drites only (Figure S2).

Dendritic L-type calcium channels have been suggested to

play a key role in controlling dendritic signaling in other brain re-

gions (Murphy et al., 2005). To determine whether this channel

subtype regulates rapid and/or delayed inhibitory interactions

between interneurons and TC cells, we examined the effect of

nimodipine on sodium- and calcium spike-mediated IPSCs re-

corded from TC cells (Figures 3E and 3F). Nimodipine had little

effect on IPSCs evoked by sodium spikes (Figure 3E, n = 7),

but greatly reduced the amplitude of slow IPSCs evoked by
422 Neuron 57, 420–431, February 7, 2008 ª2008 Elsevier Inc.
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calcium spikes (Figure 3F, n = 6). Application of the L-type cal-

cium channel activator S-(-)-BayK8644 (Bay K, 10 mM) following

nimodipine washout recovered the inhibitory actions of nimodi-

pine on slow IPSCs (Figure 3F, bottom, right), further supporting

the idea that this calcium channel subtype is involved in regulat-

ing GABA release from dLGN interneuron dendrites.

Thus, active sodium and calcium conductances allow inter-

neurons to release GABA in a widespread manner but with dis-

tinct temporal properties. Sodium spikes evoke fast release by

rapidly elevating calcium throughout the axons and dendrites.

Calcium spikes lead to long-lived calcium transients that trigger

slow dendritic release but fail to propagate down the axon. Our

results show that activation of dLGN interneurons can lead to

widespread GABA release. However, the synaptic mechanisms

that evoke these forms of GABA release under more physiolog-

ical conditions are not known.

Triggering Distinct Interneuron Firing Modes
To provide insight into the manner in which more physiological

RGC activation can control GABA release, we determined the

strength and number of RGC inputs required to evoke sodium

or calcium spikes by stimulating the optic tract at progressively

higher intensities (from 0 to 60 mA) while recording from LGN in-

terneurons. Increasing the stimulus intensity resulted in discrete

step-like increases in postsynaptic current amplitudes, indicat-

ing the sequential recruitment of RGC fibers (Figures 4A and

4B). A similar approach has been used to characterize a number

of different types of synapses (Chen and Regehr, 2000; Hooks

and Chen, 2006; Lichtman, 1977; Mariani and Changeux,

1981). In 22 of 28 experiments, optic tract stimulation (60 mA)

led to convergent activation of three or four RGC inputs onto in-

terneurons (Figure 4D). When tested in current clamp (Figure 4C),

coincident activation of several RGC axons could trigger either

a burst of sodium spikes riding on a calcium spike (top), a calcium

spike alone (middle), or a single sodium spike (bottom). Thus,

synchronous activation of multiple convergent RGCs is required

to evoke active interneuron firing, but what controls whether LGN

interneurons fire a single sodium spike, a calcium spike in isola-

tion, or a calcium spike along with long-latency sodium spikes?

We addressed this question by stimulating the optic tract and

measuring interneuron responses in current clamp with cells

at progressively more negative membrane potentials (Vm) (Zhu

et al., 1999). As shown for a representative experiment (Figure 5),

changing the membrane potential switched the firing mode of

interneurons in all four cells tested in which synaptic activation

could elicit both a calcium spike and a sodium spike. When the

optic tract was stimulated at �45 mA to �60 mA, the response

mode shifted from a single short-latency sodium spike (Fig-

ure 5A, Vm of �60 mV) to a calcium spike sometimes associated

with a long-latency sodium spike (Figure 5B, Vm of�70 mV) or to

a prolonged calcium spike along with a burst of sodium spikes

(Figure 5C, Vm of �75 mV). Thus, large synaptic inputs evoked

single short-latency spikes at slightly depolarized potentials,

and calcium spikes at more negative potentials. These results

suggest that changes in membrane potential allow LGN inter-

neurons to shift their firing mode and thereby alter their spatial

and temporal profile of GABA release.

Interneuron Calcium Dynamics Evoked
by Synaptic Activation
We then studied the calcium dynamics associated with these

distinct synaptically evoked firing patterns. Calcium imaging

Figure 3. Calcium Spikes Evoke Widespread GABA Release from

Interneuron Dendrites

(A) Schematic of experimental configuration.

(B) (Left) Somatic depolarization triggers either a fast (top, back) or a slow (top,

red) active response in interneurons, leading to rapid or more prolonged

IPSCs, respectively (bottom traces). (Right) Interneuron activation could also

evoke a slow active depolarization that led to fast presynaptic action potentials

and both slow and rapid postsynaptic currents (red traces). In trials where cur-

rent injection failed to evoke active interneuron depolarization, no postsynaptic

currents were observed (blue traces). (C) Single TTX-sensitive sodium spikes

in the interneuron evoked fast GABAergic currents in the TC cell. (D) In TTX,

stronger interneuron depolarization triggered regenerative calcium spikes in

some trials (single trial, top, red), which evoked slow postsynaptic GABAergic

currents (bottom, red). In another trials where depolarization failed to evoke

a full-fledged calcium spike (top, blue), there was only a minor deviation

from the passive response, and the IPSC was much smaller (bottom, blue).

The effects of nimodipine on IPSCs evoked by sodium (E) or calcium (F) spikes

are shown for representative experiments (top) and are summarized for seven

(E) and six (F) experiments (bottom). Resting membrane potentials were (in mV)

�70 for (B), �60 for (C), and �65 for (D).
Neuron 57, 420–431, February 7, 2008 ª2008 Elsevier Inc. 423
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experiments were performed under similar experimental condi-

tions as described above. As shown in a representative ex-

periment, strong OT stimulation that evoked coincident activa-

tion of several RGC axons triggered a burst of sodium/calcium

spikes in interneurons (Figure 6B, top in black), leading to large

and long-lasting (�500 ms) dendritic calcium increases (Figures

6A and 6B, blue). In contrast, calcium signals measured in ax-

onal boutons were smaller and decayed more rapidly (Figures

6A and 6B, red). In four similar experiments, fluorescent

transients were consistently observed throughout the dendrites

and axons, but changes in fluorescence were consistently

much larger in the dendrites than in the axon (Figure 6C),

corresponding to 440 ± 72 nM (n = 17) increases in the den-

drites and 94 ± 14 nM (n = 6) increases in axons. These results

are consistent with the view that both sodium and calcium

Figure 4. Coincident Activation of Several RGCs Is

Required to Trigger Active Interneuron Firing

(A) EPSC amplitudes plotted as a function of the optic tract stim-

ulus intensity in a representative LGN interneuron. (B) Current

traces from the same experiment showing the progressive recruit-

ment of RGC inputs with increasing stimulation intensity. (C) Volt-

age traces from the same experiment showing the different types

of active interneuron responses observed when four RGC inputs

were synchronously activated (�60 mA stimulation intensity). (D)

Histogram showing the number of inputs recruited in individual

LGN interneurons when the intensity of the optic tract stimulation

was increased from 0 to 60 mA (n = 26). In most cells, 60 mA optic

tract stimulation led to convergent activation of three to four inputs

to interneurons. V(h) for (B), �60 mV; resting membrane potential

for (C), �61 mV.

spikes account for dendritic calcium elevations,

whereas only sodium spikes increase calcium within

the axon.

Similar stimulating conditions could also evoke ei-

ther a calcium spike or a single sodium spike (Figures

4C, 5, and 6D–6F). Synaptically evoked calcium

spikes led to slow dendritic calcium elevations

throughout the dendrites (Figure 6E, 16 regions in

four experiments). The signals peaked �50 ms after stimulation,

consistent with the slow time course of calcium plateau poten-

tials. OT stimulation that triggered sodium spikes in the absence

of an obvious calcium plateau potential, as in Figure 6F (top),

also triggered widespread calcium signals (31 regions in five ex-

periments). These signals were smaller and much faster (peaked

2–4 ms after stimulation) than those associated with a calcium

spike.

Thus, distinct interneuron firing modes dynamically regulate

the timing and spatial profile of feedforward inhibition in TC cells.

While single sodium spikes account for rapid time-locked inhibi-

tion, prolonged calcium spikes and bursts of sodium spikes can

lead to delayed disynaptic inhibition due to GABA release from

dendrites only or in a widespread manner from dendrites and

axon, respectively.
Figure 5. Changes in Membrane Potential Allow Interneurons to Switch between Different Modes of Active Firing

Current-clamp recordings from LGN interneurons were performed while stimulating the optic tract at progressively higher intensities from 0 to�60 mA (indicated

by the black arrow in [A], 5 mA steps). In this representative experiment, the same RGC stimulus protocol was repeated when the interneuron was maintained at

�60 (A), �70 (B), or �75 mV (C). Strong OT stimulation, which led to active firing (�45 to �60 mA, red), evoked distinctive firing modes in interneurons that were

dependent on the initial membrane potential.
424 Neuron 57, 420–431, February 7, 2008 ª2008 Elsevier Inc.
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Figure 6. Spatial and Temporal Properties of Dendritic Calcium Dynamics Triggered by Synaptically Evoked Interneuron Firing

Calcium signals are shown that were evoked by coincident activation of several RGC inputs that triggered bursts of calcium/sodium spikes (A–C), individual cal-

cium spikes (D and E), or individual sodium spikes (D and F). (A and D) Inverted fluorescence images of interneurons with dendritic (blue) and axonal (red) regions

selected for imaging. (B) OT stimulation triggered a burst of sodium and calcium spikes (top, black trace), leading to prolonged calcium elevation throughout

interneuron dendrites (blue) and transient and smaller calcium increases in the axon (red). (C). Summary of the relative amplitude (DG/R) of dendritic (blue)

and axonal (red) calcium signals triggered by burst interneuron firing following RGC activation (blue, n = 28, red, n = 11). (E and F) Stimulation of several RGC

axons in a different interneuron evoked either a calcium spike (E) (top, in black) or a single sodium spike (F) (top, in black) that triggered slow (E) or fast (F) wide-

spread dendritic calcium transients, respectively. Calcium measurements in (E) and (F) were obtained from the same dendritic regions depicted in (D) and (E).

Resting membrane potentials were (in mV) �66 for (B) and �62 for (E) and (F).
Properties of Feedforward Inhibition in the LGN
We then studied the properties of feedforward inhibition onto TC

cells by stimulating groups of RGC axons, as can occur in re-

sponse to visual stimulation (Usrey and Reid, 1999), and exam-

ining inhibition mediated by activation of local LGN interneurons.

Coincident stimulation of multiple RGC fibers evoked a biphasic

response in TC neurons that consisted of a monosynaptic EPSC

followed by a disynaptic IPSC mediated by local interneurons

(Figure 7A, left). EPSCs and IPSCs could be isolated at a holding

potential of �60 mV and +7 mV, respectively, and at �10 mV

they could be studied simultaneously (Figure 7A, right). Adjusting

the position of the stimulus electrode within the optic tract as well

as the strength of extracellular stimulation allowed us to identify

two forms of inhibition with distinct temporal properties; rela-

tively low intensity optic tract stimulation (20–30 mA) evoked

a short-latency EPSC followed by an IPSC with a delay of 1 ms

in some neurons (Figure 7B, top left), whereas in others cases

long-latency asynchronous (range: 5–150 ms) IPSCs were ob-

served (Figure 7B, top right). Interestingly, higher stimulus inten-

sities (40–60 mA) resulted in a rapid disynaptic IPSC followed by
long-latency inhibitory currents in the same cells (Figure 7B, bot-

tom). Together, these results establish that distinct modes of

feedforward inhibition exist within the LGN, which can be se-

quentially recruited by increasing the number of synchronously

activated RGCs.

AMPA receptors and NMDA receptors, which have rapid and

slow kinetics, respectively, are both present on interneuron den-

drites (Pape and McCormick, 1995), but their relative contribu-

tions to rapid and delayed forms of disynaptic inhibition have

not been determined. We therefore assessed the effects of ion-

otropic glutamate receptor antagonists on short- or long-latency

inhibitory current recorded in TC cells while performing strong

extracellular stimulation of the optic tract. Blockade of NMDA

receptors in interneurons reduced fast IPSCs by 41% ± 9% and

delayed inhibition by 62% ± 6% (Figures 7C and 7D). Subse-

quent addition of the AMPA receptor antagonist NBQX (10 mM)

completely eliminated the remaining inhibitory disynaptic cur-

rents (Figures 7C and 7D), further supporting the critical role

played by ionotropic glutamate receptors in triggering GABA

release from LGN interneurons.
Neuron 57, 420–431, February 7, 2008 ª2008 Elsevier Inc. 425
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Contribution of L-Type Calcium Channels to Disynaptic
Inhibition in the LGN
We have shown that calcium spikes mediated by activation of

L-type calcium channels in interneurons trigger dendritic GABA

release. To determine the mechanisms by which L-type calcium

channels modulate feedforward inhibition under more physio-

logical conditions, we recorded either from LGN interneurons

or from TC cells while stimulating convergent RGC axons. These

experiments were performed in the presence of the NMDAR

Figure 7. Temporal Properties of Feedforward Inhibition within the

LGN

(A) (Left) Diagram of recording configuration. (Right) Monosynaptic EPSCs (in-

ward) and disynaptic IPSCs (outward) recorded at three different holding po-

tentials. Black arrows indicate monosynaptic excitation of TC cells in (A)–(C).

(B) (Top) Low-intensity OT stimulation evoked fast inhibition in cell 1 and de-

layed inhibition in cell 2. (Bottom) High-intensity OT stimulation evoked both

forms of inhibition in these cells. Effects of NMDA receptor antagonist (CPP)

and NMDA/AMPA receptor blockade (CPP + NBQX) on rapid (C) and delayed

(D) feedforward IPSCs are shown for representative experiments (top, [C and

D]) and are summarized for 27 (bottom left) and 10 (bottom right) experiments,

respectively. V(h), �10 mV for all experiments.
426 Neuron 57, 420–431, February 7, 2008 ª2008 Elsevier Inc.
antagonist CPP to isolate the role of L-type calcium channels.

When interneurons were voltage clamped and RGCs were acti-

vated, RGC/interneuron EPSCs were unaffected by nimodi-

pine (Figure S3, n = 8), indicating that nimodipine does not act

presynaptically on RCG axons. In contrast, responses measured

in current clamp were highly sensitive to nimodipine. When

recording from interneurons in current clamp, the stimulation

intensity was adjusted so that it was just above the threshold

required to trigger active responses that consisted of a single

sodium spike, a single calcium spike, or a calcium spike and

a burst of sodium spikes (Figures 8A and 8B). The blockade of

L-type calcium channels with nimodipine prevented the firing

of synaptically evoked single sodium spikes (Figure 8A). In an-

other experiment, synaptic activation resulted in a slow calcium

plateau (Figure 8B, top in red) or a calcium plateau and burst of

sodium spikes (Figure 8B, top in black). Nimodipine also abol-

ished synaptically evoked calcium spikes and thereby prevented

the generation of late sodium spikes (Figure 8b, middle trace).

Application of BayK following nimodipine washout recovered

active interneuron responses (Figure 8B, lower traces).

These results suggest that L-type calcium channels in inter-

neurons could regulate disynaptic inhibition through several

mechanisms. L-type calcium channels could regulate the rapid

release of GABA, by regulating the likelihood of synaptically

evoking a sodium spike in interneurons (even though L-type cal-

cium channels do not regulate IPSCs following sodium spikes

initiated by somatic current injection, Figure 3E) or by contribut-

ing to dendritic calcium transients evoked by individual sodium

spikes (Figure S4). L-type calcium channels could also regulate

delayed IPSCs in TC cells by controlling GABA release from in-

terneurons triggered by slow calcium spikes in the dendrites

and/or long-latency sodium spikes in dendrites and axons

(Figures 3D and 8B).

To understand how L-type calcium channel actions on inter-

neuron firing might affect GABA release, we assessed the effect

of nimodipine and BayK on synaptically evoked short- and long-

latency inhibition recorded in TC neurons. As shown in an exper-

iment in which an RGC/TC EPSC and a rapid disynaptic IPSC

were monitored (Figure 8C), nimodipine reduced rapid disynap-

tic inhibition by�40% but did not affect the EPSC (black arrows).

In another experiment in which delayed disynaptic IPSCs were

observed in isolation, nimodipine almost eliminated delayed

IPSCs (Figures 8D and 8E). Overall, nimodipine reduced the

rapid component of the IPSC by 38% ± 5% (n = 27) and the

delayed component by 82% ± 6% (n = 10). Nifedipine (10 mM),

another blocker of L-type calcium channels, had similar effects,

reducing fast IPSCs by 44% and slow IPSCs by 87% (n = 8).

In general, the washouts of nimodipine and nifedipine were

incomplete. However, the subsequent bath application of S-(-)-

BayK8644 during the washout of nimodipine enhanced the

actions of the L-type blockers on feedforward inhibition in TC

cells (Figures 8E and 8F).

We also evaluated the contribution of L-type calcium channels

to feedforward inhibition when dendritic NMDA receptors were

intact in LGN interneurons. Under these conditions, we found

that nimodipine reduced rapid IPSCs by 46% ± 6% and delayed

inhibition by 48% ± 11% (Figure 8F and Figure S5). Thus, L-type

calcium channels contribute to rapid and delayed inhibition in the
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absence of NMDA receptor blockade. These results illustrate

that dendritic L-type calcium channels in interneurons can regu-

late GABAergic transmission on both rapid and slow timescales.

DISCUSSION

We found that active conductances of LGN interneurons play an

important role in regulating feedforward inhibition to TC neurons.

Synchronous activation of subsets of RGCs triggers action po-

tentials in interneurons. Sodium action potentials evoke wide-

spread calcium signals throughout dendritic and axonal arbors,

whereas calcium spikes mediated by L-type calcium channels

trigger dendritic GABA release. Sodium and calcium spikes reg-

ulate the rapid and prolonged release of GABA from interneurons

that gives rise to the disynaptic inhibitory responses in TC cells.

Thus, active dendritic conductances in interneurons dynamically

regulate the spatial and temporal features of feedforward inhibi-

tion within the LGN.

Sodium and Calcium Action Potentials
in LGN-Interneuron Dendrites
An important property of LGN interneurons is that they can

release GABA from their dendrites (Cox and Sherman, 2000;

Figure 8. Dendritic L-Type Calcium Channels Regulate In-

terneuron Firing and Both Fast and Delayed Disynaptic

Inhibition in TC Cells

(A and B) Effects of nimodipine and BayK on interneuron firing (single

sodium spikes in [A], single calcium spike in [B] [red], or burst of cal-

cium/sodium spikes in [B] [black]) triggered by strong stimulation of

the optic tract. Insert in (B) shows nimodipine effects on calcium spike

(red trace from [B], upper and black trace from [B], middle). Scale for

insert: 8 mV and 125 ms. (C–E) L-type calcium channel regulation of

disynaptic inhibition in TC cells. Effects of nimodipine and BayK on

fast (C) and delayed (D) feedforward IPSCs are shown for representa-

tive experiments and are summarized (E) (left) for 27 (filled bars) and 10

(open bars) experiments, respectively. (F) Summery graph showing

the contribution of L-type calcium channels to feedforward IPSCs

with interneuron NMDA receptors intact (n = 7 and n = 6 for fast and

delayed IPSCs, respectively). V(h), �10 mV for all experiments.

Cox et al., 1998; Famiglietti and Peters, 1972; Hamos

et al., 1985; Rafols and Valverde, 1973), but whether the

dendrites support action potentials and whether active

dendritic conductances affect dendritic signaling was

not known (Sherman, 2004). We found that sodium spikes

triggered rapid elevations of calcium throughout the den-

drites and axons of interneurons. Several lines of evi-

dence suggest that this widespread profile of dendritic

calcium elevations likely reflects active propagation of

sodium spikes. First, the blockade of voltage-dependent

sodium channels with TTX eliminates rapid dendritic cal-

cium signals. Second, using somatic depolarization that

leads to generation of sodium action potentials in around

50% of the trials, we find that dendritic calcium accumu-

lation are always associated with all-or-none sodium

spikes and never with passive responses. Finally, there

was no significant attenuation of the calcium signals for

distances of up to 300 mm from the soma. As the dendrites of

LGN interneurons are fine (Rafols and Valverde, 1973) and are

predicted to have a short space constant (Bloomfield and Sher-

man, 1989), the lack of attenuation is inconsistent with passive

propagation. Thus, widespread propagation of sodium spikes

can affect dendritic signaling in interneurons.

The dendrites of LGN interneurons also support calcium

spikes that have a number of interesting properties. First, cal-

cium spikes can be triggered by large somatic depolarization,

but are much more readily evoked by synaptic inputs. This sug-

gests a dendritic site of origin. Second, calcium spikes trigger

large increases in calcium that are restricted to the dendrites. Al-

though in some instances they also trigger a burst of sodium

spikes, in other cases calcium spikes are observed in isolation.

Thus, calcium spikes are good candidates to selectively affect

dendritic signaling in interneurons. Third, calcium spikes and

their associated calcium signals last for hundreds of millisec-

onds, which is much longer than the calcium elevations associ-

ated with a sodium action potential. Fourth, calcium spikes are

mediated by activation of dendritic nimodipine-sensitive L-type

calcium channels. Thus, dendritic L-type calcium channels and

dendritic calcium spikes play an important role in calcium signal-

ing in the dendrites of LGN interneurons.
Neuron 57, 420–431, February 7, 2008 ª2008 Elsevier Inc. 427
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These findings establish that LGN interneurons support both

sodium and calcium action potentials. In other types of neurons,

considerable diversity has been observed in the ability of den-

drites to support action potentials (Goldberg and Yuste, 2005;

Waters et al., 2005). Backpropagation of somatically generated

sodium spikes is reliable in some types of neurons, whereas in

others it is partial or does not occur (Christie and Westbrook,

2003; Egger et al., 2003; Goldberg et al., 2003a, 2003b; Margrie

et al., 2001; Martina et al., 2000; Xiong and Chen, 2002; Zelles

et al., 2006), often because dendritic A-type potassium channels

limit the extent of backpropagation (Christie and Westbrook,

2003; Goldberg et al., 2003b; Hoffman et al., 1997). The lack of

attenuation of calcium signals with distance from the soma ob-

served in our experiments suggests that no such mechanism is

present in LGN interneurons. The ability of various types of neu-

rons to support calcium spikes, the type of calcium channel me-

diating the spikes and the extent of spread of calcium spikes are

highly variable (Egger et al., 2005; Goldberg et al., 2004; Gold-

berg and Yuste, 2005; Golding et al., 2002; Kampa and Stuart,

2006; Llinas and Sugimori, 1980; Murphy et al., 2005; Schiller

et al., 2000; Wei et al., 2001). The properties of calcium spikes

in LGN interneurons are more similar to olfactory periglomerular

neurons in that a low-threshold calcium spike mediated by

L-type calcium channels produces widespread calcium signals

(Murphy et al., 2005). As periglomerular neurons also release

neurotransmitter from its dendrites, this suggests that low-

threshold calcium spikes may provide a common mechanism

to regulate the release of neurotransmitter from dendrites.

Rapid and Delayed Inhibition Provided
by LGN Interneurons
The synchronous activation of multiple RGC axons evokes disy-

naptic inhibition in TC cells that is comprised of a rapid IPSC that

follows direct excitation with a delay of just 1 ms, and a late com-

ponent of inhibition that persists for tens of milliseconds (Fig-

ure 6). Inhibition in TC neurons is eliminated by blocking AMPA

and NMDA receptors. This indicates that it is disynaptic in na-

ture, requires activation of interneurons through ionotropic gluta-

mate receptors, and that group I metabotropic glutamate recep-

tors (Cox and Sherman, 2000; Godwin et al., 1996; Govindaiah

and Cox, 2004) are not involved under our experimental condi-

tions. L-type calcium channels and NMDA receptors within the

dendrites of LGN interneurons play an important role in regulat-

ing both rapid and delayed inhibition, whereas the contribution of

dendritic sodium channels remains unclear.

The observation that sodium spikes evoke widespread cal-

cium signals throughout the cell suggests that they could trigger

rapid GABA release from dendrites and axon. Paired recordings

established that sodium spikes in interneurons give rise to short-

latency inhibition in TC neurons. However, release under such

conditions could be mediated by dendrites and/or axons. Al-

though it seems likely that sodium spikes could trigger release

from both axons and dendrites, it must be noted that the residual

calcium we measured is unlikely to directly trigger neurotrans-

mitter release (Augustine and Neher, 1992; Schneggenburger

and Neher, 2005; Zucker and Regehr, 2002). Instead, release

is usually driven by local calcium signals that depend upon the

proximity of calcium-permeable channels to release sites. As
428 Neuron 57, 420–431, February 7, 2008 ª2008 Elsevier Inc.
sodium action potentials could trigger very different local cal-

cium signals in axons and dendrites, and the calcium-sensitivity

of the release machinery could be different in these compart-

ments, whether sodium action potentials trigger release from

the dendrites of LGN interneurons remains an open question.

Remarkably, blocking L-type calcium channels resulted in

a near 40% reduction in rapid inhibition. The calcium channels

that regulate disynaptic inhibition must be present in the den-

drites of LGN interneurons, because L-type calcium channels

do not regulate release from RGC boutons. RGC activation

must rapidly open dendritic L-type calcium channels to regulate

GABA release on such a rapid timescale (Xu and Lipscombe,

2001). L-type calcium channels are unlikely to contribute to rapid

disynaptic inhibition by direct actions on the interneuron-TC

synapse, because paired recordings show that sodium action

potentials trigger rapid inhibitory currents in postsynaptic TC

neurons that are insensitive to nimodipine. Instead, it seems

more likely that L-type calcium channels could control rapid

feedforward inhibition by regulating interneuron sodium spike

initiation threshold.

The blockade of L-type calcium channels also reduces de-

layed inhibition. Recording from interneurons while stimulating

multiple RGC axons shows that these cells can fire calcium

spikes alone or in conjunction with burst of delayed sodium

spikes (Figure 7B). It is likely that L-type calcium channels regu-

late delayed inhibition in part by generating calcium spikes that

evoke dendritic GABA release, as observed for paired recordings

between interneurons and TC neurons. In addition, L-type cal-

cium channels can trigger delayed sodium spikes that regulate

long-latency release of GABA from axons and possibly dendrites.

The effect of NMDA receptor blockade on disynaptic inhibition

in TC neurons establishes that these receptors contribute to both

rapid and delayed inhibition. The contribution of NMDARs to

short-latency inhibition is somewhat surprising, because these

receptors have slower kinetics than AMPA receptors. Clearly,

however, RGC activation must open them in less than a millisec-

ond. Blockade of both NMDA receptors and L-type calcium

channels is required to eliminate delayed inhibition, indicating

that these channels work together to trigger delayed transmitter

release. NMDARs or L-type calcium channels could evoke re-

lease directly by admitting calcium (MacDermott et al., 1986),

or indirectly by providing long-lasting depolarization to allow cal-

cium influx through other calcium-permeable channels (Murphy

et al., 2005; Schiller et al., 2000). The ability of NMDA receptors

and L-type calcium channels to regulate disynaptic inhibition

is not universally observed throughout the brain. However,

NMDARs and L-type calcium channels also regulate neurotrans-

mitter release from the dendrites of periglomerular cells in the

olfactory bulb (Murphy et al., 2005), suggesting that dendritic

release in the visual and olfactory systems share some common

properties.

The number of activated inputs and the initial membrane po-

tential control the firing mode of LGN interneurons. It is neces-

sary to synchronously activate several RGC inputs in order to

trigger an active response. The nature of the active response is

highly sensitive to membrane potential. A slightly depolarized

cell tends to fire single short-latency spikes, whereas a more hy-

perpolarized cell fires calcium spikes that are often associated
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with long-latency sodium spikes. Inhibitory inputs from the retic-

ular nucleus and cholinergic inputs have been shown to hyper-

polarize LGN interneurons and shift the membrane potential

over a range associated with different firing modes (Cucchiaro

et al., 1991, 1993; McCormick and Pape, 1988; McCormick

and Prince, 1986; Sherman, 2004).

Conclusion
This study adds to the growing evidence supporting the impor-

tance of feedforward inhibition throughout the brain (Callaway,

2004; Carter and Regehr, 2002; Gabernet et al., 2005; Murphy

et al., 2005; Pouille and Scanziani, 2001; Pouille and Scanziani,

2004), while highlighting the degree to which interneurons can

be specialized. We find that, within the dLGN, interneurons are

particularly flexible circuit elements that regulate TC neurons

by releasing GABA with distinct spatial and temporal properties.

These modes of transmitter release can be dynamically regu-

lated by synchronous firing of subsets of RGCs during visual

stimulation. This dynamic form of feedforward inhibition results

from the interaction between visually evoked activation of

RGCs with intrinsic interneuron properties. We suggest that

coincident firing of functionally related RGCs observed in vivo

(Usrey and Reid, 1999) plays an important role in shaping the

temporal and spatial extent of feedforward inhibition within the

LGN and thereby in controlling spike timing and in refining recep-

tive fields in TC neurons.

EXPERIMENTAL PROCEDURES

Animals

LGN GABAergic interneurons were identified by using C57BL/J6 GAD67-GFP

(neo) transgenic mice (kindly provided by Yuchio Yanagawa) that selectively

expressed GFP under the control of the endogenous GAD67 gene promoter

as described previously (Marowsky et al., 2005; Tamamaki et al., 2003). In

most of the experiments in which TC cell activity was monitored, slices were

prepared from normal wild-type C57BL/J6 mice.

Slice Preparation and Electrophysiology

Mice (C57BL/J6, 23–32 days old) were deeply anesthetized with nembutal,

and their brains were rapidly removed and placed in ice-cold oxygenated

(95% O2, 5% CO2) high-sucrose solution that contained (in mM) 220 sucrose,

2.5 KCl, 6 MgCl2, 1 CaCl2, 1.25 NaH2PO4, 26 NaHCO3, 10 glucose. A block of

tissue containing the thalamus was excised and transferred to a vibratome,

where 200–250 mm pseudosagittal slices were obtained as described previ-

ously (Blitz and Regehr, 2005; Chen and Regehr, 2000). Then, slices containing

the LGN and intact optic tract were gently moved to an equilibrium chamber

filled with oxygenated artificial CSF (ACSF) that contained (in mM) 124 NaCl,

3 KCl, 2 MgCl2, 2 CaCl2, 1.23 NaH2PO4, 26 NaHCO3, 10 glucose. After 1–2 hr

of recovery from sectioning, the slices were transferred to a recording cham-

ber mounted on an Olympus BX51WI upright microscope. Tissue was contin-

uously superfused with ACSF at �5 ml/min flow rate. The microscope was

equipped with video-enhanced infrared-differential interference contrast

(DIC) and fluorescence capabilities. The temperature in the recording chamber

was kept near 34�C using an inline heater controller (Warner Instruments,

Hamden, CT).

Whole-cell voltage- and current-clamp recordings from LGN interneurons

were performed by using 2.5–3.5 MU borosilicate glass pipettes filled with

an intracellular solution that contained the following (in mM): 150 CsMeSO4

(or KMeSO4 for current-clamp recordings), 1 MgCl2, 10 HEPES, 0.5 EGTA,

2 Mg-ATP, 0.4 Na2-GTP, and 10 Na2-phosphocreatine, pH 7.3 with CsOH (or

KOH for KMeSO4-based solution). In the experiments in which paired record-

ings from interneurons and TC cells were performed, a gluconate-based
pipette solution was used and contained (in mM) 150 KGluconate, 1 MgCl2,

5 HEPES, 1.1 EGTA, 2 Mg-ATP, 10 Na2-phosphocreatine, pH 7.3 with KOH.

In some paired recording experiments, stimulation of LGN interneurons was

performed in cell-attached configuration to prevent presynaptic rundown of

transmitter release. GABAergic GFP-expressing LGN interneurons were iden-

tified under fluorescence, and then DIC was used to approach the cells and

achieve gigaseal configuration. In all LGN interneuron recordings, both GABAA

and GABAB receptor subtypes were blocked by bath application of 10 mM

picrotoxin and 2 mM CGP55845, respectively.

Voltage-clamp recordings from TC cells were made with 1.8–2.4 MU boro-

silicate glass pipettes filled with an internal solution containing (in mM) 130

CsGluconate, 10 CsCl2, 2 MgCl2, 10 HEPES, 0.16 CaCl2, 0.5 EGTA, 4 Na2-ATP,

0.4 Na2-GTP, 14 Tris-creatine phosphate, 20 TEA-acetate adjusted to pH 7.3

with CsOH. Whole-cell mode was obtained after gentle application of negative

pressure through the recording pipette by using a glass syringe. Slow and fast

capacitive components were automatically compensated. Access resistance

was monitored throughout the experiments, and only those cells with stable

access resistance (changes <10%) were used for analysis. The recordings

were performed with a MultiClamp 700B amplifier (Axon Instruments) and

were controlled with custom software written in Igor Pro (WaveMetrics, Lake

Oswego, OR) kindly provided by Matthew Xu-Friedman. RGC axons were

stimulated extracellularly using a theta glass electrode filled with ACSF and

placed in the optic tract around 1 mm away from recorded cells. Brief

(300 ms, 0–60 mA) electrical pulses were delivered (every 10–30 s) through an

A395 Linear Stimulus Isolator (WPI). All recording were performed in the pres-

ence of 2 mM CGP55845 to block GABAB receptors. In some recording from

TC neurons, 5 mM CPP was added to the bath to block NMDA receptors in

both TC cells and interneurons (i.e., Figure 6). The remaining TC experiments

were done with 1–2 mM MK801 in the recording pipette to block NMDA recep-

tors in postsynaptic TC cells but not in LGN interneuron dendrites. Peak am-

plitude and integrated charge (5–150 ms) were computed for analysis of fast

and delayed inhibitory currents, respectively.

Calcium Imaging

Two-photon calcium-imaging experiments were performed using a custom

two-photon laser scanning microscope with a 603, 1.1 NA objective and a

titanium/sapphire laser (Mira; Coherent, Santa Clara, CA) tuned to 810 nm for

excitation, and controlled with custom software written in Matlab (MathWorks,

Natick, MA), kindly provided by Bernardo L Sabatini. LGN interneurons were

loaded with the calcium indicator fluo-5F (100 mM) and the fluorescent dye

Alexa 594 (50 mM) for visualization of interneuron processes. Green and red

fluorescence were separated using a 565 nm dichroic and filtered using

555 nm short-pass filter and a 607/45 band-pass filter, respectively, and col-

lected using R3896 R9110 and H7422 photomultiplier tubes (Hamamatsu, Ha-

mamatsu City, Japan). Calcium measurements were made in line-scan mode

at 0.5 KHz in dendritic protrusions or in bouton-like structures along dendrites

and axons. Regions of interest were scanned for 0.25–0.5 s for sodium spike-

evoked transients and for 0.5–2.5 s for transients due to calcium spikes. Both

sodium and calcium spikes were evoked by either somatic current injection or

by synaptic activation of multiple RGC axons. Fluorescence signals were con-

verted to calcium concentration in a subset of experiments by using values of

Rmin and Rmax measured in the same imaging system with internal solutions

containing 0 mM Ca2+/5 mM EGTA and 5 mM Ca2+, respectively. The KD for

Fluo 5F under similar experimental conditions has been previously reported

to be �600 mM.

In a subset of experiments (contribution of L-type channels to calcium tran-

sients evoked by calcium spikes), calcium imaging was done with a Cooke

(Romulus, MI) Sensicam QE CCD camera mounted on an Olympus (Tokyo,

Japan) BX51WI upright microscope equipped with a 603, 0.9 NA objective.

In these experiments, interneurons were loaded with the calcium indicator

fura-2 (100 mM) through the recording pipette. Fura-2 was excited at 380 nm

with a monochromator (Polychrome IV; TILL Photonics, Gräfelfing, Germany).

The filter set used included a 415 nm dichroic (TILL Photonics) and 515LP for

emission (Omega Optical, Brattleboro, VT). Images were acquired with 20 ms

exposures at 20 Hz. For all imaging experiments, calcium indicators were dis-

solved in a current-clamp internal solution containing (in mM) 150 KMeSO4,

1 MgCl2, 10 HEPES, 2 Mg-ATP, 0.4 Na2-GTP, and 10 Na2-phosphocreatine,

pH 7.3 with KOH.
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Data Analysis and Statistics

Igor Pro software was used for analysis. Data in Results are expressed as

mean ± SEM. Statistical analyses were performed using one-way ANOVA

followed by a Bonferroni post hoc procedure for pairwise between-group

comparison (i.e., control, treatment 1, treatment 2). The nonparametric

Kolmogorov-Smirnov test was used for comparison of the cumulative frac-

tions. A value of p < 0.05 was considered statistically significant.

Supplemental Data

The Supplemental Data for this article can be found online at http://www.

neuron.org/cgi/content/full/57/3/420/DC1/.
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