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Inhibition from thalamic interneurons plays a critical role in modulating information transfer between thalamus and neocortex. Inter-
estingly, these neurons yield inhibition via two distinct outputs: presynaptic dendrites that innervate thalamocortical relay neurons and
axonal outputs. Since the dendrites of thalamic interneurons are the primary targets of incoming synaptic information, it has been
hypothesized that local synaptic input could produce highly focused dendritic output. To gain additional insight into the computational
power of these presynaptic dendrites, we have combined two-photon laser scanning microscopy, glutamate uncaging, and whole-cell
electrophysiological recordings to locally activate dendritic terminals and study their inhibitory contribution to rat thalamocortical relay
neurons. Our findings demonstrate that local dendritic release from thalamic interneurons is controlled locally by AMPA/NMDA
receptor-mediated recruitment of L-type calcium channels. Moreover, by mapping these connections with single dendrite resolution we
not only found that presynaptic dendrites preferentially target proximal regions, but such actions differ significantly across branches.
Furthermore, local stimulation of interneuron dendrites did not result in global excitation, supporting the notion that these interneurons
can operate as multiplexors, containing numerous independently operating input– output devices.

Introduction
Inhibition plays an essential role in thalamocortical communica-
tion. In the visual thalamus, inhibition modulates receptive field
properties, signal selectivity, information encoding, and the fir-
ing mode of thalamocortical relay neurons (Hubel and Wiesel,
1961; Sillito and Kemp, 1983; Holdefer et al., 1989; Wang et al.,
2007, 2011). Local thalamic interneurons provide one of the pri-
mary sources of inhibition in the visual thalamus. These neurons
are of great interest, considering that they produce inhibitory
output via traditional axonal terminals (termed F1 terminals) as
well as specialized dendritic terminals (termed F2 terminals),
which serve both presynaptic and postsynaptic roles (Guillery,
1969; Ralston, 1971; Famiglietti and Peters, 1972; Hamos et al.,
1985; Montero, 1986).

Most F2 terminals are presynaptic to a relay neuron dendrite
and postsynaptic to an excitatory retinogeniculate terminal that
in turn is presynaptic to the same relay neuron dendrite (Wilson
et al., 1984; Hamos et al., 1985) (Fig. 1A). However, it is impor-
tant to note that not all F2 and retinogeniculate terminals partic-
ipate in this triadic arrangement (Hamos et al., 1987;
Datskovskaia et al., 2001). The unique circuitry of the triad en-
ables retinogeniculate output to produce (1) a monosynaptic ex-

citation of a postsynaptic relay neuron dendrite and (2) a
disynaptic inhibition via the F2 terminal. Previous studies indi-
cate that F2 terminal output is regulated by local metabotropic
glutamate receptors (mGluRs) (Godwin et al., 1996; Cox et al.,
1998; Govindaiah and Cox, 2004, 2006). There is also evidence to
suggest that activation of ionotropic glutamate receptors
(iGluRs) can increase dendritic output (Cox and Sherman, 2000;
Blitz and Regehr, 2005; Acuna-Goycolea et al., 2008); however, it
is unclear whether such actions occur local to F2 terminals or
independent of axonal output from interneurons.

Since F2 terminals are typically found on distal dendrites of
interneurons and are commonly coupled with an excitatory pre-
synaptic terminal, it has been hypothesized that F2 terminals may
behave as independent input– output devices (Bloomfield and
Sherman, 1989; Cox et al., 1998). The ability to perform localized
input–output computations independent of somatic activity would
allow thalamic interneurons to behave as multiplexors, capable of
transmitting numerous signals through independently operating F2
terminals. Studies have demonstrated that dendritic GABA release
can take place independent of activity at the soma/axon (Cox et al.,
1998; Cox and Sherman, 2000; Govindaiah and Cox, 2006; Acuna-
Goycolea et al., 2008); however, these studies have relied on wide-
spread pharmacological and synaptic stimulation to activate F2
terminals. Thus, both approaches result in global activation of the
entire dendritic arbor and make it impossible to assay whether F2
terminals produce more localized input–output computations.

Here, we have examined local GABA release from the presyn-
aptic dendrites of thalamic interneurons using local glutamate
uncaging. This approach allowed us to excite distinct regions of
the dendritic tree and thus mimic the function of presynaptic
excitatory terminals (Callaway and Yuste, 2002). Our data show
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that local dendrodendritic inhibition regulates fast synaptic
transmission differentially across the dendritic tree of thalamo-
cortical relay neurons. Moreover, this output appears to occur
locally through AMPA/NMDA receptor activation and subse-
quent recruitment of L-type calcium channels.

Materials and Methods
Slice preparation. Thalamic slices were prepared from young Sprague
Dawley rats (postnatal age: 14 –23 d) of either sex as described previously
(Crandall et al., 2010; Govindaiah et al., 2010). Briefly, rats were anesthe-
tized with pentobarbital sodium (50 mg/kg) and perfused with cold,
oxygenated slicing solution before being decapitated. Once brains were
removed they were placed immediately in cold (4°C) oxygenated (5%
CO2, 95% O2) slicing solution containing the following (in mM): 2.5 KCl,
1.25 NaH2PO4, 10.0 MgSO4, 0.5 CaCl2, 26.0 NaHCO3, 10.0 glucose, and
234.0 sucrose. Thalamic slices (270 –300 �m) were cut in the coronal
plane for dorsal lateral geniculate nucleus (dLGN) recordings and the
horizontal plane for ventrobasal thalamic nucleus (VB) recordings. After
slicing, each tissue section was immediately transferred to a holding
chamber with warmed (31 � 1°C), oxygenated physiological saline con-
taining the following (in mM): 126.0 NaCl, 2.5 KCl, 1.25 NaH2PO4, 2.0
MgCl2, 2.0 CaCl2, 26.0 NaHCO3, and 10.0 glucose. After 15–20 min, the
holding chamber was reduced to room temperature and slices were fur-
ther incubated for 60 min before recording.

Whole-cell recording procedures. Before recording, individual slices
were transferred to a recording chamber that was maintained at room
temperature with oxygenated physiological saline that was recirculated at
2.5–3 ml/min. Individual neurons were identified using Dodt contrast
optics, while whole-cell recordings were obtained using recording pi-
pettes with a tip resistance of 3– 6 M�. For voltage– clamp recordings the
recording pipettes contained the following (in mM): 117.0 Cs-gluconate,
13.0 CsCl, 1.0 MgCl2, 0.07 CaCl2, 0.1 EGTA, 10.0 HEPES, 2.0 Na2-ATP,
and 0.4 Na-GTP (pH 7.3, 290 mOsm). For current-clamp recordings,
pipettes contained the following (in mM): 117.0 K-gluconate, 13.0 KCl,
1.0 MgCl2, 0.07 CaCl2, 0.1 EGTA, 10.0 HEPES, 2.0 Na2-ATP, and 0.4
Na-GTP (pH 7.3, 290 mOsm). Pipettes also contained Alexa Fluor 594
(50 �M) to allow for imaging. The pipette solutions resulted in a junction
potential of �10 mV and was corrected for in all voltage recordings.
During recordings, the pipette capacitance was neutralized and the access
resistance was continually monitored.

Pharmacological agents were prepared and stored as recommended
by the manufacturer and subsequently diluted in physiological saline
just before use. All pharmacological agents were bath applied at least
10 –15 min before subsequent experimental tests. Tetrodotoxin
(TTX), 6, 7-dinitroquinoxaline-2,3-dione (DNQX), 3-((R)-2-Carboxyp-
iperazin-4-yl)-propyl-1-phosphonic acid (CPP), 2-(3-carboxypropyl)-3-
amino-6-(4-methoxyphenyl)-pyridazinium bromide (SR95531),
cis-[Ru(bpy)2(PMe3)GluH2](PF6)2, where bpy is 2,2�bipyridine and PMe3
is trimethylphosphine (RuBi-glutamate), and 2-methyl-6-(phenylethynyl)
pyridine hydrochloride (MPEP) were all purchased from Tocris Bioscience.

Glutamate uncaging and analysis. Photoactivation of RuBi-glutamate
(100 �M) was achieved by focusing a one-photon visible laser (405 nm:
100 mW Coherent CUBE diode laser) coupled into the scan head with a
photoactivation module and focused at a relay neuron dendrite using a
set of galvanometers controlled by TriggerSync software (Prairie Tech-
nologies). The lower concentration of RuBi-glutamate minimized the
antagonistic effects of the caged compound on GABAergic transmission
(Fino et al., 2009). Simultaneous imaging of the recorded neuron was
performed by laser excitation (820 nm) via a high numerical aperture
objective using a custom two-photon laser scanning microscope
(2PLSM, Ultima, Prairie Technologies) coupled with a Ti-sapphire laser
(MaiTai HP, Spectra Physics).

Once a location was selected, RuBi-glutamate was released with one of
two pulse durations: a long duration (100 –200 ms, low-intensity) or a
short duration pulse (0.1–3.0 ms, high intensity). The quantification of
inhibitory postsynaptic current (IPSC) activity was accomplished using
two different approaches: calculating the synaptic charge, and quantify-
ing IPSC frequency. Synaptic charge was estimated by calculating the

total area of the response above a simulated direct response (i.e., inward
current). The direct responses were recorded in the presence of the
GABAA receptor antagonist (SR95531: 10 �M), which blocked all IPSCs.
The direct response was simulated by constraining a single exponential fit
to the peak inward current for each response and the average time con-
stant calculated from a single exponential fit to the direct response (� �
799 � 226; r 2 � 0.79 � 0.06, n � 10). Quantification of IPSC frequency
was accomplished using Mini-Analysis software (Synaptosoft). All events
were detected automatically by the software and verified post hoc by
visual analysis. The threshold for IPSC detection was established from the
baseline noise level recorded in the presence of SR95531 (10 �M). For
quantification, the average IPSC frequency was calculated from 0.5 s time
windows. The change in IPSC frequency in response to stimulation was
determined by comparing the poststimulus frequency in response to
glutamate release (long pulse: 1.0 s; short pulse: 0.5 s) to the average
prestimulus frequency (long pulse: 10 s; short pulse: 1.0 s). The average
change in IPSC frequency was than calculated for each location across
consecutive stimulations (long pulse: 3 stimulations, 80 –240 s inter-
stimulus interval; short pulse: 20 stimulations, 10 –20 s interstimulus
interval). It is important to note that in some cells that responded to the
glutamate application with a highly synchronous outward current pre-
sumably consisting of temporal summation of multiple IPSCs, our fre-
quency analysis has likely underestimated the absolute magnitude of the
response. Nonetheless, our quantified data using both analysis ap-
proaches in the same neuronal population yielded comparable results
(e.g., Fig. 2 D). For the mapping study, four locations (25–30 �m apart)
were tested for each dendrite with 2–5 dendrites sampled per neuron.

The extent of glutamate diffusion following photorelease was deter-
mined by varying the lateral distance between the dendrite and the center
of the light beam (Pettit et al., 1997). The relationship between lateral
position and the magnitude of the glutamate response was described by a
single Gaussian function, and the half-width was used to determine ra-
dial spread. Experiments were performed while in TTX (1 �M) on indi-
vidual dendrites of thalamic reticular and layer IV neocortical neurons
because the dendritic pattern of relay neurons made it difficult to isolate
individual branches. Unless otherwise indicated, all population data are
expressed as mean � standard deviation and significance is defined as
p � 0.05 using a paired t test. We express the total n as the number of
dendrites sampled from all neurons.

Results
iGluR-dependent activation of F2 terminals
To monitor dendritic output of interneurons located in the rat dor-
sal lateral geniculate nucleus, dLGN, we recorded inhibitory post-
synaptic currents from thalamocortical relay neurons using an in
vitro thalamic slice preparation (Fig. 1B) (Cox and Sherman, 2000;
Govindaiah and Cox, 2004). Relay neurons were distinguished from
interneurons by both physiological and morphological criteria
(Pape and McCormick, 1995; Williams et al., 1996). IPSC activity
was recorded in voltage–clamp mode using a cesium-based pipette
solution and command voltage of 0 mV to optimize these currents.
To stimulate GABA release from dendritic F2 terminals, caged- glu-
tamate was photoreleased near a dendrite of a recorded relay neuron
filled with a fluorescent indicator (Alexa Fluor 594; 50 �M) and vi-
sualized using a two-photon laser-scanning microscope (820 nm;
Fig. 1B,C). A low concentration of RuBi-glutamate (100 �M) was
used to reduce the antagonism of inhibitory transmission caused by
caged compounds (Fino et al., 2009). At this concentration, RuBi-
glutamate produced a 23 � 11 and 11 � 6% reduction in the min-
iature IPSC frequency and amplitude, respectively (n � 6 neurons).
Considering that glutamate release could generate Na�-dependent
action potentials in interneurons that could lead to increased
axonal output (F1 terminal), all experiments were performed
in TTX (1 �M) to block action potentials.

To increase the probability of stimulating a presynaptic termi-
nal, we initially used a long duration laser pulse (100 –200 ms, 405
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nm, and low intensity) to release glutamate over a larger area. To
determine the extent of glutamate diffusion (i.e., stimulation
size), we calculated the half-width of a Gaussian function fit to
glutamate responses obtained when moving the laser laterally
across the dendrite of a recorded neuron (see Materials and
Methods). Using this method, we estimate that the radial spread
of glutamate was 11.0 � 3.5 �m (200 ms laser pulse; n � 5
neurons). To ensure that the laser pulse repeatedly and reliably
produce a consistent response at a single location, regardless of
tissue depth or opacity, we measured the direct response onto a
relay neuron across three consecutive stimulations (80 s inter-
stimulus interval). When held at �65 mV (in TTX; 1 �M) we
observed no significant difference between the amplitude of the
first (4.76 � 1.91 mV) and third response (4.71 � 2.01 mV, n �
20 dendrites/5 neurons; 200 ms laser pulse; p � 0.75). This sug-
gests that the stimulation parameters produced a stable gluta-
mate response and had no toxic side effects.

As expected, photorelease of glutamate produced a brief in-
ward current in the relay neuron, which likely arises from direct
glutamate stimulation of the postsynaptic relay neuron (Fig. 1D,
negative response). However, we often observed that the initial
inward current was abruptly shortened by a strong outward cur-
rent and a brief increase in IPSC activity (Fig. 1D, positive re-
sponse). Positive responses were defined as an increase in IPSC
activity that exceeded two standard deviations above baseline IPSC

frequency and were qualitatively similar to
the TTX-insensitive, F2-dependent re-
sponses described previously (Cox et al.,
1998; Cox and Sherman, 2000). Subsequent
application of the GABAA receptor an-
tagonist SR95531 (10 –20 �M) com-
pletely blocked the evoked IPSC activity
(n � 16 dendrites/5 neurons), which in
turn unmasked the inward current (Fig.
1D). The majority (53%) of dLGN neu-
rons recorded produced only negative
responses, while the remaining (47%)
generated both positive and negative re-
sponses (n � 51 neurons). This is consis-
tent with previous anatomical studies
indicating that not all dLGN relay neu-
rons are innervated by F2 terminals (pre-
synaptic dendrites; Sherman, 2004).

To confirm that the change in inhibi-
tory activity resulted from a glutamate-
mediated release of GABA, we tested the
calcium dependence of the positive re-
sponse. Considering transmitter release
from presynaptic dendrites is a calcium-
dependent process (Cox et al., 1998; Mur-
phy et al., 2005; Acuna-Goycolea et al.,
2008; Castro and Urban, 2009), lowering
the extracellular calcium concentration
should attenuate the evoked IPSC activity.
Using a low-calcium (0.2 mM)/high-
magnesium (6.0 mM)-containing extra-
cellular solution, the glutamate-mediated
increase in IPSC activity was significantly
attenuated (n � 10 dendrites/5 neurons;
charge: p � 0.001; frequency: p � 0.01;
Fig. 2A,D). The suppression of inhibitory
activity reversed following a 10 –15 min
wash in control extracellular solution.

Since previous studies have demonstrated that type 5 mGluRs
(mGluR5) regulate dendrodendritic output at the F2 terminal
(Godwin et al., 1996; Govindaiah and Cox, 2006), we proceeded
to test whether these receptors were involved with the glutamate-
mediated increase in IPSC activity. In the presence of the selective
mGluR5 antagonist MPEP (30 –50 �M), the glutamate-evoked
increase in IPSC activity was unchanged (n � 6 dendrites/4 neu-
rons; charge: p � 0.12; frequency: p � 0.33; Fig. 2B,D). Although
previous studies have provided indirect evidence suggesting that
iGluRs control dendrodendritic output in the thalamus (Cox and
Sherman, 2000; Blitz and Regehr, 2005; Acuna-Goycolea et al.,
2008), a direct test of whether this occurs local to F2 terminals
and independent of axonal output has been lacking. In the pres-
ence of the selective AMPA receptor antagonist DNQX (20 – 40
�M), the glutamate-evoked increase in IPSC activity was com-
pletely blocked (n � 12 dendrites/5 neurons; charge: p � 0.0001;
frequency: p � 0.001; Fig. 2C,D). These findings suggest that
iGluRs are present near or at F2 terminals and are sufficient to
initiate a presumed local GABA release independent of mGluR5

being present or activated.
Interestingly, as shown in Figure 3, we did occasionally ob-

serve a lasting increase in IPSC activity (	5 s; 9 of 290 dendrites,
3%). When we applied the selective mGluR5 antagonist MPEP
(30 –50 �M) the duration of IPSC activity was reduced in four of
six locations examined (54.3 � 31.8%, n � 4 neurons); however,

Figure 1. Glutamate uncaging results in a TTX-insensitive change in inhibitory activity in dLGN relay neurons. A, The basic
circuitry of a triad located within a glomerulus. A retinogeniculate (RG) terminal forms an excitatory synapse onto both a thalamo-
cortical (TC) relay neuron and an interneuron dendrite (INT: F2 terminal). In turn, the interneuron dendrite (F2 terminal) forms an
inhibitory synapse onto the same TC dendrite. B, Schematic representing the basic experimental design used to isolate and monitor
dendrodendritic activity (F2 terminal output). The green circle indicates an F2 terminal participating in a triad, as shown in A.
Output from F2 terminals were isolated from axonal (F1 terminal) activity using TTX. F2 output was stimulated by photoreleasing
glutamate with a single photon laser (405 nm) along the dendrites of a TC relay neuron and monitored using a cesium (Cs �)-based
recording pipette and a command voltage of 0 mV. C, A 2PLSM image of dLGN relay neuron loaded with Alexa Fluor 594 (50 �M).
The blue dot indicates the location where a single-photon laser was focused to release RuBi-glutamate (100 �M). The blue shadow
illustrates the estimated radial spread of glutamate (see Materials and Methods). D, In TTX (1 �M, black line) a single laser pulse
produced one of two responses. The negative response was identified by a brief direct response (i.e., inward current) with little
change in IPSC activity. The positive response (obtained from the location shown in C) was identified by a robust increase in IPSC
activity. Subsequent addition of SR95531 (10 –20 �M: red line) attenuated the evoked IPSC activity and unmasked the direct
response (i.e., inward current).
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the initial transient increase persisted. Subsequent addition of the
AMPA receptor antagonist DNQX (20 �M) completely attenu-
ated the initial response. This observed prolonged IPSC activity is
qualitatively similar to the mGluR5-mediated F2 output we have
described previously with bath application of selective agonists
and tetanic optic tract stimulation (Govindaiah and Cox, 2004,
2006). These data suggest that some F2 terminals are coregulated
by both iGluRs and mGluRs.

Glutamate uncaging results in local release from
thalamic interneurons
Critical to our interpretation is that glutamate uncaging results in
a local release of GABA from interneuron dendrites. However,
global release of GABA from thalamic dendrites has been shown
to occur from both the active propagation of single action poten-
tials as well as plateau-like calcium spikes across the dendritic tree
(Acuna-Goycolea et al., 2008). So we proceeded to test whether
our glutamate stimulation caused a local or global excitation of
interneurons (i.e., subthreshold or suprathreshold excitation).
Using the same stimulation that increased IPSC activity in relay
neurons, we photoreleased glutamate along the dendrites of tha-
lamic interneurons while recording the membrane response at
the soma (Fig. 4A). At an initial membrane potential of �65 mV,
proximal stimulation (0 – 44 �m from soma) always produced a
larger depolarization than distal stimulation (150 –263 �m from
soma) (proximal: 12.1 � 6.4 mV, n � 8 dendrites/4 neurons;
distal: 3.1 � 2.3 mV, n � 9 dendrites/4 neurons; p � 0.0001,
Student’s t test; Fig. 4B). Hyperpolarizing the membrane poten-
tial to �85 mV did not alter the amplitude of either the proximal
(p � 0.12) or distal response (p � 0.80). Given the small ampli-
tude of the responses, these data suggest that our stimulation was
not sufficient to evoke the large plateau-like calcium spike under-
lying global dendritic release in mouse interneurons (Acuna-
Goycolea et al., 2008). There was also a low probability of action
potential discharge with distal stimulation (1 of 9 dendrites, 11%)
when compared to proximal stimulation (5 of 8 dendrites, 63%).
We never observed action potential discharge from a hyperpolar-
ized membrane potential (Fig. 4C). Since F2 terminals are typi-
cally found on distal dendrites (Sherman, 2004), these data

Figure 2. iGluRs regulate local dendrodendritic output. A, Left, In TTX (1 �M), glutamate
release increased IPSC activity in a dLGN relay neuron. Right, In a low-Ca 2� (0.2 mM)/high-
Mg 2� (6.0 mM) extracellular solution, the evoked IPSC activity was significantly attenuated.
Responses recovered after a 10 –15 min wash (data not shown). B, Left, In a different neuron
(while in TTX: 1 �M), glutamate release increased IPSC activity. Right, addition of the mGluR5

antagonist MPEP (30 –50 �M) did not change the evoked IPSC activity. C, Left, In a different
neuron (while in TTX: 1 �M), glutamate release increased IPSC activity. Right, Addition of the
AMPA receptor antagonist DNQX (20 – 40 �M) significantly reduced the evoked activity. D,
Population data illustrating the decrease in IPSC charge and frequency by both low-Ca 2� and
DNQX.

Figure 3. Dendrodendritic synapses are regulated by both iGluRs and mGluRs. Top, An ex-
ample dLGN relay neuron in which focal glutamate release (indicated by the black dot) pro-
duced a prolonged change in IPSC activity (in TTX: 1 �M). Right, Expanded trace of the period
represented by the gray line. Middle, Addition of the mGluR5 antagonist MPEP (50 �M) signif-
icantly reduced the duration of IPSC activity but had minimal effect on the magnitude of the
initial response. Bottom, Subsequent application of DNQX (20 �M) blocked the initial increase in
IPSC activity.
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strongly suggest that our stimulation was subthreshold and that
GABA release resulted from local actions and not from global
excitation of thalamic interneurons.

Glutamate-evoked changes in IPSC activity are mediated by
F2 and not F1 terminals
It is also possible that glutamate could increase IPSC activity by
direct excitation of axonal terminals (F1 terminals) as well. To
eliminate this possibility, we performed similar experiments on
relay neurons of the rat ventrobasal complex, VB. Unlike the rat
dLGN, which contains both F1 and F2 terminals, the rat VB lacks
local interneurons and receives F1 input predominantly from
thalamic reticular neurons (Ottersen and Storm-Mathisen, 1984;
Ohara and Lieberman, 1993; Arcelli et al., 1997). Therefore, a
TTX-insensitive increase in IPSC activity recorded in rat VB relay
neurons would indicate a direct action on F1 terminals. To com-
pare relay populations, we systematically stimulated various den-
dritic locations in a population of dLGN neurons that displayed
positive responses (n � 24 neurons) and VB neurons (n � 4
neurons; Fig. 5A,B). As expected, the change in IPSC activity was
markedly different between relay neurons (p � 0.0001, Kolm-
ogorov–Smirnov test), as robust changes were frequently ob-
served in dLGN (128 of 290 dendrites, 44%) and never observed
in VB neurons (0 of 64 dendrites, 0%; Fig. 5C). Moreover, the
change in IPSC activity had a bimodal distribution in dLGN neu-
rons with peaks centered at 13.9 and 133.3%, but only a single
peak in VB neurons (�5.4%, Fig. 5D). Based on these findings,
we are confident that focal glutamate stimulation results in the
local and selective activation of dendrodendritic F2 synapses.
This local activation led to a significant 175% increase in IPSC
activity above the control baseline frequency in the dLGN relay
neurons (control: 5.0 � 2.0 Hz; glutamate: 12.6 � 3.8 Hz, n �
128 dendrites/24 neurons; p � 0.0001).

To determine whether iGluR-mediated F2 output could im-
pact the integration of coupled excitatory input (presumed reti-
nogeniculate via the triad), we evoked a transient membrane
depolarization in both dLGN and VB neurons before and after
application of the GABAA receptor antagonist SR95531 (10 –20
�M; Fig. 5E). Using the same stimulation that increased IPSC
activity, the transient membrane depolarization was evoked by
stimulating a relay neuron dendrite (25– 40 �m from soma) and
recorded while holding the soma at �65 mV in current-clamp. At
this membrane potential, we avoid activating dendritic T-type
calcium channels, which would result in a calcium-dependent,
low-threshold spike (Crunelli et al., 1989; Huguenard and Prince,
1992; Crandall et al., 2010; Errington et al., 2010). Overall, the
change in area and amplitude of the evoked depolarization after
SR95531 application was much greater for dLGN neurons than
VB neurons (dLGN: 74 dendrites/19 neurons; VB: 28 dendrites/7
neurons; area: p � 0.03, amplitude, p � 0.09 with a Kolmogorov–
Smirnov test; Fig. 5F). These results suggest that an iGluR-
mediated activation of a F2 terminal, presumably via a coupled
retinogeniculate terminal, would lead to a direct feedforward in-
hibition of the local excitatory postsynaptic potential generated
in the dLGN neuron.

Organization of dendrodendritic connections between relay
neurons and interneuron
Next, we wanted to map the synaptic connectivity between the
presynaptic dendrites of thalamic interneurons and their relay
neuron targets with single-dendrite resolution. To do this, we
classified the 290 locations tested (n � 24 neurons) into one of
four spatially distinct locations based on measured distance from
soma (Fig. 6A). The probability of glutamate stimulation result-
ing in a change in IPSC activity decreased with increased distance
from soma (proximal vs distal; p � 0.0001 with a Kolmogorov–

Figure 4. Glutamate uncaging generates local and not global GABA release from thalamic interneurons. A, Right, A 2PLSM image of a local thalamic interneuron filled with Alexa Fluor 594 (50
�m). Without TTX, glutamate uncaging (white shadows) was performed at various locations (L) while recording the voltage response at the soma. Left, Somatic voltage recordings from each
location while holding the soma at a depolarized (�65 mV) and hyperpolarized (�85 mV) membrane potential. The star (*) indicates a truncated action potential, while the block dot represents
when the laser pulse was delivered. A plateau-like calcium spike (Acuna-Goycolea et al., 2008) was never generated with focal glutamate stimulation. B, Population data indicating that the response
amplitude was independent of holding potential and was dependent on location (Proximal: 0 – 44 �m; Distal: 150 –263 �m). C, Population data indicate that the probability of spiking was highest
when stimulating proximal locations at a depolarized membrane potential. No spiking was observed when the cell was hyperpolarized.
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Smirnov test; Fig. 6B). Overall, positive F2
responses were more frequent at proximal
locations (15–25 �m; 52 of 69 dendrites:
75.4%) than at distal locations (80 –120
�m; 12 of 69 dendrites: 17.4%). This
physiological data correlates well with
previous anatomical studies suggesting
that retinogeniculate terminals, and thus
F2 terminals, are preferentially localized
to the proximal dendrites of relay neurons
(Wilson et al., 1984; Sherman, 2004).

A closer inspection of the distribution
of F2 terminals (i.e., positive responses)
suggested that they could also be clustered
along dendrites of individual relay neu-
rons (Fig. 7A). To determine whether
clustering occurred, we compared the av-
erage change in IPSC frequency for each
dendrite (i.e., four locations) and dis-
played the results using a polar plot (Fig.
7A–C). Comparisons were made only in
neurons which had 3– 6 dendrites exam-
ined (n � 15 neurons). In total, 7 of 15
(47%) dLGN neurons had significant dif-
ferences in IPSC activity between den-
drites ( p � 0.035 or less, one-way
ANOVA), while the remaining neurons
had a more distributed distribution (Fig.
7D). These findings imply that F2 termi-
nals can cluster along individual dendrites
in a subpopulation of dLGN neurons.

Glutamate uncaging reveals F2
terminals are capable of local
input– output computations
Our previous long-duration and low-
intensity stimulation allowed us to sys-
tematically stimulate different parts of the
dendritic tree to map inhibitory dendro-
dendritic connections between thalamic
interneurons and relay neurons. How-
ever, since this method of glutamate ap-
plication resulted in a stimulated area
roughly 20 �m in diameter, it likely acti-
vated numerous F2 terminals as well as
nonsynaptic receptors (Callaway and
Yuste, 2002). To reduce the stimulated
area and to evoke GABA release from
fewer F2 terminals while limiting nonsyn-
aptic receptor activation, we used a short-
duration, high-intensity laser pulse (0.1–3.0
ms). We estimated that the radial spread of
glutamate using this stimulation was 3.6 �
0.6 �m (n � 4 neurons). To identify a den-
dritic region innervated by F2 terminals, we
first used the long duration pulse (Fig. 8A).
We next searched that region using the
shorter stimulation to locate a branch inner-
vated by a F2 terminal(s) (Fig. 8B,C; loca-
tion 5 and 6). Similar to our previous results,
the evoked IPSC activity was sensitive to the
GABAA receptor antagonist SR95531 (10
�M: n � 4 neurons; Fig. 8C, red traces). Re-

Figure 5. Glutamate uncaging produces a TTX-insensitive change in IPSC activity in rat dLGN but not VB neurons. A, Left, 2PLSM
image of a dLGN relay neuron. The blue shadows indicate two locations where glutamate was released. Right, In TTX (1 �M),
glutamate released at location 1 produced a change in IPSC activity (top: positive response). Glutamate released at location 2 did
not alter IPSC activity (bottom: negative response). B, Left, 2PLSM image of a VB relay neuron. Right, In TTX (1 �M), glutamate
released at locations 1 and 2 produced no change in IPSC activity (negative response). C, Cumulative probability graph showing
that the change in IPSC frequency (freq.) was significantly different for VB (red) compared to dLGN neurons (green). D, Shown is a
relative frequency histogram of the change in IPSC frequency for both dLGN (green) and VB neurons (red). The dLGN population
was best fit by a double Gaussian curve while a single curve best fit the VB population (dashed lines). Bin size, 12%. E, Current-
clamp recordings obtained from dLGN and VB neurons after glutamate stimulation in the presence of TTX (1 �M: black) (dLGN:
amplitude, 8.6 � 5.1 mV; area, 3092 � 2721 mV*ms, n � 74D/19N; VB: amplitude: 4.2 � 1.7 mV; area, 1142 � 695 mV*ms,
n � 28 dendrites/7 neurons). Subsequent application of SR995531 (10 –20 �m: gray) frequently enhanced the transient mem-
brane depolarization evoked in dLGN neurons. Responses recovered after a 10 –15 min wash (data not shown). F, Cumulative
probability graphs showing SR95531 increased the area and amplitude of the evoked depolarization in dLGN neurons more than in
VB neurons.

Figure 6. Inhibitory dendrodendritic synapses are preferentially localized to the proximal dendrites of relay neurons. A, A
2PLSM image of a dLGN relay neuron filled with Alexa Fluor 594 (50 �M). Glutamate was released at four spatially distinct locations
along individual primary dendrites. As measured from the soma: (1) Proximal (Prox): 15–25 �m; (2) Intermediate I (Inter. I):
30 – 45 �m; (3) Intermediate II (Inter. II): 50 –75 �m; (4) Distal: 80 –120 �m. Shown are the corresponding responses for each of
the locations tested. B, A cumulative probability graph for each dendritic location examined. The probability of observing a change
in IPSC activity decreased from proximal to distal locations.
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sponses were also reliably obtained across
consecutive trials (Fig. 8D). To determine
the mechanism behind the change in IPSC
activity, we first tested the effect of different
iGluR antagonists. Similar to our previous
results (Fig. 4), application of the AMPA re-
ceptor antagonist DNQX (20 �M) com-
pletely blocked the evoked IPSC activity
(n � 5 neurons; p � 0.01; Fig. 8E,H). Next,
we examined the contribution of NMDA
receptors using the receptor antagonist
CPP. Bath application of CPP (10 �M) sig-
nificantly reduced the IPSC activity by
63.6 � 28.3% (n � 6 neurons; p � 0.01) and
blocked nearly all the inward current (Fig.
8F,H). Finally, we wanted to test the contri-
bution of the L-type voltage-gated calcium
channel, because previous reports have in-
dicated that this channel plays an important
role in GABA release from interneuron den-
drites (Acuna-Goycolea et al., 2008; Err-
ington et al., 2011). Application of the
selective L-type channel blocker nifedipine
(10 �M) reduced the evoked IPSC activity by
62.7 � 29.7% (n � 9 neurons; p � 0.01)
(Fig. 8G,H). This data strongly suggests that
individual F2 terminals have the capacity to
produce output through the local AMPA/
NMDA receptor-mediated recruitment of
L-type calcium channels, a mechanism sim-
ilar to that underlying global dendritic re-
lease, but one that does not propagate
throughout the dendritic arborization
(Acuna-Goycolea et al., 2008).

Discussion
In summary, we used glutamate uncaging
to examine the nature of local GABA re-
lease from the presynaptic dendrites (F2
terminals) of thalamic interneurons. Our
results show that output from F2 termi-
nals can be regulated by local iGluRs and
that output, when coupled with a postsyn-
aptic excitation (presumed retinogenicu-
late via the triad), can attenuate the
magnitude of the excitatory response gen-
erated in a thalamic relay neuron. Local
dendritic output is strongly dependent on
the activation of AMPA receptors and ap-
pears partially dependent on NMDA re-
ceptors and voltage-gated L-type calcium
channels. Moreover, we demonstrate that
iGluR-mediated release was local in na-
ture, as dendritic stimulation of thalamic
interneurons had a low probability of
action potential discharge and did not gen-
erate a plateau-like calcium spike (Acuna-
Goycolea et al., 2008). Our data also
provides insight into the functional orga-
nization of dendrodendritic synapses in
the visual thalamus. We find that presyn-
aptic dendrites are preferentially localized
to proximal dendrites of relay neurons.

Figure 7. Distribution of dendrodendritic synapses across individual dLGN neurons. A, A 2PLSM image of a dLGN relay
neuron filled with Alexa Fluor 594 (50 �M). The image illustrates the spatial distribution and response magnitude for each
of the distinct locations tested from this neuron. Note that glutamate stimulation along one of the dendrites consistently
evoked a robust change in IPSC activity independent of location. Stimulation along other dendrites produced either weak
changes in IPSC activity or no response (NR) at all. The small inset shows both location and orientation of the cell within the
dLGN (coronal plane) D, Dorsal; L, lateral. B, Polar plot of the four branches tested as a function of branch orientation [dorsal
(D), lateral (L), ventral (V), and medial (M)]. Plotted are the average (Avg) baseline frequencies (blue) and glutamate
evoked frequencies (green) for each dendrite. The average for each dendrite was calculated by combining the responses
obtained from each of the four locations (three stimulations per location). C, Shown is a polar plot of the average change in
IPSC frequency for each dendrite shown in B. A one-way ANOVA was used to compare dendrites across a single neuron. D,
Top, Example of two dLGN neurons with clustered F2 innervation patterns (Cell 1 and Cell 2). Note that only three of the five
dendrites examined in Cell 1 were innervated by F2 terminals. Bottom, Example of two dLGN neurons with distributed F2
innervation patterns (Cell 3 and Cell 4).
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Presynaptic dendrites were also frequently found clustered along
dendrites of a single postsynaptic relay neuron. Together, these
results imply that thalamic interneurons behave as multiplexors,
with hundreds of presynaptic dendritic terminals that operate
independent of not only the soma but other terminals as well.
Since iGluR-mediated dendrodendritic inhibition was not pres-
ent in all dLGN neurons examined, we believe our results are
consistent with in vivo physiology and neuroanatomy described
in cat dLGN, where F2 terminals are commonly associated with X
but rare for Y thalamic relay neurons (Friedlander et al., 1981;
Wilson et al., 1984). Although the distinctions between classes in
the rat are not as well established as those in cats and nonhuman
primates, relay neurons in the rat do display some morphological
correlates (Lam et al., 2005). Thus, our findings regarding local
iGluR activation of F2 terminals may provide insight regarding
the role of inhibition in the X-visual pathway.

Local dendrodendritic output is controlled by multiple
glutamate receptor subtypes
Our finding that F2 terminals are controlled by iGluRs is in agree-
ment with previous observations (Cox and Sherman, 2000; Blitz
and Regehr, 2005; Acuna-Goycolea et al., 2008) but differs in that
our data suggest that local input is sufficient to produce output.
This, coupled with previous work examining the function of
mGluR5 at F2 terminals (Godwin et al., 1996; Govindaiah and
Cox, 2004, 2006), suggests that local dendritic release from tha-
lamic interneurons is controlled by two distinct classes of gluta-

mate receptors with different properties (Anwyl, 1999).
Activation of iGluRs would occur quickly after afferent input,
producing a relatively short-duration output that would influ-
ence local excitation in the postsynaptic relay neuron. If iGluRs
are found on F2 terminals participating in the synaptic triad (Fig.
1A), it suggests that fast output would limit the effectiveness of
the coupled retinogeniculate synapse by providing a direct, short
latency source of disynaptic inhibition. With such a tight spatial
relationship between inhibitory and excitatory inputs, local den-
drodendritic inhibition would likely function to regulate the tem-
poral window for a single retinogeniculate input to integrate with
other excitatory inputs (Pouille and Scanziani, 2001; Cruikshank
et al., 2007). This could ultimately influence spike output from
thalamic relay neurons (Usrey et al., 1998; Sincich et al., 2007;
Rathbun et al., 2010). In contrast, activation of mGluRs would
occur only during states of high afferent activity, resulting in
prolonged inhibitory output and long-lasting influence over the
responsiveness of the postsynaptic relay neuron. Such output
occurring within the synaptic triad has been suggested to provide
a local gain control for the relay of retinogeniculate information
from thalamus to the neocortex (Govindaiah and Cox, 2004;
Sherman, 2004).

Can the same F2 terminal be controlled by both iGluRs and
mGluRs? Our present study suggests that some F2 terminals are
coregulated by iGluRs and mGluRs, but the evidence for this is
largely anecdotal (Fig. 3). In past studies, mGluR-dependent re-
lease has been isolated using tetanic stimulation of the optic tract

Figure 8. Focal glutamate uncaging reveals the mechanism behind local dendrodendritic output. A, A 2PLSM image of a dLGN relay neuron filled with Alexa Fluor 594 (50 �M). To use a more focal
stimulation, we first used a long-duration laser pulse (blue shadow: 100 ms, low intensity) to locate a region innervated by F2 terminals. Bottom, In TTX (1 �M) a long stimulation produced a robust
change in IPCS activity. B, A high resolution image indicating where focal glutamate uncaging (blue spots) was performed within the selected region shown in A. C, Ten random responses for the
six locations are shown. Application of SR95531 (10 �M: red traces) attenuated the evoked IPSC activity at location 6. D, Population data (mean � SEM) indicates that the increase in IPSC activity
can be reliably obtained in consecutive trials (0.05 Hz interval). E, Left, A 2PLSM image of the region where focal uncaging was performed (Pulse: 1.0 ms). Middle, Ten random responses obtained
in TTX (1 �M). Right, Subsequent addition of DNQX (20 �M) completely blocked the evoked IPSC activity. F, Left, A 2PLSM image of the region where focal uncaging was performed (Pulse: 0.1 ms).
Middle, Ten random responses obtained in TTX (1 �M). Right, Subsequent addition of CPP (10 �M) significantly reduced the evoked IPSC activity and blocked the inward current. G, Left, A 2PLSM
image of the region where focal uncaging was performed (Pulse: 2.0 ms). Middle, Ten random responses obtained in TTX (1 �M). Right, Subsequent addition of Nifedipine (NIF: 10 �M) significantly
reduced the evoked IPSC activity. H, Population data summarizing the effect each receptor antagonist had on the evoked IPSC frequency. The asterisks indicate statistical significance.
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or bath application of mGluR agonists in the presence of iGluR
antagonists to attenuate potential suprathreshold activation (ac-
tion potential) of the interneurons (Govindaiah and Cox, 2004,
2006). We speculate that the relatively low occurrence of mGluR
activation observed in this study is likely a result of the uncaging
parameters used, which were likely inadequate to activate
mGluRs. Although increasing glutamate concentrations or laser
intensity/duration may facilitate mGluR activation, such an ap-
proach will also lead to increased GABA antagonism via the caged
compound and phototoxicity, respectively (Svoboda and Ya-
suda, 2006; Fino et al., 2009). Therefore, future studies using
different experimental designs will be needed to determine the
degree of glutamate receptor coexpression at F2 terminals.

Output flexibility of thalamic interneurons
Most dendrites contribute to neural output by collecting, inte-
grating, and communicating afferent information to the soma/
axon, where action potentials occur and communication continues
to downstream neurons (Spruston et al., 2008). With presynaptic
dendrites the afferent synaptic input is now in close proximity to the
synaptic release site, making it possible to couple local input with
proximal output (Margrie and Urban, 2008). This is exemplified by
the unique arrangement of the synaptic triad. Here, the inhibitory F2
terminal is presynaptic to a relay neuron dendrite and postsynaptic
to an excitatory terminal that targets the same relay neuron dendrite
(Fig. 1A). The tight coupling within this microcircuit appears to
provide the ideal machinery for very localized and independent in-
formation processing. The ability to perform such actions could al-
low thalamic interneurons to operate as multiplexors (Bloomfield
and Sherman, 1989; Cox et al., 1998), single neurons containing
hundreds of independently operating input–output devices. Such a
feature is qualitatively similar to that described for amacrine cells,
where neurotransmitter release from dendrites is believed to be iso-
lated and reflects the local computation of visual information (Euler
et al., 2002; Grimes et al., 2010). If we combine our results demon-
strating that F2 terminals are capable of local output with the previ-
ous finding that interneuron dendrites support active dendritic
conductances that initiate neurotransmitter release (Acuna-
Goycolea et al., 2008), it suggests that these neurons are capable of
generating both local and global output. Such output flexibility
could greatly increase the computational power of an individual
thalamic interneuron.

The organization of inhibitory dendrodendritic synapses on
thalamic relay neurons
The spatial distribution of inhibitory contacts on a target neuron
can significantly impact how inhibition influences information
processing in the postsynaptic neuron (Markram et al., 2004).
Here, we provide physiological evidence to suggest that inhibi-
tory dendrodendritic synapses are preferentially localized to the
proximal dendrites of thalamic relay neurons. This is consistent
with anatomical studies indicating that primary afferents (i.e.,
retinogeniculate terminals) and triadic arrangements are located
proximal to the cell body of relay neurons (Guillery, 1969; Mon-
tero, 1986; Ralston, 1971; Famiglietti and Peters, 1972). A strong
innervation of the proximal region could allow presynaptic den-
drites to exert powerful control over the generation and timing of
action potentials, a property similar to that of other perisomatic
targeting interneurons in the brain (Miles et al., 1996; Markram
et al., 2004; Mittmann et al., 2005).

We also found evidence to suggest that dendrodendritic syn-
apses cluster along dendrites in a subpopulation of relay neurons.
This observation is intriguing, considering that retinogeniculate

axons can differ greatly with respect to their innervation patterns,
strength of connections, and the degree to which their terminals
participate in triads (Cleland et al., 1971a,b; Hamos et al., 1987;
Usrey et al., 1999). By clustering along a branch, F2 terminals
could preferentially influence how excitatory inputs are inte-
grated within the specific branch (Spruston et al., 2008). Another
possible function of clustered F2 terminals could be to limit the
generation or propagation of dendritic spikes along a given
branch (Gasparini and Magee, 2006; Larkum and Nevian, 2008;
Losonczy et al., 2008). In the case of thalamic relay neurons,
clustered dendrodendritic synapses could regulate calcium sig-
nals produced by backpropagating sodium or low-threshold cal-
cium spikes along a specific branch (Crandall et al., 2010;
Errington et al., 2010).
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