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Metabotropic Glutamate Receptors Differentially Regulate
GABAergic Inhibition in Thalamus

G. Govindaiah and Charles L. Cox

Department of Molecular and Integrative Physiology, Department of Pharmacology, Beckman Institute for Advanced Science and Technology, University of
Illinois, Urbana, Illinois 61801

Thalamic interneurons and thalamic reticular nucleus (TRN) neurons provide inhibitory innervation of thalamocortical cells that sig-
nificantly influence thalamic gating. The local interneurons in the dorsal lateral geniculate nucleus (dLGN) give rise to two distinct
synaptic outputs: classical axonal and dendrodendritic. Activation of metabotropic glutamate receptors (mGluRs) by agonists or optic
tract stimulation increases the output of these presynaptic dendrites leading to increased inhibition of thalamocortical neurons. The
present study was aimed to evaluate the actions of specific mGluRs on inhibitory GABA-mediated signaling. We found that the group I
mGluR (mGluR, ;) agonist (RS)-3,5-dihydroxyphenylglycine (DHPG) or optic tract stimulation produced a robust increase in spontane-
ous IPSCs (sIPSCs) in thalamocortical neurons that was attenuated by the selective mGluR, antagonist 2-methyl-6-
(phenylethynyl)pyridine hydrochloride (MPEP). In contrast, the group Il mGluR (mGluR, ;) agonists (2R, 4R)-4-aminopyrrolidine-2,4-
dicarboxylate (APDC) or (25,2'R,3'R)-2-(2'3'-dicarboxycyclopropyl)glycine (DCG-IV) suppressed the frequency of sIPSCs. In addition,
mGluR, 5 agonist DHPG produced depolarizations and mGluR,,; agonists APDC or L-CCG-I [(25,1'S,2'S)-2-(carboxycyclopropyl)
glycine] produced hyperpolarizations in dLGN interneurons. Furthermore, the enhanced sIPSC activity by optic tract stimulation was
reduced when paired with corticothalamic fiber stimulation. The present data indicate that activation of specific mGluR subtypes
differentially regulates inhibitory activity via different synaptic pathways. Our results suggest that activation of specific mGluR subtypes
can upregulate or downregulate inhibitory activity in thalamic relay neurons, and these actions likely shape excitatory synaptic integra-

tion and thus regulate information transfer through thalamocortical circuits.
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Introduction

Thalamocortical neurons play an obligate role in the transfer of
sensory information to the neocortex. Despite this critical role,
nonprimary sensory afferents provide the overwhelming major-
ity of synaptic inputs (>90%) onto thalamocortical relay neu-
rons and can modulate information transfer through the thala-
mus, thereby suggestive that thalamic gating is a dynamic rather
than a passive process (McCormick, 1992; Steriade et al., 1993;
Sherman and Guillery, 1998; Guillery and Sherman, 2002;
Govindaiah and Cox, 2005, 2006b). Inhibitory mechanisms play
an important role in the integration of ascending sensory signals
by altering the time course of sensory responses and modifying
sensory receptive field properties (Sillito and Kemp, 1983;
Berardi and Morrone, 1984; Holdefer et al., 1989; Norton and
Godwin, 1992; Uhlrich et al., 1995; Zhu and Uhlrich, 1997; Zhu
and Lo, 1998). Inhibitory mechanisms are also critical constitu-
ents in the synchronization and maintenance of intrathalamic
oscillatory activities associated with various arousal states and cer-
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tain pathophysiological conditions (Steriade et al., 1993; von Krosigk
etal., 1993; Huguenard and Prince, 1994; Cox et al., 1997).

In the visual system, GABA-containing inhibitory interneu-
rons in the dorsal lateral geniculate nucleus (dLGN) innervate
thalamocortical relay neurons by classical axodendritic synapses
(F1 terminals) and dendrodendritic synapses (F2 terminals)
(Guillery, 1969; Ralston, 1971; Famiglietti and Peters, 1972; Hamos
et al., 1985; Montero, 1986). F2 terminals are usually involved in
“triadic” arrangements in which retinogeniculate fibers provide
monosynaptic excitatory inputs onto the thalamocortical relay neu-
ron dendrites as well as F2 terminals (see Fig. 1A). These F2 termi-
nals in turn form inhibitory synaptic contacts onto the dendrites of
thalamic relay neurons giving rise to localized disynaptic inhibitory
pathway. The physiological role of F2 terminals is not clearly under-
stood but is of significant interest considering their anatomical ar-
rangements. Considering their close proximity to the retinogenicu-
late innervation of thalamocortical relay neurons, it is speculated
that F2 terminals could focally regulate retinogeniculate transmis-
sion (Ralston, 1971; Paré et al., 1991; Cox and Sherman, 2000; Mun-
sch etal., 2003; Govindaiah and Cox, 2004). Furthermore, activity of
F2 terminals could occur independent of ongoing somatic activity in
the interneuron, and thus these F2 terminals may act as inde-
pendent, local processors allowing the interneurons to serve as
multiplexers (Ralston, 1971; Bloomfield and Sherman, 1989; Cox et
al,, 1998).
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Activation of metabotropic glutamate receptors (mGluRs) lo-
cated on presynaptic dendrites of interneurons (F2 terminals) by
agonists or synaptic activation of retinogeniculate axons increase
GABA-mediated inhibition in dLGN relay neurons (Cox et al.,
1998; Cox and Sherman, 2000; Govindaiah and Cox, 2004). This
increase in inhibitory activity resulting from mGluR activation of
F2 terminals is insensitive to the Na *-channel blocker tetrodo-
toxin (TTX) and occurs independent of somatic membrane po-
tential changes in the interneuron (Cox and Sherman, 2000).
Considering the diversity of mGluR distribution and variety of
mGluR-mediated actions in the thalamus (Godwin et al., 1996;
Liu et al., 1998; Cox and Sherman, 1999; Tamaru et al., 2001), we
investigated whether specific mGluR subtypes mediate alter-
ations in inhibitory synaptic transmission in the thalamus. Our
data suggest that activation of group I mGluRs (mGluR, 5) and
group II mGluRs (mGluR, ;) produce distinct physiological ac-
tions within the thalamus. These diverse actions likely play a
critical role in integrating cortical and sensory inputs onto
thalamocortical relay neurons, thereby influencing thalamic
gating.

Materials and Methods

Slice preparation. Thalamic slices were prepared from young Sprague
Dawley rats [postnatal day 11 (P11) to P20] as described previously
(Govindaiah and Cox, 2004). Briefly, animals were deeply anesthetized
with sodium pentobarbital (50 mg/kg) and decapitated, and brains were
removed and placed into cold (4°C) oxygenated (95% O,/5% CO,) slic-
ing solution containing the following (in mm): 2.5 KCl, 26 NaHCO;, 1.25
NaH,PO,, 10.0 MgCl, 2.0 CaCl,, 234.0 sucrose, and 11.0 glucose. Para-
sagittal slices (250—300 wm thickness) at the level of dLGN were cut using
a vibrating tissue slicer (Turner and Salt, 1998; Govindaiah and Cox,
2004). The slices were incubated at 32°C for at least 60 min before re-
cording. Individual slices were then transferred to the recording chamber
that was maintained at 32°C, and slices were continuously superfused
(3.0 ml/min) with oxygenated (95% O,/5%CO,) physiological solution
containing the following (in mm): 126.0 NaCl, 26.0 NaHCO,, 2.5 KCl,
1.25 NaH,PO,, 2.0 MgCl,, 2.0 CaCl,, and 10.0 glucose.

Whole-cell recording procedures. Intracellular recordings, using the
whole-cell configuration, were obtained with the visual aid of a micro-
scope (Axioskop 2FS; Zeiss, Thornwood, NY) equipped with differential
interference contrast optics. A low-power objective (4X) was used to
identify nuclei within the slice, and a high-power water immersion ob-
jective (63X) was used to visualize individual thalamic neurons. Record-
ing pipettes had tip resistances of 3—-5 M() when filled with a solution
containing the following (in mwm) 117.0 K-gluconate, 13.0 KCl, 1.0
MgCl,, 0.07 CaCl,, 0.1 EGTA, 10.0 HEPES, 2.0 Na-ATP, 0.4 Na-GTP,
and 0.3% biocytin. The pH and osmolarity of the internal solution were
adjusted to 7.3 and 290 mOsm, respectively. In voltage-clamp experi-
ments, electrodes were filled with Cs-gluconate based intracellular solu-
tion that contained the following (in mm): 117.0 Cs-gluconate, 13.0 CsCl,
1.0 MgCl,, 0.07 CaCl,, 0.1 EGTA, 10.0 HEPES, 2.0 Na,-ATP, 0.4 Na-
GTP, and 0.3% biocytin. Recordings were obtained using a Multiclamp
700A amplifier (Molecular Devices, Sunnyvale, CA). Signals were sam-
pled at 2.5-5 kHz, low-pass filtered at 10 kHz using a Digidata 1320
digitizer, and stored on computer for subsequent analyses using pClamp
software (Molecular Devices). Specific cell types, relay or interneurons,
were distinguished by their size and electrophysiological properties and
subsequent morphological characteristics with biocytin injections that
were used to confirm the morphology of cells types (see Fig. 1C). After
recording, slices were fixed overnight in 4% paraformaldehyde in 0.1 m
phosphate buffer, pH 7.4. Slices were then reacted with avidin—biotin—
peroxidase complex (ABC Elite; Vector Laboratories, Burlingame, CA).
The neuronal morphology was examined under a light microscope.

Concentrated stock solutions of the different pharmacological agents
were prepared and stored as recommended and diluted in physiological
saline to a final concentration before use. Agonists were typically applied
via a short bolus into the input line of the recording chamber using a
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syringe pump (Cox and Sherman, 1999; Govindaiah and Cox, 2005). All
antagonists were bath applied for at least 5 min before subsequent exper-
imental tests. All compounds were purchased from either Tocris Cook-
son (Ellisville, MO) or Sigma (St. Louis, MO).

Optic tract or optic radiation stimulation was accomplished with mo-
nopolar electrodes using square wave constant current pulses (200-500
A, 100 s duration, 200 Hz, 10 pulses) as described previously with
minor modifications (Govindaiah and Cox, 2004). Retinogeniculate and
corticothalamic fibers were stimulated by placing the electrodes in either
optic tract or thalamic reticular nucleus (TRN), respectively (Fig. 1B)
(Turner and Salt, 1998; von Krosigk et al., 1999; Govindaiah and Cox,
2004). IPSCs were recorded from dLGN relay neurons and ventrobasal
(VB) relay neurons using a cesium-based pipette solution at a 0 mV
holding potential to optimize IPSC recordings and to attenuate postsyn-
aptic actions of mGluR agonists on relay neurons (McCormick and von
Krosigk, 1992; Cox and Sherman, 2000; Govindaiah and Cox, 2006a).
After forming the whole-cell configuration, the recording was allowed to
stabilize for at least 5 min before data acquisition.

Data analyses. Inhibitory currents were detected and analyzed using
MiniAnalysis software program (Synaptosoft, Leonia, NJ). The threshold
for IPSC detection was 10 pA, and the automatic detection was verified
post hoc by visual analysis (see Fig. 1D). This detection criterion was
originally established using spontaneous baseline recorded in the pres-
ence of the GABA, receptor antagonist 2-(3-carboxypropyl)-3-amino-
6-(4-methoxyphenyl)-pyridazinium bromide (SR95531) (10 um) to
avoid false positive responses. With these detection parameters, no
events were detected in the presence of SR95531 (see Fig. 1 D). For quan-
tification of spontaneous IPSCs (sIPSCs), the average IPSC frequency
and amplitude were calculated from 120 s windows 1 min before agonist
application and 30 s after agonist application. Quantification of the syn-
aptically evoked sIPSC activity was performed on two consecutive sweeps
of 25 s duration for each experimental condition. The agonist-induced
membrane potential changes were calculated using Clampfit software
(Molecular Devices). The baseline membrane potential was calculated as
a 15 s average before drug application, and the peak depolarization/
hyperpolarization was calculated as the maximum membrane potential
change from a sliding window of 2 s duration. A change in the apparent
input resistance of the neuron during agonist application was deter-
mined by alterations in the membrane potential responses to single-
intensity hyperpolarizing current pulses (10 pA, 500 ms, 0.2 Hz). To
reduce voltage-dependent changes in apparent input resistance, we man-
ually adjusted the membrane potential using current injection at the peak
of the agonist-induced depolarization to the preagonist level and then
obtained amplitude measures in response to the hyperpolarizing current
pulses. Summarized data are expressed as mean = SD (SD), unless noted
otherwise. p values <<0.05 were considered statistically significant.

Results

Intracellular recordings using the whole-cell configuration were
obtained from relay neurons and interneurons in dLGN slices
(Govindaiah and Cox, 2004). The specific neuronal subtypes
were distinguished by electrophysiological and morphological
properties (Fig. 1C) (Hamos et al., 1985; Pape and McCormick,
1995; Williams et al., 1996; Govindaiah and Cox, 2006b). sIPSCs
were recorded from dLGN relay neurons using voltage-clamp
recording techniques with a holding potential of 0 mV and
cesium-containing pipette solution to attenuate postsynaptic ac-
tions of mGluR activation (Cox et al., 1998; Cox and Sherman,
2000). In some experiments, high-frequency, short duration, te-
tanic stimulation of optic tract was used to evoke changes in
sIPSC activity (Fig. 1 Db). These sIPSCs were completely blocked
by the GABA, receptor antagonist SR95531 (10 uM), indicating
that these synaptic responses are mediated by GABA, receptors
(Fig. 1D).
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increase in the sIPSC activity in dLGN re-
lay neurons that persisted for several min-
utes before returning to baseline levels
(Fig. 2A,B). As shown in Figure 2C,
DHPG produces a significant decrease in
the sIPSC interevent intervals ( p < 0.001;
Kolmogorov—Smirnov test). The popula-
tion data reveal that DHPG (10—-100 uMm)
produced a significant concentration-
dependent increase in sIPSC frequency by
158 £ 60% (n = 4), 320 = 99% (n = 6),
636 = 276% (n = 6), and 731 * 382%
(n =5) at 10, 25, 50, and 100 uM, respec-
tively (Fig. 2D) (p < 0.01; one-way
ANOVA). The actions of DHPG (50 um)
were significantly attenuated by the selec-

mGluR; antagonist 2-methyl-6-

tive
- NVW (phenylethynyl) pyridine hydrochloride
(MPEP; 30-100 um) (Fig. 2). In control

conditions, DHPG produced an average
increase in sIPSC frequency of 417 * 94%

61 mV: of control, but in the presence of MPEP,

_|somv the DHPG-mediated increase in sIPSCs

100 ms was reduced to 133 = 64% of control (Fig.

50 pm 2D) (n = 5; p < 0.001; paired ¢ test). The

] | 200 pA sIPSCs were blocked by the GABA , recep-

D tor antagonist SR95531 (10 um), indicat-

: ? ing that these events were GABA,

a l 5R955321 b 4 = . receptor-mediated IPSCs (Fig. 2Ae,

“.. Iu“h. ad - m o SR95531). These data suggest that the

Ly TTX-insensitive increase in GABA,

] ¥ 3 375!50 PA @ o 3 ,—!50 o receptor-mediated IPSCs in dLGN relay

e PN LW 2 neurons is mediated via mGluR,
i e s receptors.

Activation of mGluR, ; suppresses

Figure1. Characterization of GABAergic circuitry in the thalamus. 4, Schematic diagram illustrating known inhibitory circuitry
in the dLGN. Retinogeniculate axons form excitatory synapses onto relay neurons and dendrites of interneurons (int). These
presynaptic dendrites of interneurons (F2 terminals) in turn form inhibitory synapses onto the relay neuron dendrites. Retino-
geniculate axons also synapse near the interneuron cell body. Relay neurons also receive conventional axonal inputs (F1 terminals)
from dLGN interneurons and TRN neurons. GABAR, GABA receptor. B, Schematic of the thalamic slice preparation used in the
present study in which there are intact retinogeniculate and corticothalamic fibers. Retinal and cortical fibers were stimulated by
placing the stimulation (stim) electrodes in optic tract (OT) and TRN, respectively. Rec, Recording electrode; OR, optic radiation; GP,
globus pallidus; IC, internal capsule; MGN, medial geniculate nucleus; VLGN, ventral lateral geniculate nucleus. €, Representative
cytoarchitecture (left) and electrophysiological responses (right) of an identified dLGN relay neuron (1) and interneuron (2). D,
Current traces illustrating spontaneous (a) and optic tract-evoked (b) IPSCs recorded from dLGN relay neurons. The bottom traces
are faster time bases referring to numbered regions above. The IPSC frequency and amplitude were quantified using Minianalysis
software (Synaptosoft). The software detected events based on their amplitude, threshold, and decay time as indicated by the
asterisk. Note that no events were detected in the presence of the GABA, receptor antagonist SR95531 (10 ).

inhibition in thalamocortical neurons

In contrast to the mGluR, s agonist
DHPG, the selective mGluR,; agonist
(2R,4R)-4-aminopyrrolidine-2,4-dicar-
boxylate (APDC; 2-100 um) suppressed
sIPSC activity in the presence of TTX
(1 pm) in dLGN relay neurons (Fig.
3A,B). APDC produced a concentration-
dependent reduction in sIPSC frequency
by 37 £ 20% (n = 3),47 = 11% (n = 5),
63 +21% (n=6),60 * 21% (n = 7), and
54 £ 12% (n = 4) at 2, 10, 25, 50, and 100

Activation of mGluR; increases inhibition in dLGN
relay neurons
Consistent with our previous findings (Cox et al., 1998; Cox and
Sherman, 2000; Govindaiah and Cox, 2004), the mGluR, 5 ago-
nist (RS)-3,5-dihydroxyphenylglycine (DHPG) produced a ro-
bust increase in sIPSC activity in the presence of the sodium
channel blocker TTX (1 uMm) in a subpopulation of neurons
(62%; 28 of 45 neurons) (Fig. 2). This increase in TTX-insensitive
sIPSC activity in the dLGN has been attributed previously to
selective activation of presynaptic dendrites of the interneurons
(i.e., F2 terminals), ultimately leading to increased inhibitory ac-
tivity onto the relay neurons (Cox et al., 1998; Cox and Sherman,
2000; Govindaiah and Cox, 2004).

As illustrated in Figure 2, DHPG (25 um) produced a robust

uM, respectively (Fig. 3Da) (*p < 0.05;
paired £ tests). However, APDC did not significantly alter sSIPSC
amplitudes at any concentration (Fig. 3Db) (p values >0.1;
paired ¢ tests). A different mGIuR, ; agonist, (2S, 2'R,3'R)-2-
(2'3'-dicarboxycyclopropyl)glycine (DCG-IV) (1-5 uM) also de-
creased sIPSC activity (n = 4) in a similar manner as APDC. The
suppressive actions of APDC on sIPSC activity in the dLGN were
blocked by the selective mGluR, ; antagonist (25)-2-amino-2-
[(1S, 2S)-2-carboxycycloprop-1-yl]-3-xanth-9-yl) propanoic
acid (LY341495) (Fig. 3). In TTX (1 uMm), APDC (50 um) pro-
duced a 67% reduction in sIPSC activity (predrug, 6.1 £ 2.4 Hz;
APDC, 1.9 = 0.9 Hz; n = 5; p < 0.01; paired ¢ test). In the
presence of LY341495 (100200 nMm), the APDC-mediated sup-
pression of sIPSCs was completely blocked (predrug, 6.3 = 2.3
Hz; APDC, 6.5 * 2.3 Hz; n = 5; p > 0.5; paired ¢ test).
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Figure 2.  Activation of mGIuR; increases GABA, receptor-mediated sIPSCs in dLGN relay
neurons. A, Spontaneous IPSCs recorded from a relay neuron at holding potential of 0 mV in the
presence of TTX (1 pum). The mGIuR, 5 agonist DHPG (25 uum) increases the frequency of sIPSCs
(b) relative to baseline levels (a). The increase in sIPSC activity by DHPG is attenuated in the
presence of the specific mGluR, antagonist MPEP (50 wum; d). The expanded traces on the right
correspond to the underlined region in the left traces. B, The graphillustrates the time course of
the DHPG-mediated alterations in sIPSC frequency. Each bar represents the number of events in
consecutive 30 s bins. €, Cumulative probability (Cum. Prob.) graphs showing a significant
decrease in interevent interval by DHPG. D, Population data illustrating the concentration-
dependent increase in sIPSC frequency by DHPG and subsequent attenuation by MPEP. Num-
bers within the bar graph indicate the number of cells tested. Values are plotted as mean == SD
(*p << 0.05; paired ¢ test).

We next tested whether the facilitatory actions of DHPG could
be occluded by pretreatment of APDC. In these neurons, DHPG
(25 M) alone increased the sIPSC frequency from 5.2 = 2.5 to
15.2 £ 2.1 Hz (n = 3). In the presence of APDC (50 um), the
DHPG-mediated increase in sIPSC frequency was reduced to
7.5 = 1.8 Hz, which is significantly less than DHPG alone (Fig.
4A) (n = 3; p < 0.01; paired ¢ test). These data suggest that
activation of distinct mGluR subtypes, namely mGluR; and
mGluR, 5, can either increase or decrease inhibitory activity in
thalamic relay neurons in a TTX-insensitive manner.

Activation of mGluR, ; suppresses synaptically evoked
increases in inhibitory activity in thalamocortical neurons
Short duration, high-frequency tetanic stimulation of optic tract
can produce the mGluR-mediated increase in sIPSC activity in
dLGN relay neurons (Govindaiah and Cox, 2004). Considering
our pharmacological data in the present study indicating the role
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of mGluRs, we tested whether tetanic optic tract stimulation can
activate mGluR; thereby increasing sIPSC activity in relay neu-
rons. Optic tract stimulation (200—450 A, 200 Hz, 10 pulses)
evoked a robust increase in sIPSC activity (Fig. 4 B). In the pres-
ence of NMDA and non-NMDA glutamate receptor antagonists
[(+/—)-3-(2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid
(CPP; 25 uM), DL-2-amino-5-phosphonovaleric acid (AP-5; 100
uM), and 6,7-dinitroquinoxaline-2,3-dione (DNQX; 40-60
uM), which will block retinogeniculate activation of local circuit
interneurons at the somatic level (Fig. 1A), optic tract stimula-
tion still produced a robust increase in sIPSC activity (Fig. 4)
(Govindaiah and Cox, 2004). The selective mGluRs antagonist
MPEP (25-50 um) attenuated the synaptically evoked increase in
sIPSC activity indicating the involvement of mGluR; (Fig. 4B, C).
The peak synaptically evoked increase in sIPSC activity was sig-
nificantly reduced from 13.0 £ 5.6 Hz in control conditions to
3.3 = 2.9 Hz in MPEP (Fig. 4C) (n = 7; p < 0.01; paired  test).
The subsequent addition of SR95531 (10 um) completely blocked
the sIPSCs, thereby indicating that all of these events are GABA
receptor-mediated IPSCs (Fig. 4C). Our data indicate that the
mGluR; antagonist MPEP attenuates not only the mGluR agonist
induced increase in sIPSC activity but also the optic tract evoked
increase in sIPSC activity.

Considering mGluR, ; agonists strongly reduced sIPSC activ-
ity, we next tested whether mGluR, ; agonists reduce optic tract-
evoked mGluR;-mediated increases in sIPSC activity. As illus-
trated in Figure 4 D, optic tract stimulation produced an increase
in sIPSC activity in the presence of CPP (25 um), AP-5 (100 um),
and DNQX (40—-60 um). Application of selective mGluR, ;
APDC (25 um) reduced the optic tract-evoked increase in sSIPSC
activity in all cells tested. Population data indicate that APDC
significantly reduced the peak increase in sIPSC activity pro-
duced by optic tract stimulation from 13.5 *+ 5.4 t0 5.8 = 4.2 Hz
(Fig. 4E) (n = 8; p < 0.01; paired t test). These findings were
confirmed by using a different mGluR, ; agonist, DCG-IV (1
M), which mimicked the actions of APDC by reducing the optic
tract evoked increase in sIPSC activity (n = 3). These data are
consistent with the reduction of DHPG-mediated increase in
sIPSC activity illustrated in Figure 4A. Because mGluR, ; ago-
nists reduce the optic tract-mediated increase in sIPSC activity,
we next tested whether optic tract stimulation may also activate
mGluR, ;, the suppressive actions of which may be masked by the
mGluR;-mediated increase in sIPSC activity. In the presence of
the mGluR, ; antagonist LY341495 (200-500 nm), the peak in-
crease in sSIPSC activity evoked by optic tract stimulation was not
significantly altered (predrug, 14.0 = 3.0 Hz; LY341495, 18.5 =
3.0; n = 4; p > 0.1; paired ¢ test). These findings are consistent
with our results in which MPEP did not unmask an underlying
inhibitory action on sIPSC activity (Fig. 4B, C), further support-
ing the lack of mGluR, ; activation by optic tract stimulation. In
addition, the selective group IIl mGluR agonist, L-AP-4 (100-300
M), which produces presynaptic inhibition of excitatory corti-
cothalamic transmission (Turner and Salt, 1999), did not alter
the sIPSC activity in any cells tested (predrug, 5.8 = 3.5 Hz;
L-AP-4,5.4 = 3.3 Hz; n = 7; p > 0.3; paired t test).

Differential actions of mGluRs on membrane potential of
dLGN interneurons

To test whether selective mGluR agonists alter the membrane
potentials of dLGN interneurons, current-clamp recordings of
interneurons were made using a K *-based internal solution. Pre-
vious studies demonstrated that the general mGluR agonist
ACPD or optic tract stimulation in the presence of ionotropic
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produced a membrane hyperpolarization
that averaged 5.2 = 3.1 mV (Fig. 5Aa) (n =
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M), a different mGluR, 5 agonist that pro-
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6.0 = 2.5 mV (Fig. 5Ab) (n = 4;p < 0.02;
test). The hyperpolarizing actions of APDC
were blocked by the mGluR, ; antagonist

_| 50 pA

1 min

__| 20 pA

100 ms

sIPSC count oo
(/30 s)
—_ 8
2 8

<
<

200 400

600
Time (s)

§ 0.8
B 0.6
E 04 _ Control- Pre drug
S0
p = [341495- APDC | 0 3
70 200 400 600 800 1000 0 20 40 60 80 100 2 10 25 50 IE)U 50+ 2 10 25 50 100 50+
. 341495 LY341493
Interval (ms) Amplitude (pA) [APDC] (HM) [APDC] (uM)
Figure3. Activation of mGIuR, ; suppresses sIPSC activity in dLGN relay neurons. A, Representative current recording from a

dLGN relay neuron in the presence of TTX (1 wum) illustrating the suppressive action of mGIuR, ;. The mGluR, ; agonist APDC (10
fum) reduces the IPSCfrequency (b) compared with baseline activity (a) in a reversible manner (c). The APDC-mediated reduction
insIPSCactivity is blocked in the presence of a specific mGIuR, ; antagonist, LY341495 (200 nw, d). Representative current traces
in each condition are shown in an expanded time scale in the left panel. The expanded traces on the right correspond to the
underlined region in the left traces. B, The graph illustrates the time course of the APDC-mediated alterations in sIPSC frequency
in the absence and presence of LY341495. Each bar represents the number of events in consecutive 30 s bins. ¢, Cumulative
probability (Cum. Prob.) graphs reveal a significant increase in interevent intervals (a) by APDC without altering the sIPSCampli-
tude (b). D, Population data illustrating the concentration-dependent decrease in sIPSC frequency by APDC (a), but there is no
changein sIPSCamplitude (b). Numbers within the bar graph indicate the number of cells tested. The data are plotted as mean =

SD (*p < 0.05).

glutamate receptor (iGluR) antagonists do not significantly alter
the membrane potential of dLGN interneurons (Pape and Mc-
Cormick, 1995; Cox et al., 1998; Govindaiah and Cox, 2004). This
observation is consistent with the hypothesis that alterations in
F2 outputs can occur independent of somatic activity of the in-
terneurons (Bloomfield and Sherman, 1989; Cox et al., 1998). In
agreement with these previous reports, ACPD (150 um) pro-
duced a negligible effect on the membrane potential of dLGN
interneurons (0.8 = 1.7 mV; n = 16; p > 0.1; t test). Surprisingly,
exposure to selective mGluR, 5 and mGluR, ; agonists, DHPG
and APDC, respectively, produced differential effects on the
membrane potential of dLGN interneurons. DHPG (50 um) pro-
duced a robust membrane depolarization that averaged 8.6 = 3.6
mV (Fig. 5Aa,b) (n = 10; p < 0.01; t test). This depolarization was
associated with an increase in input resistance that averaged

LY341495 (200 nv; n = 4) (Fig. 5Ac). Our
results suggest that the apparent lack of effect
by ACPD results from the combined actions
of mGluR, ; and mGluR;. Ina subset of neu-
rons, ACPD (150 um) produced an average
depolarization of 1.5 = 1.5 mV (n = 7). In
the presence of the mGIuR,; antagonist
LY341495 (200 nm), ACPD produced a sig-
nificantly larger depolarization averaging
5.6 = 3.1 mV (Fig. 5Ae) (n = 7; p < 0.01;
paired t test). This depolarization was asso-
ciated with an increase in input resistance
that averaged 138 = 22% (n = 4) of control
levels. Conversely, in a different subset of
neurons, ACPD produced a negligible
change in the membrane potential (—0.4 =
1.9 mV; n = 5). In the presence of mGluR,
antagonist MPEP (50 uMm), ACPD produced
a hyperpolarization that averaged —8.3 =
3.5mV (Fig. 5Af) (n = 5; p < 0.01; paired ¢
test). This hyperpolarization was associated
with a decrease in input resistance that aver-
aged 71 £ 9% (n = 4) of control levels. In
contrast to our results in the interneurons,
APDC (50-100 um) did not alter the mem-
brane potential of thalamic relay neurons
tested (n = 5) (Fig. 5C). The hyperpolarizing action of mGluR, ;
activation could ultimately reduce the axonal output (F1 terminals)
of interneurons, but such an effect would be TTX-sensitive, an effect
in addition to the TTX-insensitive response illustrated in Figure 3.

1000

Corticothalamic fiber stimulation hyperpolarizes

dLGN interneurons

In addition to the retinogeniculate pathway, the other major glu-
tamatergic input to dLGN interneurons arises from corticotha-
lamic neurons. We next tested whether tetanic stimulation of
corticothalamic fibers could produce mGluR-mediated synaptic
responses in dLGN interneurons. Corticothalamic fiber stimula-
tion (300500 A, 200 Hz, 10 pulses) produced a short duration
excitation that could lead to action potential discharge (Fig. 5Ba,
asterisk), followed by a long-lasting hyperpolarization (Fig. 5Ba).
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Figure 4. Regulation of inhibitory activity by mGluRs. A, Activation of mGluR, 5 blocks the

increased inhibitory actions by mGluRs. Representative current recording from a dLGN relay
neuron in TTX (1 wm). The mGIuR, 5 agonist DHPG (25 um) increases the IPSC frequency (b)
compared with baseline activity (a) in a reversible manner. In the presence of the mGIuR, ;
agonist APDC (50 wum; c), the DHPG-mediated increase in sIPSC activity is significantly reduced
(d). Representative current traces for each condition are shown in an expanded time scale. B, In
a dLGN relay neuron, optic tract stimulation (350 A, 200 Hz, 10 pulses; arrow) increases sIPSC
activity that persists in the presence of NMDA and non-NMDA glutamate receptor antagonists
CPP (25 pam), DNQX (40 pum), and AP-5 (100 wum; DNQX/CPP/APS). +MPEP, The selective
mGluR; antagonist MPEP (50 wum) significantly reduces the optic tract-mediated increase in
sIPSCactivity in a reversible manner (wash). €, Population data illustrating the IPSC frequency
(hertz) over time starting 3 s before and 22 s after optic tract stimulation in three different
conditions: control (H), +MPEP (@), and SR95531 (A). D, The mGluR, ; agonist APDC (25
) strongly suppresses the increase in sIPSCs produced by optic tract stimulation. E, Popula-
tion dataillustrating the IPSC frequency (hertz) over time starting 3 s before and 22 s after optic
tract stimulation (arrow) in three different conditions: control (IM), +APDC (@), and wash
(A). The data are plotted as mean == SEM in Band D.

The placement of the stimulating electrode in addition to activat-
ing corticothalamic axons that form monosynaptic innervation
of relay neurons but may also activate corticothalamic innerva-
tion of TRN neurons as well. To avoid confounding effects from
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TRN neurons and direct iGluR effects on the relay neurons, we
applied an antagonist mixture containing DNQX (50 um), CPP
(40 M), SR95531 (10 mm), and [S-(R*R*)]-[3-[[[1-(3,4-
dichlorophenyl)ethyl]Jamino]-2-hydroxypropyl](cyclohexyl-
methyl)phosphinic acid (CGP54626; 10 uM) to block AMPA,
NMDA, GABA,, and GABAj receptors, respectively. Under
these conditions, corticothalamic stimulation evoked a long-
lasting hyperpolarization that averaged 5.0 = 2.8 mV (n = 4).
This synaptically evoked hyperpolarization was significantly at-
tenuated by the mGlIuR, ; antagonist LY341495 (Fig. 5Ba) (200
nM; predrug, 5.0 = 2.8 mV; LY341495,0.3 £ 0.5mV;n=4;p <
0.05; paired ¢ test). In contrast, optic tract stimulation did not
produce any lasting membrane potential changes in the presence
of the iGluR and GABA antagonists (Fig. 5Bb) (n = 4) (Govin-
daiah and Cox, 2004).

Decreased inhibition by corticothalamic fiber stimulation
Based on the possible differential long-lasting synaptic actions
produced by optic tract stimulation (i.e., increased sIPSC activ-
ity) and optic radiation stimulation (i.e., inhibition of interneu-
rons), we next tested the consequences of simultaneous activa-
tion of these pathways on the regulation of inhibition in thalamic
relay neurons. In the presence of iGluR antagonists, CPP (40 um)
and DNQX (50 uM), optic tract stimulation (200—400 A, 200
Hz, 10 pulses) produced a robust increase in sIPSC activity (Fig.
6A) (n = 4). The population data reveal that optic tract stimula-
tion alone produced a significant increase in sIPSC activity from
3.8 £0.2to 18.1 = 1.7 Hz (Fig. 6C, filled square) (n = 4; p < 0.01;
paired t test). In contrast, optic radiation stimulation (200-500
MA, 200 Hz, 10 pulses) produced a short-lasting suppression of
sIPSC activity (Fig. 6A). Optic radiation stimulation reduced
sIPSC frequency from 3.3 = 0.9 to 1.5 = 0.6 Hz (Fig. 6C, filled
star) (n = 4; p < 0.05; paired ¢ test). Simultaneous stimulation of
optic tract and optic radiation led to a suppression of sIPSC ac-
tivity (Fig. 6A). There was a significant reduction in the sIPSC
frequency by the combined stimulation of optic tract and optic
radiation compared with optic tract stimulation alone (Fig. 6 B)
(p <0.01; Kolmogorov—Smirnov test) but no alteration in sIPSC
amplitude ( p > 0.2; Kolmogorov—Smirnov test). With the com-
bined stimulation, the peak activity was reduced to 11.5 = 1.5 Hz,
which was significantly lower than the peak activity produced by
optic tract stimulation alone (Fig. 6C, filled circle) (n = 4; p <
0.05; paired t test). In these neurons, the subsequent application
of APDC mimicked the optic radiation stimulation by also reduc-
ing the sIPSC frequency evoked by optic tract stimulation (Fig.
6C, filled triangle) (n = 4).

Our present data indicate that activation of mGluR, ; can de-
crease sISPC activity. We found that mGIuR, ; agonists can re-
duce sIPSC activity in the presence of TTX, presumably acting on
presynaptic terminals. Unfortunately, we cannot distinguish be-
tween F1 or F2 type terminals, because both terminal types are
present in the rodent dLGN, so we next tested the actions of
APDC in a thalamic nucleus that contain very few interneurons.
The VB thalamic nucleus contains very few GABAergic interneu-
rons, so this nucleus receives almost exclusive F1 terminal inner-
vation that arises from TRN neurons (Ottersen and Storm-
Mathisen, 1984; Arcelli et al., 1997). In the presence of TTX (1
uM), APDC (50 uM) significantly suppressed sIPSC activity by
61 = 20% in VB relay neurons (Fig. 7) (predrug, 5.2 £ 1.6 Hz;
APDC, 2.0 = 1.1 Hz; n = 8; p < 0.01; paired ¢ test) similar to that
observed in dLGN relay neurons. In contrast, the mGluR, 5 ago-
nist DHPG (50 uM) did not alter the sIPSC activity in the VB relay
neurons (Fig. 7) (predrug, 4.5 + 1.7 Hz; DHPG, 5.1 = 1.7Hz; n =
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Figure5. Differential actions of mGluRs on thalamicinterneurons. A, Representative voltage
traces from dLGN interneurons. The transient downward deflections in these recordings are the
membrane responses to short hyperpolarizing current steps used to assess alterations in appar-
entinput resistance. a, ACPD, The general mGluR agonist ACPD (150 ) has minimal effect on
the membrane potential. DHPG, The selective mGluR, 5 agonist DHPG (50 ) produces a
membrane depolarization. Short transient hyperpolarizing potentials are membrane responses
to hyperpolarizing current steps (10 pA, 500 ms, 0.5 Hz). At the peak of the DHPG-mediated
depolarization, hyperpolarizing current was manually injected to return the membrane poten-
tial to predrug levels to test for voltage-independent alterations in input resistance (see Mate-
rials and Methods). Similar manipulations were performed in bf. In contrast, the mGIuR, 5
agonist APDC (25 um) produces a membrane hyperpolarization in the same interneuron
(APDC). b, ACPD, In a different interneuron, ACPD (150 wum) produces a negligible depolariza-
tion. DHPG, DHPG (50 um) produces a depolarization in the same neuron, whereas a different
mGluR, 5 agonist 1-CCG-I (10 m) produces a membrane hyperpolarization (L-CCG-I). ¢, The
hyperpolarizing action of APDC (25 pum; left trace) is attenuated in the presence of the selective
mGIuR, ; antagonist LY341495 (200 nw; right trace). d, The depolarizing action of DHPG (50 pum;
left trace) is attenuated in the presence of the mGluR antagonist MPEP (50 wum; right trace). e,
The general mGIuR agonist ACPD (150 wm) produces no apparent change in the membrane
potential of an interneuron; however, in the presence of mGIuR, ; antagonist LY341495 (200
nu), the subsequent ACPD application produces a membrane depolarization. f, In a different
interneuron, ACPD (150 um) produces a small depolarization, and in the presence of mGluR,
antagonist MPEP (50 wum), the subsequent ACPD application produces a membrane hyperpo-
larization. B, Corticothalamic stimulation produces a mGluR, ;-mediated hyperpolarization in
interneurons. a, Tetanic stimulation (200 Hz, 10 pulses) of optic radiation (corticothalamic
fibers) evokes an early depolarization followed by a longer-lasting hyperpolarization in dLGN
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8; p > 0.1; paired t test). This latter observation is consistent with
the lack of F2 terminals within the VB nucleus.

Discussion

Our study clearly indicates that mGluRs play a complex role in
the regulation of thalamic inhibitory circuitry. Our results pro-
vide three fundamental findings. First, the output of GABA-
containing presynaptic dendrites (F2 terminals) is upregulated
via mGluR; activation and may be downregulated by mGIuR, ;
activation. The alterations occur independent of any membrane
potential changes at the interneuron somata. Second, mGIuR, 5
activation depolarizes interneurons, whereas mGluR, ; activa-
tion hyperpolarizes interneurons at the somatic level and thus
can influence axonal output (F1 terminals) of interneurons. Fi-
nally, specific mGluR subtypes and their subsequent influence on
inhibitory outputs can be selectively activated by distinct path-
ways. Optic tract stimulation produces an increase in sIPSC ac-
tivity in relay neurons via selective mGluR; activation of F2 ter-
minals. In contrast, corticothalamic fiber stimulation attenuates
mGluR;-mediated increases in sIPSC activity and produces a
long-lasting hyperpolarization in dLGN interneurons via activa-
tion of mGluR, ;.

Inhibitory mechanisms not only play an important role in
information transfer through thalamocortical circuits but also
serve a critical role in intrathalamic oscillatory activities associ-
ated with sleep/wake states and certain pathophysiological con-
ditions such as absence epilepsy (Steriade et al., 1993; von Krosigk
etal., 1993; Huguenard and Prince, 1994; Cox et al., 1997; Hunts-
man et al., 1999; Sherman, 2004; Steriade, 2004). Thalamic inter-
neurons provide inhibition of relay neurons via two distinct out-
puts: classical axonal outputs (F1 terminals) and presynaptic
dendritic outputs (F2 terminals) (Fig. 8). F2 terminals have been
of great interest, because they may serve to focally regulate reti-
nogeniculate transmission (Cox and Sherman, 2000; Sherman,
2004; Steriade, 2004). The activity of F2 terminals are thought to
occur independently of ongoing activity at the somaticlevel of the
interneuron because of their electrotonic distance from the soma
and thus may act as independent, local processors (Ralston, 1971;
Bloomfield and Sherman, 1989; Paré et al., 1991; Cox et al., 1998;
Govindaiah and Cox, 2004). In contrast to F2 terminals, activa-
tion of axonal outputs (F1 terminals) of either interneurons or
TRN neurons could produce widespread inhibitory influences on
thalamocortical neurons.

We previously found that activation of mGluRs increases in-
hibitory activity through the activation of F2 terminals (Cox et
al., 1998; Cox and Sherman, 2000). This increased inhibition is
insensitive to TTX indicating that the effect was independent of
action potential discharge of interneurons (Cox et al., 1998). Fur-
thermore, tetanic stimulation of retinogeniculate fibers, but not
corticothalamic fibers, mimicked this increase in inhibition
(Govindaiah and Cox, 2004). In this study, we clearly demon-
strate that type 5 mGluRs are responsible for this action, which is
consistent with anatomical data indicating mGluR; localization
on F2 terminals (Godwin et al., 1996).

<«

interneurons (control). DNQX, CPP, SR95531, (GP54626, In the presence of DNQX (50 rum), CPP
(40 pam), SR95531 (10 pm), and CGP54626 (10 wum), the tetanic stimulation produces a long-
lasting hyperpolarization. +LY341495, The mGluR, ; antagonist LY341495 (200 nw) attenu-
ates the hyperpolarization evoked by optic radiation stimulation. b, Tetanic stimulation of optic
tract (200 Hz, 10 pulses) does not alter the membrane potential of interneurons in the presence
of iGIuR antagonists. €, The mGIuR, 5 agonist APDC (50 wm) has no apparent effect on the
membrane potential of dLGN relay neurons.
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In contrast to the mGluR;-mediated increase in inhibition, we
found that activation of mGluR, ; decreased sIPSCs in a TTX-
insensitive manner. This decreased sIPSC activity could result
from reduced output of F1 (axon terminals) and/or F2 (presyn-
aptic dendrites) terminals, independent of action potential dis-
charge of either interneurons or TRN neurons. To address this
issue, we obtained recording from relay neurons in the VB tha-
lamic nucleus, a structure containing very few interneurons and
thus consists of virtually only F1 terminal innervation from TRN
neurons (Ottersen and Storm-Mathisen, 1984; Arcelli et al.,
1997). In VB neurons, mGluR, ; agonists produced a robust sup-
pression of sIPSC activity similar to dLGN relay neurons. Our
findings in the dLGN are consistent with previous reports dem-
onstrating a reduction in TRN inhibitory output through activa-
tion of mGluR, ; and group III mGluRs in VB (Salt and Eaton,
1995; Turner and Salt, 2003); however, we did not detect any
group III mGluR-mediated suppression of sSIPSCs in dLGN. Fur-
thermore, in the same VB neurons, the mGluR, ; agonist did not
increase sIPSC activity as we had reported previously (Cox and
Sherman, 2000). Our data strongly support the conclusion that
activation of mGIuR, ; can decrease the output of TRN axon
terminals (F1 terminals) in both VB and dLGN.

In previous studies, the general mGluR agonist, ACPD, pro-
duces little or no change in the membrane potential of thalamic
interneurons, and thus it was concluded that there are minimal
mGluR-mediated somatic changes in thalamic interneurons
(Pape and McCormick, 1995; Cox et al., 1998; Cox and Sherman,
2000). However, we found that selective mGluR, 5 and mGluR, 5
agonists produce robust membrane depolarizations or hyperpo-
larizations in dLGN interneurons (Fig. 5). These opposing ac-
tions are strikingly similar to that in TRN neurons in which
mGluR, 5 activation via a decreased leak K current hyperpolar-
izes TRN neurons. In contrast, activation of mGluR, ; hyperpo-
larizes TRN neurons by increasing a leak K* current (Cox and
Sherman, 1999). These membrane potential changes in the inter-
neurons likely influence the discharge properties of the cells and
therefore regulate axonal output (F1 terminal). In previous stud-
ies, the general mGIuR agonist stimulated both mGluR, 5 and
mGluR, ; resulting in minimal overall changes in interneurons
(Pape and McCormick, 1995; Cox and Sherman, 2000). It is im-
portant to note that these somatic-level alterations occur inde-
pendent of mGluR; activation of F2 terminals considering that
optic tract stimulation evokes a robust mGluR;-mediated in-
crease in sIPSC activity, but that same stimulation does not pro-
duce mGluR-mediated synaptic responses in interneuron re-
cordings (Figs. 5, 6) (Govindaiah and Cox, 2004). We provide
evidence that tetanic stimulation of corticothalamic fibers pro-
duces a long-lasting hyperpolarization of interneurons via
mGluR, ; activation. Functionally, corticothalamic stimulation
can produce a strong excitation of thalamic relay neurons via a
disinhibitory action of mGluR, ; on the interneurons (present
study) coupled with the direct excitatory action on thalamic relay
neurons via mGluR, 5 (McCormick and von Krosigk, 1992; Gov-
indaiah and Cox, 2006b). As for the endogenous origin of the
mGluR, s-mediated depolarization of interneurons at the so-
matic level, it remains unknown. Neither retinogeniculate nor
corticothalamic stimulation evokes mGluR-mediated depolar-
izations in interneurons (Fig. 5).

Although agonist-induced actions provide important infor-
mation regarding potential actions on the overall circuit, perhaps
the most intriguing aspect of our study involves the synaptic
activation of two different glutamatergic pathways in the thala-
mus, retinogeniculate and corticothalamic, and how these differ-
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Figure 6. Corticothalamic regulation of GABA-mediated inhibition. A, Optic tract, In the

presence of DNQX (45 pum) and CPP (25 um), optic tract stimulation (300 A, 200 Hz, 10 pulses)
produces a robust increase in sIPSC activity above baseline in a dLGN relay neuron (cf., Sponta-
neous). Optic radiation, The sIPSC activity is reduced after optic radiation (corticothalamic fi-
bers) stimulation (500 wA, 200 Hz, 10 pulses). Optic tract + Optic radiation, Pairing of optic
tract and optic radiation stimulation strongly reduces sIPSC activity compared with optic tract
stimulation alone. B, Cumulative probability (Cum. Prob.) plots illustrating the increase in the
interevent interval (decreased frequency) of sIPSC activity when optic radiation stimulation is
paired with optic tract stimulation (left; p << 0.01;n = 4; Kolmogorov—Smirnov test). The sIPSC
amplitude is not significantly altered by the paired stimulation (right). ¢, Population data illus-
trating that optic tract stimulation produces a robust increase in sIPSCactivity (Hll). In contrast,
optic radiation stimulation produces a subtle decrease in sIPSCactivity (¥). The pairing of optic
radiation and optic tract stimulation leads to a reduction in the increased sIPSC activity pro-
duced by optic tract stimulation alone (@®). Subsequent application of the mGIuR, ; agonist
APDC (25 m) further reduces the frequency of IPSCs evoked by optic tract stimulation (A).
Data are plotted as mean = SEM.

ent pathways engage distinct alterations in inhibitory activity. As
illustrated in Figure 8, retinogeniculate stimulation activates
mGluR; leading to increased F2 terminal output independent of
somatic changes in interneurons. These “triadic arrangements”



Govindaiah and Cox e Differential Regulation of Presynaptic Dendrites by mGluRs

a b | é d

DHPG | 50 pA

1 min

APDC

a. Control (TTX)

b. + APDC (mGluRj 3 agonist)

c. Wash(TTX)

d. + DHPG (mGluR 5 agonist)

Rl
1
2=
B
Time (s)
5 - 30
Q =
t =) =3
z 220
g EX
B 9 2 10
=] =
@ 8 8 8 8 « 8 8 8 8
) oy N B,
& & & $° S & &
& ¥ 3 Q A c}\\ 9
4 S & QF
Figure 7. Activation of mGluR, ; suppresses sIPSC activity in VB relay neurons. A, The

mGIuR, 3 APDC (25 um) reduces the frequency of sIPSCs (b) compared with baseline (a) in a
reversible manner (c). After recovery, the mGIuR, 5 agonist DHPG (50 m) does not alter the
sIPSC activity. B, The graph illustrates the time course of sIPSC frequency in response to the
mGluR agonists. Each bar represents the number of events during 15 s bins. €, Graph of popu-
lation data that illustrates the effects of mGIuR agonists on frequency (left) and amplitude
(right) of sIPSCs. The numbers within the bar graph indicate the number of cells tested. Values
are plotted as mean == SD (*p << 0.05; paired t test).

(Fig. 8) are contained within glomeruli structures and are usually
associated with proximal dendrites of thalamic relay neurons
(Guillery, 1969; Ralston, 1971; Wilson et al., 1984; Sherman and
Guillery, 2002). Within the cat and primate dLGN, F2 terminals
are typically associated with X-type (type II), but not Y-type (type
I), relay neurons; however, such a distinction in the rodent is
unclear.

Based on previous anatomical evidence and our present data,
the TTX-insensitive mGluR, ;-mediated actions on TRN neu-
rons (F1 terminals) may be analogous to F2 terminal output of
interneurons. Axonal outputs of TRN neurons (F1 terminals) are
primarily located on distal dendrites of thalamic relay neurons
and not associated with glomeruli (Wang et al., 2001; Sherman
and Guillery, 2002). Corticothalamic fibers primarily innervate
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Figure 8.  The schematic diagram of thalamic circuitry summarizes our findings regarding
the corticothalamic and retinogeniculate innervation of the thalamic circuitry and the neuro-
transmitter receptors associated with specific synaptic innervation. The solid lines represent
circuitry that is strongly supported by data, whereas the dashed green lines remain speculative
and cannot be ruled out in the present study. GABAR, GABA receptor; Int, interneuron.

distal dendrites of relay neurons, thereby overlapping with TRN
innervation (Erisir et al., 1997; Wang et al., 2001). Our data indi-
cate that activation of mGluR, ; can suppress axonal output of
TRN neurons. Unlike the mGluR;-mediated increase in inhibi-
tory activity, which occurs in a subpopulation of relay neurons
associated with triadic innervation, mGluR, ;-mediated suppres-
sion was observed in almost all relay cells tested. We speculate
that mGluR, ;-mediated suppression of F1 terminal output may
serve to refine monosynaptic corticothalamic excitation of tha-
lamic relay neurons. Ultimately, mGluR, ; activation would re-
duce F1 terminal output and thereby allow greater excitation via
the monosynaptic innervation of the relay cell dendrite by
glutamate-containing corticothalamic fibers (Fig. 8).

In addition to suppressing TRN axon terminal output, corti-
cothalamic fiber stimulation produces postsynaptic hyperpolar-
ization of dLGN interneurons via mGIuR, ; activation that re-
duces axonal output (F1 terminals) by decreasing the action
potential discharge probability of the interneuron. F1 terminals
of interneurons tend to localize outside glomeruli, on the proxi-
mal region of relay cell dendrites (Wanget al., 2001; Sherman and
Guillery, 2002). Thus, mGluR, ; activation may produce disinhi-
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bition and thereby facilitate the integration of excitatory re-
sponses in relay cell dendrites. A key issue to address is under
what physiological conditions are mGluR, ; activated. We have
shown that short, high-frequency stimuli, similar to that during
burst discharge, is sufficient to activate the mGluR, ;-mediated
response, whereas single stimuli do not.

Our results clearly suggest that mGluR-mediated actions oc-
cur at multiple sites, resulting in somewhat distinct actions on
interneurons and subsequent inhibitory influence on thalamic
relay neurons. The overall integration of afferent excitatory syn-
aptic activity onto thalamic relay neurons can be influenced by
both focal and widespread inhibitory activity. We hypothesize
that focal inhibitory influences on proximal retinogeniculate ex-
citation in thalamic relay neurons would be achieved by the pre-
synaptic F2 terminals of interneurons (via mGluR;), whereas reg-
ulation of distal corticothalamic excitation would be influenced
by F1 terminals of TRN neurons (via mGluR, ;). In addition,
corticothalamic innervation could also influence proximal syn-
aptic integration of relay neurons via the mGluR, ;-mediated hy-
perpolarization of interneurons and decreased axonal output,
and this would be a relatively widespread effect because it would
involve the entire axonal arbor of the interneuron. Albeit, these
multiple pathways and mechanisms indicate that glutamate, via
mGluR activation, can significantly influence synaptic integra-
tion and subsequent information gating in thalamocortical cir-
cuits. Thus, the ultimate influence of inhibitory actions not only
depends on the pathway activated but the specific mGluRs in-
volved, and these different pathways may lead to overall fine-
tuning or sculpting that are likely crucial for thalamocortical
function.
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