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IFFERENTIAL RESPONSE DYNAMICS OF CORTICOTHALAMIC
LUTAMATERGIC SYNAPSES IN THE LATERAL GENICULATE

UCLEUS AND THALAMIC RETICULAR NUCLEUS
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bstract—The corticothalamic feedback pathway provides
xcitatory synaptic input to both the thalamic reticular nu-
leus and the lateral geniculate nucleus. We studied excita-
ory postsynaptic currents elicited from corticothalamic stim-
lation in the visual sector of the thalamic reticular nucleus
nd the lateral geniculate nucleus to compare the response
f these neurons to stimulation of their common input path-
ay. Using whole cell patch clamp recordings in ferret tha-

amic slices, we compared single excitatory postsynaptic
urrent decay kinetics, presynaptic glutamate release dy-
amics through paired pulse facilitation and responses to
orticothalamic train stimulation. We found that single tha-
amic reticular nucleus excitatory postsynaptic currents were
ignificantly sharper than lateral geniculate nucleus responses.
he mean thalamic reticular nucleus excitatory postsynaptic
urrent decay constant (�) was 4.9�0.5 ms, while the mean
ateral geniculate nucleus excitatory postsynaptic current �
alue was 11.8�0.8 ms. Presynaptic release dynamics as
easured by responses to paired stimuli were conserved
etween the thalamic reticular nucleus and lateral geniculate
ucleus. However, facilitating responses to train stimulation
ere markedly different between nuclei. Lateral geniculate
ucleus responses showed proportionately larger facilitation
reaching 842.9�76.4% of excitatory postsynaptic current 1
mplitude) than thalamic reticular nucleus responses (reach-
ng 223.1�44.0% of excitatory postsynaptic current 1 ampli-
ude). These data indicate that while the corticothalamic path-
ay produces excitatory postsynaptic currents in both the

halamic reticular nucleus and lateral geniculate nucleus,
ther factors uniquely affect the functional integration of the

nputs in each nucleus. © 2005 Published by Elsevier Ltd on
ehalf of IBRO.

ey words: EPSC, AMPA, GluR, thalamus, paired pulse facil-
tation, desensitization.
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367
ne of the most compelling issues in thalamic physiology
s the role of the massive feedback that thalamic relay
eurons receive from their target sensory cortices. In the
isual system, synapses derived from the feedback path-
ay originating in cortical layer VI have been shown to be
umerically superior to those provided by retinal ganglion
ells (Wilson et al., 1984; Erisir et al., 1997). In addition to
ense innervation of lateral geniculate nucleus (LGN) relay
eurons, layer VI neurons emit collaterals into the visual
ector of the adjacent thalamic reticular nucleus (TRN),
hich contains only GABAergic neurons that project to the
GN (Montero and Singer, 1984; Robson, 1983). Cortical
xcitation of TRN cells inhibits LGN cells via inhibitory
ostsynaptic potentials (IPSPs), with both GABAA and
ABAB receptor involvement (Sanchez-Vives and McCor-
ick, 1997). This disynaptic inhibitory influence is central

o the mechanism of sleep spindles (McCormick and Bal,
997) and may be selectively involved in active visual
rocessing (Weese et al., 1999; Montero, 2000).

Since the LGN and TRN receive common inputs from
ayer VI neurons, at first glance the influence of corticotha-
amic inputs on LGN and TRN neurons should be similar.
owever, there are indications that TRN neurons may re-
pond differently to this input. For example, TRN cells have
een shown to express higher levels of the �-amino-3-
ydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) recep-

or subunit, GluR4, and therefore show increased sensitivity
o corticothalamic excitation than associated relay nuclei
Mineff and Weinberg, 2000; Golshani et al., 2001). Despite
he possibility of differing postsynaptic responses to this com-
on input, the relative functional influence of corticothalamic

nputs has not been comparatively assessed. In this study,
e characterized aspects of excitatory postsynaptic currents

EPSCs) recorded in the LGN and TRN upon corticothalamic
timulation using whole cell patch clamp recordings. We first
easured the decay of individual postsynaptic glutamatergic

esponses from neurons in each nucleus and found them to
ossess distinctive kinetics. We then compared presynaptic
elease by using paired pulse stimulation and found that
asic release dynamics in response to paired pulses are
onserved between the TRN and LGN. However, on assess-

ng the responses of LGN and TRN neurons to high fre-
uency stimulus trains we observed that the responses to
aired pulses did not predict the degree of facilitation to
rolonged stimuli. Facilitation at corticogeniculate synapses
as more pronounced than that of TRN neurons in response

o train stimulation at the same frequency. We conclude that
RN neurons quickly reach maximum facilitation in response
o corticothalamic feedback, while LGN neurons show a
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reater dynamic range of facilitation that scales more linearly
o corticothalamic feedback.

EXPERIMENTAL PROCEDURES

lice preparation

rain slice recordings were made from ferrets as reported previously
Alexander and Godwin, 2005). Briefly, young-adult male ferrets
Marshall Farms; North Rose, NY, USA) older than postnatal day 42
eyes open at postnatal day 35) were anesthetized with halothane
nd decapitated in accordance with the Wake Forest University
nimal Care and Use Committee and in agreement with National

nstitutes of Health and United States Department of Agriculture
uidelines, including measures to eliminate suffering and to reduce
nimal numbers to a minimum. The brain was rapidly removed and

mmersed in oxygenated, ice cold sucrose substituted artificial cere-
rospinal fluid (ACSF). Sections, at 400 �m thickness, containing the
GN, TRN and optic radiations were then cut and maintained in
xygenated, warm (34 °C) normal ACSF.

hole cell recordings

ecordings were made from either the A laminae of the LGN or the
RN as previously described (Alexander and Godwin, 2005). Patch
ipettes (5–10 M�) were filled with internal solution containing (in
M): 100 gluconic acid, 100 cesium hydroxide (CsOH), 10 sodium

hloride, 10 HEPES, 20 tetraethylammonium chloride, 1 EGTA, 4
TP disodium salt, (pH 7.3 with 2 N CsOH, osmolarity 270–290
Osm). All experiments were run at 34 °C. Cellular activity was
cquired with an AxoClamp 2B amplifier (Axon Instruments, Union
ity, CA, USA), digitized with a Digidata 1322 (Axon Instruments),
nd analyzed using pCLAMP 9.0 software (Axon Instruments). Pic-
otoxin (100 �M; Sigma-RBI, St. Louis, MO, USA) and DL-amino-5-
hosphopentanoic acid (50 �M; Sigma-RBI) were routinely included

n the ACSF to block GABAA inhibition and N-methyl-D-aspartate
NMDA) excitation, respectively. Cells were held at a hyperpolarized
embrane potential, between �75 and �85 mV. A bipolar stimulat-

ng electrode, powered by a stimulus isolator (World Precision Instru-
ents, Sarasota, FL, USA), was positioned in the optic radiations.
or train experiments, stimulation intensity was kept to a minimum.

nalyses

or analysis of single EPSC decay constants, an exponential
unction with one term was fitted to the EPSC decay from peak
mplitude, and a � value was calculated using pCLAMP 9.0 soft-
are. For paired pulse facilitation (PPF) experiments, the ratio of

he amplitude of peak 2 to the amplitude of peak 1 was calculated
or three to five sweeps for each cell which was then averaged at
ach interstimulus interval time point to yield paired pulse facilita-
ion ratios (PPFRs) at each interstimulus interval for a single cell.
o measure statistical significance of EPSC amplitude facilitation
uring train stimulation, we performed a log transformation of the
timulus number within the train and plotted the EPSC amplitude
ersus the transformed axis for each response in the train to
inearize the data. Significance was then assessed as a significant
ifference in the slope of the best fitting lines through these TRN
nd LGN data. Although the mean % of control values is reported

n text, all statistical analyses were preformed on raw data.

RESULTS

e recorded glutamatergic EPSCs elicited from stimula-
ion of the optic radiations. Recordings were made from 36
RN cells with a resting membrane potential of �68.2�1.0
V and 34 LGN relay cells, with a resting membrane

otential of �61.0�1.3 mV. TRN recordings were made p
rom the perigeniculate nucleus, a visual sector of the TRN
hat is reciprocally connected with the LGN (Fitzgibbon,
002). Relay cells in the LGN were identified based on the
hysiological presence of burst firing, which is rare or
bsent in interneurons due to masking by a transient K�

urrent (IA) (Pape and McCormick, 1995).

GN and TRN cell EPSCs show different
ecay kinetics

PSCs recorded in the two nuclei yielded responses with
istinctive decay kinetics (Fig. 1). EPSCs recorded in the
RN were sharper that those recorded in the LGN. We fit
PSCs recorded in the two nuclei with a single exponential
ecay function starting from the peak of the response and
easured the time constant of decay (�) value. For all fits,

orrelations (r values) were greater than 0.96, and sum of
quares errors less than 0.01. Values of � measured from
RN cell EPSCs (4.9�0.5 ms, n�22) were significantly less

han those measured from LGN cell EPSCs (11.8�0.8 ms,
�21; P	0.01).

hort term synaptic plasticity is similar between LGN
nd TRN cells

nalysis of EPSC decay kinetics suggested a difference in
ostsynaptic glutamatergic receptors contributing to differ-
nces in the time course of EPSCs. We also compared

ig. 1. Cortical stimulation elicits sharper EPSCs in the TRN than the
GN. (A) Scaled EPSCs recorded in TRN (black trace) and LGN (gray

race) upon stimulation of the optic radiations. LGN cell response
ecay is longer than TRN response decay. Note also the time to peak

rom the stimulation artifact of the TRN EPSC is faster than the LGN
PSC. (B) Values of � for a population of TRN and LGN cells upon
ortical stimulation. EPSCs were fit with a single exponential decay
unction to measure � values. The mean � value measured from LGN
ells (n�21) was significantly greater than that measured from TRN
ells (n�22). Scale bar�10 ms.
resynaptic glutamate release dynamics by measuring the
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egree of PPF at the two synapses (Fig. 2). Two stimuli were
elivered to the optic radiations at interstimulus intervals of
0, 25, 100, 300, 600, 1000 and 1500 ms. For both cell types
he peak PPFR occurred at the shortest interstimulus interval
f 10 ms. Peak PPFR for TRN cells was 2.8�0.3 (n�12), and

he peak PPFR for LGN cells was 3.1�0.4 (n�17). As shown
n Fig. 2B, we plotted the PPFR values at each interstimulus
nterval for each cell type. These data points were fit with
ingle exponential decay functions with decay constants of
06.9 ms for LGN cells and 99.8 ms for TRN cells, and these
alues did not significantly differ (P
0.05). There was no
ignificant difference between PPFR values obtained from
he LGN versus the TRN at any interstimulus interval
P
0.05), and even at the longest interstimulus interval of
500 ms facilitation was found in both nuclei. These data
uggest that while differences exist between postsynaptic
on-NMDA receptor function in the two nuclei, there is no
pparent difference in release dynamics from corticothalamic
xon terminals in response to paired stimuli.

GN and TRN cells show different patterns
f facilitation in response to corticothalamic
rain stimulation

n addition to studying short term synaptic plasticity at the

ig. 2. PPFR in TRN and LGN cells upon stimulation of the optic radia
n the LGN (top) and TRN (bottom) with interstimulus intervals of 10, 25
f LGN (black; n�17) and TRN cells (gray; n�12) as a function of the
PSC1 and EPSC2 did not differ between LGN and TRN cells. Values w
nd 99.8 ms (TRN). Scale bar�100 pA, 50 ms.
orticothalamic synapse in the LGN and TRN, we studied t
acilitation of EPSCs in response to train stimulation. We
timulated the optic radiations with 5 s trains at 10 Hz using

ow stimulus intensity (	80 �A for LGN recordings and
30 �A for TRN recordings). The stimulus intensity re-
uired to elicit minimal synaptic responses in the TRN
13.4�3.2 �A) was significantly lower than that required
o elicit minimal synaptic responses in the LGN (51.8�
.8 �A; P	0.01).

The first EPSC response amplitude for LGN cells
12.0�0.9 pA) was significantly less than the amplitude of
he first response for TRN cells (54.6�17.4 pA, P	0.01).
his finding is consistent with previous reports of quantal
PSC amplitude recorded in TRN being three to four times
reater than that for relay nuclei (Golshani et al., 2001). As
reviously described, train responses from LGN neurons
rew very rapidly in initial synaptic facilitation and then
ontinued to grow at a slightly lower rate beyond the initial
ise (Granseth, 2004; Alexander and Godwin, 2005).

Paired pulse responses recorded in the TRN were not
redictive of the responses to prolonged trains. Train stim-
lation resulted in an initial facilitation during the first few
esponses that either quickly reached a plateau or slightly
epressed (Fig. 3). We assessed the percent increase
rom EPSC1 of the EPSC amplitude for each stimulus in

function of interstimulus interval. (A) Representative EPSC recorded
0, 600, 1000 and 1500 ms. (B) Plot of facilitation ratio for a population
lus interval. At all time points, the facilitation ratio measured between

ith single exponential decay functions with � values of 106.9 ms (LGN)
tions as a
, 100, 30

interstimu
he train. For the population of cells, the third response in
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he train was the first to differ significantly in the rate of
acilitation between the LGN and the TRN, consistent with
ur findings of no significant difference between LGN and
RN cells in PPFR (Fig. 2). LGN cells reached an EPSC
mplitude of 842.9�76.4% of EPSC1 amplitude (n�22) on
he fiftieth stimulus of the train. In TRN neurons, EPSC
rowth was significantly smaller, with the 50th stimulus
liciting an EPSC amplitude of 223.1�44.0% of EPSC1

mplitude (n�12). However, since the initial EPSC ampli-
ude recorded in the TRN was significantly greater than
hat recorded in the LGN, the resulting EPSC amplitude at
he end of the train was not significantly different. The
mplitude of the last response was 153.0�51.4 pA for
GN cells, which was not significantly different from the
mplitude of the last response for TRN cells (165.9�66.1
A, P
0.05). Train responses in each nucleus were fit with
xponential decay functions. LGN cell responses were fit
ith a double exponential with � values of 75 and 1350 ms.
RN cell responses were fit with a single exponential
ecay function with a � value of 101 ms.

In order to characterize the EPSC facilitation following
he initial facilitation from EPSC1 to EPSC2 we calculated
he I/Imax values from EPSC amplitudes for stimulus num-
ers 2 through 20 in the train and plotted I/Imax as a
unction of the log of the stimulus number. These values

ig. 3. The response of LGN and TRN cells to 10 Hz train stimulation 5
n successively larger EPSCs without reaching plateau, while train s
mplitude which plateaued early in the train. Initial EPSCs from train
he LGN. (C) Percent increase in EPSC amplitude from EPSC1 in the
uration. LGN cell responses (filled squares; n�22 cells) increased fro
ells). (D) I/Imax values were calculated from EPSC amplitudes for stim
he stimulus number in order to characterize the growth in EPSC a
escribing the rate of EPSC facilitation following the initial facilitation
ere fit with a linear regression to calculate the slope, t
hich describes the rate of EPSC facilitation following the
nitial facilitation from EPSC1 to EPSC2. As shown in Fig.
D, the slope describing the rate of facilitation for neurons

n each nucleus is linear on the log scale, but the LGN
lope (0.57) was significantly larger than the slope describ-

ng the rate of facilitation in the TRN (slope�0.11,
	0.01). In both the LGN and the TRN, the slope differed
ignificantly from zero (P	0.01). The correlation between
acilitation and stimulus order within the train was signifi-
ant for both LGN responses (r�0.99, P	0.01) and TRN
esponses (r�0.71, P	0.01).

DISCUSSION

he amplitude of corticothalamic EPSCs can be influenced
y several presynaptic and postsynaptic factors, including
endritic filtering (Destexhe et al., 1996), presynaptic au-
oreceptors (Alexander and Godwin, 2005), and postsyn-
ptic GluR subunit composition (Golshani et al., 2001).
endritic filtering differs between LGN and TRN neurons,
ut LGN neurons are more electrically compact and solely
n this basis we would expect to observe larger EPSCs in
GN cells, which is opposite to our results. While our
esults could also be attributed to differences in presynap-

tion. Optic radiation train stimulation recorded in LGN (A) cells resulted
n recorded in TRN (B) cells resulted in an initial increase in EPSC
n recorded in the TRN were larger than initial responses recorded in
ted as a function of the stimulus number within the 10 Hz train 5 s in
s 1 significantly more than TRN cell responses (open squares; n�12
bers 2 through 20 in the train and plotted as a function of the log of
following the initial facilitation from EPSC1 to EPSC2. The slopes

C1 to EPSC2 are shown on the graph. Scale bar�20 pA, 300 ms.
s in dura
timulatio

stimulatio
train plot
m stimulu
ulus num
ic distribution of mGluR2 autoreceptors, no differences in
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rotein density for these receptors have been observed
etween the LGN and TRN (Ohishi et al., 1998).

The density of GluRs and their composition may ac-
ount for most of our results. Cortico-TRN synapses have
een shown to possess three to four times greater GluR4
xpression than cortico-ventroposterior nucleus (VP) syn-
pses, which may explain the increased quantal response
mplitude in the TRN compared with the VP (Mineff and
einberg, 2000; Golshani et al., 2001). We have similarly

bserved larger EPSC amplitudes in TRN neurons in re-
ponse to minimal stimulation relative to the LGN, consis-
ent with an increased GluR density in the TRN.

Differences in the rate of AMPA receptor desensitiza-
ion result in sharper EPSCs and reduced EPSC enhance-
ent during train stimulation and therefore may account

or the dramatic differences in the profiles of single AMPA
eceptor-mediated EPSCs and responses to train stimula-
ion between the LGN and TRN (Jones and Westbrook,
996). Variations in specific AMPA GluR subunit compo-
ition (GluRs 1–4, along with flip/flop splice variants) at a
iven synapse result in differing AMPA receptor desensi-
ization rates (Dingledine et al., 1999; Schlesinger et al.,
005).

LGN cells express higher levels of GluR1 and GluR3
han TRN cells, and these subunits possess lower rates of
esensitization (Dingledine et al., 1999; Schlesinger et al.,
005; Beneyto and Meador-Woodruff, 2004; Jones et al.,
998). Additionally, although our results of increased min-

mal EPSC amplitude in the TRN are consistent with the
ncreased quantal EPSC amplitude in TRN relative to VP,
o difference was observed in EPSC decay kinetics be-
ween the TRN and VP (Golshani et al., 2001) while we
ound significant differences between LGN and TRN. This
ay be explained by the increased expression of GluR1
nd GluR3 in the LGN relative to the VP (Beneyto and
eador-Woodruff, 2004; Jones et al., 1998). Additionally,

ip splice variants of GluRs have been shown to promote
ssemblies of slowly desensitizing AMPA receptors, while
op variants rapidly desensitize (Dingledine et al., 1999;
oike-Tani et al., 2005), producing sharper EPSCs and
lateau of train responses.

The short term plasticity that is intrinsic to glutamater-
ic synapses enriches their computational repertoire (re-
iewed in Abbott and Regehr, 2004). Synapses that pos-
ess a low probability of release, such as corticothalamic
eedback synapses (Granseth et al., 2002; Granseth,
004; Alexander and Godwin, 2005), often show facilita-
ion that may be important in the integration of inputs. In
he context of corticothalamic feedback such integration
ay be important in proposed mechanisms of coincidence
etection (Koch, 1987; Sillito and Jones, 2002). TRN neu-
ons quickly reach their maximum facilitation, but facilita-
ion in LGN cells scales more directly to the activity of layer
I feedback inputs. This greater dynamic range may pro-
ote more finely tuned responses of thalamocortical neu-

ons in response to excitatory feedback signals.
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