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FIG. 2. Auditory responses of a medial geniculate body (MGB) neuron.
A: extracellular recordings show neuronal responses to repeated noise bursts of
2 ISIs: 200 ms and 7 s. Noise bursts of 100-ms duration were indicated as
rectangle pulses below the extracellular recording traces. B: raster displays
show neuronal responses to noise bursts of varied ISIs (from 200 ms to 7 s,
each with 30 repetitions). The onset responses of 50 ms were depicted and
shown in C.

even 200 ms (Fig. 2A, top trace). The neuron showed no
obvious difference in its onset response (defined as the 1st
spike cluster with latency of <100 ms) to the noise-burst
stimuli with different ISIs (Fig. 2, A, bottom trace, and B). The
first spike latency, however, was shortened as the ISI was
increased, which was similar to that for the TRN neurons.

Simultaneous recording of TRN and MGB neurons

Simultaneous recordings allowed us to confirm the afore-
mentioned differences between TRN and MGB responses to
repeated acoustic stimuli of different ISIs. Figure 3 shows a
simultaneous recording of their responses to repeated stimuli of
different ISIs from a pair of TRN and MGB neurons. Similar
to the neuron in Fig. 1A, the TRN neuron showed oscillatory
firing response to the first trial of the repeated stimuli and weak
or no responses to the following trials when the ISI was 200
ms. However, the MGB neuron responded similarly to every

trial of the repeated stimuli when the ISI was 200 ms (Fig.
3Aa). Both neurons responded to every trial of the repeated
noise bursts when the ISI was lengthened to 7 s (Fig. 3Ab).

The firing rate of the onset response for both neurons was
calculated and shown as a function of ISI in Fig. 3B. The oN
response of the MGB neuron remained constant when the
ISI increased from 200 ms to 30 s, whereas the TRN neuron
showed a fourfold increase as the ISI increased from 200 ms
to 30 s. The TRN neuron showed a steep increase when the
ISI increased from 200 ms to 3 s and saturated when the ISI
was >3 s.

Auditory responses as a function of the repeated trials

TRN neurons responded to the later trials differently than to
the first trial when the IST was short (Fig. 1). We calculated the
responses to the stimulus in different trials over 95 TRN
neurons at different ISIs (Fig. 4). Neurons showed similar
onset auditory responses to the first trial of the repeated stimuli
at different ISIs. They showed a slight decrease in their
responses to subsequent trials of repeated stimuli when the ISI
was | s. It took several trials to reach the stable onset response
when the ISI was <1 s. The shorter the ISI, the greater the
response decrease to the subsequent stimuli.
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FIG. 3. Auditory responses of a pair of neurons from the TRN and MGB.
A: simultaneous recordings of a pair of TRN and MGB neurons show neuronal
responses to repeated noise-bursts of 2 ISIs: 200 ms in a and 7 s in b. Noise
bursts of 100-ms duration were shown below the extracellular recording traces.
B: firing rate of onset response is shown as a function of ISI for both neurons.
Each data point was calculated over 30 presentations of the noise burst for
specific ISI. The firing rate was calculated over the auditory response during
stimulus presentation (100 ms).
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FIG. 4. TRN neurons response as a function of serial number of repeated
stimulus. The mean number of spikes for different trials of the repeated stimuli
was calculated during the 1st 100-ms peristimulus time over 95 TRN neurons.
Although 9 ISIs were examined, only 4 different ISIs, 200, 400, and 600 ms
and 1 s, were presented here for clarity.

Comparison of the auditory responses between the TRN
and MGB neurons

We calculated the mean response rate and latency to audi-
tory stimuli at different ISIs for TRN neurons and MGB
neurons. The response rate was normalized to their response of
7 s. TRN neurons showed a statistically significant increase in
the onset auditory response from 9.5 to 69.9 Hz when the ISI
was increased from 200 ms to 7 s (P < 0.001, ANOVA, results
before normalization in Fig. 5). Normalized data showed sig-
nificant differences between the responses of ISIs = 1 s and
that of ISI = 7 s (all P < 0.001) for TRN neurons (Fig. 5).
Neurons in the MGB also showed an increase in the onset
auditory responses from 19.8 to 31.9 Hz when the ISI was
increased from 200 ms to 7 s (P = 0.0563). No significant
differences were detected in other data points for the MGB
neurons. Significant differences were found between data
points when curves after normalization based on the common
stable point (ISI = 7 s) were compared (Fig. 5A; ISIs: 0.2, 0.4,
0.6, 0.8, and 1 s, all P < 0.001).

The first spike latency decreased for both TRN and MGB
neurons as the ISI increased. The latency of the TRN neurons
decreased from 31.6 to 14.9 ms when the ISI increased from
400 ms to 7 s (P < 0.001), whereas that of the MGB neurons
decreased from 22.3 to 16.9 ms. The difference of the change
was not significant (P = 0.058). The MGB neurons showed an
only significant decrease from 26.1 to 16.9 ms in the latency
comparing the ISIs of 200 ms and 7 s (P < 0.05), whereas the
TRN neurons showed still a significant decrease between the
data points of ISIs of 3 and 7 s (P < 0.05).

Responses of TRN neurons to electrical stimulation of MGB
and auditory cortex

To examine whether the adaptation of the TRN neurons was
caused intrinsically or through the neuronal network that in-
cludes the ascending pathway and corticothalamic loop, we
investigated their onset responses to electrical stimulation of
their immediate inputs: the MGB and auditory cortex. There
were very few responses to repeated electrical stimuli of

200-ms ISI in the MGB but increased responses to repeated
electrical stimuli of longer ISIs (Fig. 6A4). TRN neurons
showed almost no response to repeated electrical stimuli of
ISI = 1 s in the auditory cortex but responded substantially to
those of ISI = 3 s (Fig. 6B). After the first 10 ms of the raster
displays were depicted, the gradually shortened first spike
latency could be observed in Fig. 6, middle. The response rate
as a function of ISI for both MGB stimulation and cortical
stimulation was similar to that for auditory stimuli as shown in
Fig. 6 (right). There was no obvious difference between the
cortical and MGB stimulations.

DISCUSSION

We examined the responses of TRN neurons and MGB
neurons to repeated auditory stimuli and/or electrical stimula-
tion of the MGB and auditory cortex in both anesthetized and
awake animals. TRN neurons showed strong responses to the
first trial and weak responses to the subsequent trials of the
repeated auditory stimuli and electrical stimulation of the MGB
and auditory cortex when the ISI was short (<3 s). They
responded to the second trial similarly to the first trial when the
IST was lengthened to =3 s. These responses contrast to those
of MGB neurons, which responded similarly to the repeated
auditory stimuli of different ISIs (=200 ms in the present
study). Although the majority of the results were obtained from
anesthetized subjects, the major finding that the TRN neurons
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FIG. 5. Normalized response (A) and latency (B) as functions of ISI for
TRN and MGB neurons. Mean firing rate was normalized based on the
responses to auditory stimuli with 7-s ISI for both TRN and MGB neuron
groups. Comparisons between different ISIs and 7-s ISI are shown (¥, P <
0.05; ** P < 0.001). Comparison between TRN and MGB neurons are shown
(##, P < 0.001). The calculation was based on trials from 11 to 30. The 1st 10
trials were excluded from the calculation as they would not reflect the adaption.
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showed rapid adaptation was confirmed in recordings from
awake rats. The neuronal firing patterns between the anesthe-
tized and conscious subjects was different, this topic needs
further investigation.

The major sources of input to the TRN are the collaterals
of thalamocortical and corticothalamic fibers, all of which pass
through the TRN (Jones 1975). The thalamocortical and cortico-
thalamic collaterals display an anatomical topography in the
distribution of their terminals in the TRN (Yen et al. 1985).
Although there are multisensory neurons in the TRN, a sector of
the TRN is dedicated to each major thalamic nucleus (Crabtree
1992, 1996, 1998, 1999; Crabtree et al. 1998; Jones 1975;
Montero et al. 1977; Shosaku et al. 1984, 1989; Simm et al. 1990;
Steriade et al. 1984). Recently, Crabtree and Isaac (2002) showed
the TRN's involvement in the inter-modal interactions of the
somatosensory and motor nuclei in the thalamus.

All TRN neurons are GABAergic (Houser et al. 1980; Oertel
et al. 1983) and project back to the dorsal thalamus, applying
strong inhibition to the thalamocortical neurons (Crabtree
1996; Jones 1975; Rouiller et al. 1985; Steriade et al. 1984,
Zhang et al. 2008). TRN axons projecting to the principal
sensory nuclei exhibit restricted arbors, whereas those project-
ing to the second-order or multisensory nuclei have more
widespread arbors in those nuclei (Cox et al. 1996; Jones 1975;
Liu et al. 1995; Uhlrich et al. 1991).

Physiologically the TRN has been considered as the pace-
maker for various thalamic oscillations (Contreras and Steriade
1996; Golshani and Jones 1999; Grenier et al. 1998; Steriade
and Deschénes 1984; Steriade et al. 1993a,b). Recordings from
the auditory regions of the TRN in the present study confirm
the oscillatory responses. The interspike intervals among the
successive spikes in the bursts of the spindle rhythm (Fig. 1A,
Supplemental Fig. 10A, and Supplemental Fig. S11), suggest
that the bursts were low-threshold calcium spike (LTS) bursts,

which exhibited accelerando—decelerando spike patterns
(Contreras et al. 1996; He and Hu 2002; Jahnsen and Llinas
1984a,b; Llinas and Steriade 2006; Xu et al. 2008).

The auditory region of the TRN was activated by the
electrical stimulation of the auditory cortex in the present
study. The peak amplitude of corticothalamic excitatory
postsynaptic conductance is ~2.5 times higher in the TRN
neurons compared with that of thalamocortical neurons (Gol-
shani et al. 2001; Liu et al. 2001), indicating that the corti-
cofugal input to the TRN has a strong control over their
excitability (Steriade 2001). The TRN neurons extend den-
drites within the thin reticular sheet, which enables them to
receive projections from a wide cortical region (Jones 1985).

The TRN is involved in both “specific” and “nonspecific”
thalamocortical pathways (Jones 1975; Llinds and Paré 1997).
Both thalamocortical pathways/loops can reverberate, produc-
ing thalamocortical re-entry activity because the neurons in-
volved are all capable of oscillatory activity (Llinds and Paré
1997; Steriade 2006). It was proposed that the specific and
nonspecific pathways could integrate with each other through
the TRN (Llinds and Paré 1991, 1997). An intermediary role
for the TRN is plausible, as some neurons exhibit multimodal
responses and projections across nuclei (Crabtree and Isaac
2002; Shosaku and Sumitomo 1983; Simm et al. 1990). The
binding of the specific and nonspecific pathways through the
TRN was proposed to be involved in the process of attention
and cognition (Llinds and Paré 1997).

One major finding in the present study was that the TRN
neurons depended on the ISI in responses to repeated stimuli.
This ISI dependence applied to both anesthetized and awake
subjects and to neurons in different firing modes. In contrast,
the MGB neurons responded to repeated stimuli. In other
words, the MGB neurons recovered much faster than the TRN
neurons, implying that the MGB neurons could relay the
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auditory information to the cortex in both the frequency and
time domain. In the present study, no further localization of
subnuclei of the recorded neurons was made, and the possibil-
ity that other MGB neurons adapt to repeated stimuli could not
be ruled out. In the present study, the MGB neurons showed
minor adaptation when the ISI was 200 ms, with a decreased
response and lengthened latency (Fig. 5).

Compared with MGB neurons, TRN neurons showed strong
adaptation to ISIs in the hundreds of milliseconds. The short-
latency responses (<5 ms) of TRN neurons to electrical stim-
ulation in the MGB and auditory cortex were likely monosyn-
aptic and would reflect only their direct responses to the inputs
of MGB or auditory cortex (Fig. 6). Therefore the adaptation of
the short-latency responses indicated that the adaptation was
likely caused intrinsically by the TRN neurons themselves not
accumulatively through the ascending or recurrent thalamocor-
tical circuit.

It is also of interest to note that the latency of the second
spike cluster of the stimulus-evoked oscillation was correlated
with sustained oscillations (Supplemental Fig. S10B). If the
oscillation consisted of LTS bursts, the degree to which the
oscillation was sustained should depend on the appearance of
bursting cycles, i.e., the longer the oscillation was sustained,
the more the oscillatory cycles. The latency of the first spike
cluster was shortened as the ISI was increased, whereas that of
the second was lengthened. The difference between the laten-
cies of the second and first spike clusters would reflect the
refractory period of the LTS and also the depth of the hyper-
polarization of the TRN neuron after the first LTS burst
(Contreras and Steriade 1996; Jahnsen and Llinds 1984a). The
depth of the hyperpolarization of the TRN neurons should be
reflected in the sustained oscillation.

The slow recovery of the TRN neurons to fast repetitive
stimuli reflects a different role than that of the thalamocortical
relay neurons. If the TRN was to play a role in processes such
as attention shift (Crick 1984; Llinas and Paré 1997), their slow
recovery might limit the rate of change of attention. Alterna-
tively, TRN neurons may respond to novel stimuli as do some
IC neurons (Perez-Gonzalez et al. 2005). Novel stimulus de-
tection would play a role in the search light hypothesis (Crick
1984). The process of attention and cognition for binding of the
specific and nonspecific pathways may also be related to
novelty detection (Llinds and Paré 1997; Perez-Gonzalez et al.
2005; Ulanovsky et al. 2003). Our result adds to the recent
proposal that novelty detection happens only in the cortical
level (Ulanovsky et al. 2003).
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