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Abstract
Introduction
The dorsal thalamus relays sensory and motor information to the cerebral cortex and receives strong
modulatory input back from the cortex. Both thalamocortical and corticothalamic projections send
collaterals to the thalamic reticular nucleus \(TRN) of the ventral thalamus1, 2. The location of the TRN,
taken with its firing patterns and unique connections, has led to the proposal that the TRN plays an
important role in the internal attentional searchlight3 and in coordinating multiple neuronal processes by
linking specific and non-specific pathways4. The TRN neurons show fast adaptation5. Considering the
potential role of the TRN in the internal attentional searchlight or attention shift, we examined whether the
fast-adapting TRN neurons exhibit deviant stimulus preference \(DSP)6. In the present protocol, we used
in vivo extracellular recording and an oddball paradigm to analyze DSP \(i.e., deviance detection) in TRN
neurons. We then investigated the functional implication of DSPs of TRN neurons by examining how the
DSP affects responses of their target neurons in the dorsal thalamus to auditory stimuli. Finally we
investigated the inter-modality interaction by examining how a preceding light stimulus affects the
auditory responses of the MGB neurons.

Reagents
Male and female Wistar rats \(280-360 g) with clean external ears. Materials for surgery: urethane \(20%
solution, i.p., Sinopharm Chemical Reagent Co., Shanghai), Atropine sulphate \(0.05 mg/kg, s.c.),
xylocaine, 2% Materials for extracellary-recording: Tungsten microelectrodes with impedances of 2-7 M? \
(Frederick Haer & Co., Bowdoinham, ME) Materials for Nissl staining:0.9% saline, 4% paraformaldehyde in
0.1 M phosphate buffer \(pH 7.3), 0.1 M phosphate buffer containing 30% sucrose.

Equipment
TDT system \(Tucker-Davis Technologies, TDT, Alachua, FL) and Axon 1400 \(Axon Instruments,
Sunnyvale, CA) An array of light diodes An electrostatic speaker \(EC1, TDT)

Procedure
Animal preparation: 1. Administer 1.5 g/kg urethane \(20% solution, i.p., Sinopharm Chemical Reagent
Co., Shanghai) for analgesia initially and 0.5 g/kg/h urethane throughout surgery and recording. 2.
Administer atropine sulphate \(0.05 mg/kg, s.c.) 15 min before induction of anesthesia to inhibit tracheal
secretion. 3. Liberally apply a local anesthetic \(xylocaine, 2%) to the wound. 4. After mounted the animal
in a stereotaxic device, make a midline incision and exposed the top scalp. 5. Perform a craniotomy to
vertically access the MGB and the auditory sector of the TRN, and then remove the dura mater. 6.
Throughout the experiment, keep the rat on a heating blanket, and maintained the body temperature at 37
– 38°C with a feedback switching circuit5-9. Recording: 1. Implant stereotaxically tungsten
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microelectrodes with impedances of 2 – 7 M? \(Frederick Haer & Co., Bowdoinham, ME) into the TRN and
MGB from the top of the brain, according to a rat brain atlas10. 2. Measure the vertical coordinate of the
electrode array from a point slightly above the cortical surface. 3. Position the recording electrodes with a
stepping-motor microdrive, which is controlled from outside the soundproof room. 4. Amplify the signal
recorded by the microelectrode, together with the acoustic stimulus signal, and stored them using TDT
software \(OpenEX, TDT) and Axoscope software \(Axon Instruments, Sunnyvale, CA). 5. Calculate the
time of spike occurrence relative to stimulus delivery using Matlab software \(Mathworks, Inc, Natick,
MA). Preliminary screening: 1 Once the electrode is lowered into the auditory sector of the TRN, neurons
would show responses to noise-burst stimuli. Then randomly present pure tones of varying frequencies \
(500Hz – 48 KHz) to construct the frequency response function as one of them is shown in the following
Figure 1. Present each frequency at least for 15 trials. Define the best frequency \(f0) based on the
frequency response function. Figure 1 near here Paradigm to examine the stimulus-specific adaptation of
TRN neurons: 1. Select two pure-tone stimuli of frequencies, f1 and f2, to examine the stimulus-specific
adaptation of the recorded TRN neuron. The two frequencies should border a central frequency \(f1 ×
f2)1/2 equaling its best frequency as defined above and the frequency difference has a ratio of 0.141
octaves \(corresponding to a ratio of 0.9049 for two frequencies). Here is an example about the
calculation of f1 and f2: As shown in Figure 1, f0 was 2000Hz \(f1x f2)1/2 = 2000 f1 = f2*0.9049 f1 =
1902 Hz f2 = 2102 Hz 2. Use an oddball paradigm to examine the stimulus-specific adaptation. 3. Present
the stimuli in a repetitive sequence of nine standard tones followed by a single deviant tone? f1, f1, f1, f1,
f1, f1, f1, f1, f1, f2 and f2, f2, f2, f2, f2, f2, f2, f2, f2, f1. The standard and deviant stimuli occur at a ratio
of 9 to 1. 4. Set the stimulus intensity at 70 dB. 5. Set the ISI at 200 ms or 1,000 ms. For statistical
comparisons use data obtained with an ISI of 1,000 ms. 6. Calculate PSTHs from over 180 trials for the
standard tone and 20 trials for the deviant tone. Figure 2 shows neuronal responses of raw data, raster
display, and PSTHs, to the stimuli, f1 and f2, of the oddball paradigm. Figure 2 near here Deviance
modulation of MGB: 1. Set a deviance paradigm which consists of the following sequence of stimuli: f1,
f1, f1, f1, f1, f1, f1, f1, f1, f1, f2, and p. 2. Set a control paradigm, in which f2 is replaced with f1 to
generate the following sequence: f1, f1, f1, f1, f1, f1, f1, f1, f1, f1, f1, and p. The rational for the paradigms
is that the TRN neurons would be activated by f2 in the deviance paradigm, but not by the final f1 in the
control paradigm. 3. Compared MGB neuronal responses to p under the deviance and control paradigms.
Differences would show the modulatory effect of the TRN deviance preference. 4. Choose frequencies of
f1 and f2 that evoked no response from the MGB neuron being recorded in order to exclude the last
adaptation effect of the responses to the preceding sequence of tones \(f1, …, f1 or f1,…, f2) on the
responses to p,. 5. Set the ISI at 150 ms between consecutive f1 stimuli and between f1 and f2. 6.
Separate the f2 stimulus from p by 50 ms. The p is followed f2 without any delay, as the duration of all
stimuli \(f1, f2, and p) is 50 ms. 7. Set the inter-block stimulus at 3 s. 8. Randomly present blocks of the
deviance and control paradigms based on a computer program. Figure 3 shows one of the results in
which the MGB neuron showed no responses to f1 and f2 but responded to the probe stimulus, p. As
shown in Figure 3, the preceding deviance paradigm modulates the auditory response of the MGB neuron
\(see the results in Figure 5 of Ref5). Figure 3 near here 9. Define an index to measure the modulatory
effect on the auditory response of the MGB neurons by the preceding deviance paradigm. The index IDC
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is defined as \(RD – RC) / \(RC+ RD), where RD and RC are the responses to the probe stimulus in the
deviance and control paradigms, respectively. A negative value indicates a suppressive effect, while a
positive value indicates an enhanced effect. 10. Set the threshold for determining a modulatory effect,
IDCth, on a neuron-by-neuron basis. 11. Calculated the IDCth for each individual neuron using the above
equation with responses from the odd \(30 trials) and even number \(30 trials) of trials in the control
paradigm. When the absolute value of IDC exceeds the absolute value of IDCth, the neuron is considered
to have undergone modulation and included in the statistics. Refer to Figure 5 in Ref5 for the results of
IDC distribution of the MGB neurons. Combination of light and sound stimuli: 1. Present a combination of
a light stimulus \(50 ms) and a noise-burst with a 50-ms interval \(LS paradigm). 2. Present only the
sound stimulus \(S paradigm) in the control paradigm. 3. Deliver white light through an array of light
diodes, which is placed inside the sound-proof chamber and controlled electronically outside the
chamber. 4. Compare MGB neuronal responses to the sound stimulus under the LS paradigm and S
paradigm. 5. Perform an initial examination of the neuronal response to the visual stimulus only to
exclude the adaptation effect. 6. Randomly present the LS and S paradigms in every 3 s. 7. Sort neuronal
response data for each paradigm using a homemade program. Figure 4 shows a result \(more results
could be found at Figure 7 in Ref5). Figure 4 near here CRITICAL STEP: 1. Try the different tones f1 and f2
2. Make the sound level of the probe stimulus as low as possible to extract the maximal modulation
effect. TRN inactivation suppresses deviance modulation of MGB: 1. Glue a tungsten microelectrode to
the injection glass pipette to monitor the activity of the TRN. The distance between the two tips was
approximately 200 ?m. 2. Monitor MGB neuron’s deviance modulation effect. 3. Injected lidocaine \(0.3
microL, 20 mg/ml; Sigma, St. Louis, MO) in the TRN using a microinjection syringe \(Hamilton, Reno, NV),
when there is modulation to the MGB. 4. Monitor neuronal activities in the TRN before, during and after
the injection \(Figure 5). 5. Repeat deviance detection paradigm at 2-3 minutes after the lidocaine
injection. Figure 5 near here 6. Compare the above results with that before the TRN inactivation \(Figure 6,
and Figure 6 in Ref5). Figure 6 near here Anatomical confirmation: 1. Deeply anesthetize the rats with
sodium pentobarbital. 2. Perfuse the rats transcardially with 0.9% saline and then with 4%
paraformaldehyde in 0.1 M phosphate buffer \(pH 7.3). 3. Remove and store the brains overnight in 0.1 M
phosphate buffer containing 30% sucrose. 4. Stain the transverse thalamic sections of 50 micro m
thickness using the Nissl method. 5. Overlaid the images of Nissl-stained sections onto a physiological
map, using the electrode penetration tracks and lesions for guidance. 6. Enlarge the Nissl images by 10%
– 13% prior to overlay to compensate the shrinkage during histological procedure. Figure 7 shows the
Nissl staining of the MGB and the TRN. Figure 7 near here Data analysis: 1. Carried out spike detection
with OpenEX software \(Tucker-Davis Technologies, TDT, Alachua, FL). 2. Analyze differences between
varying conditions with ANOVA. 3. Consider P < 0.05 as statistically significant.

Timing
10 hours

Critical Steps
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In the procedure.

Anticipated Results
1) TRN neurons would show significantly stronger responses to a pure-tone stimulus when it appears as
the deviant stimulus than when it appears as the standard stimulus. Though some MGB neurons also
exhibited a deviance-preference, the deviance-detection index would be significantly greater in TRN
neurons than in MGB neurons. 2) The deviance paradigm would modulate MGB neurons. The modulation
could be deviance-suppressed and deviance-enhanced. 3) The modulation effect would be crossmodality. 4) TRN inactivation would neutralize the deviance modulation of MGB.
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Figure 1
Auditory responses of a thalamic reticular nucleus (TRN) neuron as a function of stimulus frequency at
70 dB SPL. We randomly presented pure tones of varying frequencies (500Hz - 48 KHz) for 15 trials.
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Figure 2
Differential responses of TRN neurons to pure-tone stimuli of two frequencies presented in an oddball
paradigm. (a) Raster displays showing responses to tones of two frequencies (f1, 1902 Hz and f2, 2102
Hz) when presented as f1 standard (90% appearing probability) and f2 deviant (10% appearing
probability) or f1 deviant and f2 standard. The ISI was 1 s. We sampled responses to the standard
frequency from trial no. 81 to 100 (20 trials), and all those to the deviant frequency (20 trials: trial no. 1 to
20). (b) PSTHs of the responses that shown in (a).
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Figure 3
Effect of the deviant-stimulus paradigm on MGB neuronal responses to a probe stimulus. Raster displays
showing responses of one MGB neuron to sequential auditory stimulus paradigms. In the control
stimulus paradigm (left columns), we presented pure tones of f1 (blue bars) for 11 times before a probe
stimulus (black bar). In the deviance paradigm (right columns), we presented pure tones of f1 (blue bars)
for 10 times before a deviant stimulus, pure tone of f2 (red bar) and a probe stimulus (black bar). The
tones and probe stimuli had 50-ms duration with 5 ms rise-fall time. f1 = 3805 Hz, f2 =4204 Hz, and p =
noise burst. Upper raster displays show neuronal responses during the whole time (2 s), while the lower
ones show neuronal responses the first 100 ms after the probe stimulus (magnified 1:20 from the upper
displays). Bottom panel shows PSTHs of MGB neuronal responses. ** P &lt; 0.01 (ANOVA).
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Figure 4
Effect of a preceding light stimulus on MGB neuronal responses to sound stimuli. Raster displays (a) and
PSTHs (b) show responses to the probe stimulus in S and LS paradigms. (a) We tested the responses of
the MGB neuron in a control paradigm (left panel, only a probe stimulus, S) and a cross-modality
paradigm (right panel, LS). The probe stimulus was a 50-ms noise burst with 5-ms rise-fall time.*P &lt;
0.05 (ANOVA).
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Figure 5
Auditory responses of a TRN neuron before and after application of lidocaine. a-b: Top: Extracellular
recordings show the first 100-ms neuronal responses to noise busts for the first 10 trials before (a) and
after (b) application of lidocaine. The lowest trace shows the noise-burst stimulus. Bottom: Raster
displays show neuronal responses for 40 trials. There was no spike in response after application of
lidocaine (b). The ISI was 1500 ms.
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Figure 6
Effect of TRN inactivation on modulation of MGB neuronal responses by deviant paradigms. (a, b) MGB
neuronal responses to sequential stimulus paradigms in the presence of an intact (a) and inactivated
TRN (b). In the control stimulus paradigm, we presented pure tones of f1 for 11 times before a probe
stimulus (left columns). In the deviance paradigm, we presented pure tones of f1 for 10 times before a
deviant stimulus, pure tone of f2 and the probe stimulus (right columns). The upper row shows neuronal
responses for the whole 2 s and the lower row shows the first 100 ms after the probe stimulus
(magnification 1:20). f1 = 3805 Hz (blue bars), f2 = 4204 kHz (red bars), p = noise burst (black bars). (c)
PSTHs of MGB neuronal responses. **P &lt; 0.01 and n.s. (not significant) (ANOVA), p= 0.56 in left
column. (Figure 6a was reproduced from the supplementary Figure 1a in Ref.6).

Figure 7
Nissl staining of the MGB (a) and the TRN (b).
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