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Abstract—The capacity to identify unanticipated abnormal

cues in a natural scene is vital for animal survival. Stimulus-

specific adaptation (SSA) has been considered the neuronal

correlate for deviance detection. There have been compre-

hensive assessments of SSA in the frequency domain along

theascendingauditorypathway,butonly little attentiongiven

to deviance detection in the spatial domain. We found that

thalamic reticular nucleus (TRN) neurons exhibited stronger

responses to a tonewhen it was presented rarely as opposed

to frequently at a certain spatial location. Subsequently, we

engaged signal detection theory to directly gauge neuronal

spatial discriminability and found that discrimination of devi-

ant locations was considerably higher than standard loca-

tions. The variability in neuronal spatial discriminability

among the TRN population was directly related to response

difference (RD) but not variance;meanwhile, further analyses

attributedhigher spatial sensitivity at deviant locations to lar-

ger RD. Astonishingly, a significant correlation was found

between the amount of adaptation and deviant discriminabil-

ity. Collectively, our results suggest that adaptation facili-

tates rare location discrimination by sharpening the

responsegapbetween two locations.�2017 IBRO.Published

by Elsevier Ltd. All rights reserved.
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nucleus.

INTRODUCTION

The auditory environment is continuously filled with

concurrent auditory stimuli, yet we can easily isolate and
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attend to stimuli that are novel or salient. The ability to

detect these novel cues is crucial to survival in the ever-

changing natural environment, but how does the brain

accomplish this task? To answer this question, research

has focused on either mismatch negativity (MMN), an

event-related potential (ERP) signature in the central

nervous system (Näätänen et al., 1978, 2007;

Aghamolaei et al., 2016), or another putative mechanism

for deviant and change detection (Ulanovsky et al., 2003;

Yu et al., 2009b): stimulus-specific adaptation (SSA)—

when a neuron adapts and even ceases responding to

repeated or high-probability stimuli but maintains a com-

paratively strong response to less common, low-

probability stimuli.

Deviance detection within the frequency domain

(varying cue tone) has been studied extensively

throughout the auditory pathway (Auditory cortex:

Ulanovsky et al., 2003; Szymanski et al., 2009; Von Der

Behrens et al., 2009; Antunes et al., 2010; Farley et al.,

2010; Taaseh et al., 2011; Nieto-Diego and Malmierca,

2016; Medial Geniculate Body: Anderson et al., 2009;

Yu et al., 2009b; Antunes et al., 2010; Bäuerle et al.,

2011; Antunes and Malmierca, 2014; Duque et al.,

2014; Inferior colliculus: Malmierca et al., 2009; Zhao

et al., 2011; Ayala and Malmierca, 2012, 2015; Ayala

et al., 2012; Duque et al., 2012, 2016; Pérez-González

et al., 2012; Anderson and Malmierca, 2013). In contrast,

much less work has been devoted to the static spatial field

(varying cue location). And of those studies that did exam-

ine spatial deviants, all of them used artificial closed-field

auditory cues exclusively (Reches and Gutfreund, 2008;

Xu et al., 2014). Thus, to date no systematic assessment

of spatial deviance detection has been carried out at the

single neuron level with ecologically relevant stimuli, and

as a result, it is still unknown where spatial SSA is repre-

sented in the brain.

We hypothesize that the thalamic reticular nucleus

(TRN) is critical to spatial SSA. Given its strategic

location between thalamus and cortex, TRN has been

regarded as the ‘‘searchlight of attention” (Crick, 1984;

McAlonan et al., 2008). TRN neurons exhibit strong adap-

tation to repetitive stimuli (Yu et al., 2009a) and show

stimulus-specific responses in the frequency domain (Yu

et al., 2009b). Neurons in the TRN also show binaural

properties (Villa, 1990) and have been related to spatial

orienting behavior (Weese et al., 1999). Taken together,

the properties of these neurons are consistent with a

possible role for the TRN in identifying spatially-novel

stimuli. As little is currently known about spatial location
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processing in the auditory sector of TRN, here we exam-

ined spatial SSA in the TRN using in vivo extracellular

recordings from both anesthetized and awake rats.
EXPERIMENTAL PROCEDURES

Animals

All animal procedures were approved by the Animal

Subjects Ethics Committees of Zhejiang University.

Animals were housed in a temperature (24 ± 1 �C) and
humidity (40–60%) controlled facility with a 12-h light/12-

h dark cycle (lights on at 08:00). Rodent food and water

were available ad libitum. Both male and female Wistar

rats (260–330 g) with clean external ears were used in

the current study.

Anesthesia was induced with 1.35 g/kg urethane (20%

solution, i.p., Sinopharm Chemical Reagent Co.,

Shanghai), and the level of anesthesia was monitored

by hind paw and corneal reflexes and kept stable with

supplementary does of urethane (0.5 g/kg/h) as needed.

In order to suppress tracheal secretion, atropine sulfate

(0.05 mg/kg, s.c) was administered 15 min prior to

anesthesia and a local anesthetic (xylocaine 2%) was

liberally applied to the wound. Animals were prepared

for surgery as previously described (Yu et al., 2009a,b;

Yu et al., 2011). Briefly, subjects were mounted into a

stereotaxic device and a midline incision was made on

the scalp. In order to facilitate vertical access to the audi-

tory sector of TRN, a craniotomy was made on the left

hemisphere and the dura mater was removed. All record-

ings in the present study were from the left hemisphere.

Throughout experiments with anesthesia, body tempera-

ture was maintained at 37–38 �C using a heating pad.

Following implantation of a metal head restraint, the

rat was removed from the stereotaxic device and held

by the head-post such that the rat was subjected to a

free-field acoustic environment. For awake recordings,

animals were anesthetized with pentobarbital sodium

(40 mg/kg) and a fixation bar was attached to the top of

skull using dental cement and six screws. A silicone

elastomer was applied to the opening for protection.

After recovery, rats were habituated to be head-fixed

using a customized apparatus in the sound-proof

chamber once every day (Schwarz et al., 2010). The ani-

mal could be monitored via a camera. The habituation

period lasted 30 min for the first day, increased gradually

each training session, and reached 3.5 h on the sixth day

and maintained this duration on the following days. Usu-

ally, the habituation training lasted for 10 days.
Recording

Tungsten microelectrodes (Frederick Haer & Co.,

Bowdoinham, ME) with an impedance of 2–7 MO were

advanced into TRN (Center: 3 mm posterior to bregma,

3.5 mm lateral to midline) via remotely operated

Microdrive (MO-10, Narishige) from outside the

soundproofed room according to a rat brain atlas

(Paxinos and Watson, 2005). The signal was amplified

and processed by TDT systems (OpenEX, TDT).
Anatomical confirmation

After the last recording, an electrolytic lesion was used to

verify coordinate accuracy. The subjects were deeply

anesthetized with pentobarbital sodium and

transcardially perfused with 0.9% saline followed by 4%

paraformaldehyde in 0.1 M phosphate buffer (pH 7.3).

The brains were removed and kept overnight in 30%

sucrose in 0.1 M phosphate buffer. Brains were

sectioned at 50 mm and Nissl stained. Stained sections

were imaged and overlaid with a physiological map with

electrode penetration tracks and electrolytic lesions for

guidance. Due to tissue shrinkage caused by the Nissl

procedure, the Nissl images were enlarged by 10–13%

prior to overlay.

Acoustic stimulation

Digital acoustic stimuli were generated with a computer-

controlled Auditory Workstation (Tucker-Davis

Technologies, TDT 3, Alachua, FL) and delivered

through magnetic speakers (MF1, TDT). A total of 6

speakers were positioned evenly as provided in Fig. 1A

(�90�, �54�, �18�, 18�, 54�, 90�) along the horizontal

anterior semicircle located at the center of the rat’s

head with a radius of 70 cm. The sound pressure of

each speaker was calibrated and set to 65 dB sound

pressure level at the semicircle midpoint with a ¼00

condenser microphone (Brüel & Kjær 4954, Nærum,

Denmark) as well as a PHOTON/RT analyzer (Brüel &

Kjær). Upon isolation of a single TRN neuron, the

stimuli below were applied:

1) Frequency screening procedure: A sequence of

tones ranging in frequency from 0.5 kHz to 48 kHz

was presented in random order at the right con-

tralateral position (90�), providing 15 trials per tone.

Tone duration was 100 ms with a 5-ms rise/fall time.

The identified best frequency (BF) was then used

for the spatial screening protocol and the spatial

oddball paradigm (see below).

2) Spatial screening protocol (SSP): The BF tone was

presented randomly at each of the six positions

15 times with 600 ms ISI (inter-stimulus interval)

as shown in Fig. 1A.

3) Spatial oddball paradigm (SOP): We used two loca-

tions (L1 and L2) to come up with spatial oddball

combination [L1, L2] (L1<L2). The ratio of the occur-

rence of the standard to deviant location was 9 to 1.

The tone was presented at the standard position

9 times followed by a single presentation at the

deviant position. This block was repeated for a total

of 20 times. Upon acquiring a single data set, the

relative occurrence probability of the two locations

was reversed. The ISI was 600 ms unless otherwise

stated (sometimes 1s or 2s). Peri-stimulus time his-

tograms (PSTHs; 7ms bin) were computed from

over 180 and 20 trials for the standard and deviant

position, respectively.

The stimuli were modified for awake subjects to

shorten the recording period: we didn’t include the

frequency screening procedure, and we performed the
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SSP and the SOP with noise bursts

instead of pure tones. For the SOP,

only one location combination

([�90�, 90�]) was tested, and the

ratio of standard to deviant location

was set to 5:1 instead of 9:1. This

block was repeated a total of 30 times.
Data analysis

In order to characterize SSA in the

spatial domain, we employed two

published SSA indexes designed for

the frequency domain (Ulanovsky

et al., 2003; Malmierca et al., 2009;

Yu et al., 2009b; Antunes et al.,

2010): We computed an SIi
(stimulus-specific index of the loca-

tion) at each location by engaging

the formula: SIi = [d(Li) � s(Li)]/[d

(Li) + s(Li)], with s(Li) and d(Li) being

the tone responses at identical spots

as standard and deviant location,

respectively. We also computed CSI

(Common-SSA Index), which

describes the degree of SSA for the

two locations and is delineated as

[d(L1) + d(L2) � s(L1) � s(L2)]/[d(L1)

+ s(L1) + d(L2) + s(L2)].
ig. 1. Experiment setup and responses of

n example TRN neuron from an anes-

etized subject. (A) Six speakers were

laced evenly at the frontal horizontal semi-

ircle of the rat head (�90�,�54�,�18�, 18�,
4�, 90�). (B) Track of recording electrode,

s shown by Nissl stain (the arrow indicates

e recording site). Scale bar=1000 mm. (C)

esponses as a function of stimulus loca-

ons, which are shown on the left of each

aster plot. Pure tones (2075 Hz) were ran-

omly presented at six different locations,

ach one for 15 trials. (D–G) Raster plots

nd Peristimulus histograms (PSTHs) corre-

ponding to four distinct locations combina-

ons in the spatial oddball paradigm (D:

18�, 18�]; E: [�90�, 90�]; F: [54�, 90�]; G:

90�, �18�]). Raster displays showing

esponse to tone (2075 Hz) at two locations

hen presented as the deviant location

black color in the top row) and the standard

cation (gray color in the middle row). The

aster plots show the last 20 trials for

tandard responses, but all 20 trials for

eviant responses. The occurrence proba-

ility and the sound location are indicated in

e title of each plot. The PSTHs (bottom

ow) show the deviant (20 trials) and stan-

ard responses (180 trials). *p< 0.05,

p< 0.01, n.s. not significant, Wilcoxon

ank test.
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In addition, an ROC (receiver operating characteristic)

assessment was used to determine the neuronal spatial

discriminability between both locations based on

neuronal responses. The AUC (area under ROC curve)

offers an estimate of the neural discriminability of the

two firing distributions (Von Der Behrens et al., 2009;

Ayala et al., 2012; Yu et al., 2012, 2015), and ranges from

0.5 to 1, with 0.5 denoting identical firing rate distributions

from locations L1 and L2, and 1 implying complete separa-

tion of the two firing distributions. For all spike counts, the

window was always chosen from 0 to 100 ms relative to

the onset of the auditory stimuli.
RESULTS

We recorded from 120 well isolated TRN neurons in 34

anesthetized rats with SOP, and 64 of those were

tested with multiple location combinations. We also

collected data from 8 neurons in 3 awake rats with one

location combination ([�90�, 90�]) in SOP.
SSA in the spatial domain

As shown previously, TRN neurons displayed strong SSA

in the frequency domain (Yu et al., 2009b). In the present

study, we first examined whether or not the TRN neurons

showed SSA in the spatial domain. An example neuron

illustrating our procedures was shown in Fig. 1. We used

an oddball paradigm with a combination of two locations.

The two locations were chosen from six speakers, which

were evenly distributed at the frontal horizontal semicircle

centered on the head of the rat (Fig. 1A). Before that, a

basic screening of the spatial responses was carried

out. The example TRN neuron, with its location shown

in Fig. 1B (arrow), responded to pure tones (2075 Hz) with

fewer spikes as the sound locations moved from the con-

tralateral site to the ipsilateral site (from the top to the bot-

tom in Fig. 1C).

We created a spatial oddball paradigm (SOP),

presenting combinations of two locations from six

evenly-distributed speakers (Fig. 1A). We used 4 pairs

of locations: [�18�, 18�], [�90�, 90�], [54�, 90�], and

[�90�, �18�] (Fig. 1D–G, respectively). Each location in

all pairs was presented as standard and deviant

locations in different trials. The raster plots show

responses to the tone at the same locations when the

location is the deviant (top row of Fig. 1D) and when it is

the standard (middle row of Fig. 1D) locations: the

representative neuron showed a much stronger

response at the deviant locations than that at the

standard locations, and the PSTHs (bottom row of

Fig. 1D) reveal a significant difference between deviant

and standard responses at both locations (�18�:
p< 0.001; 18�: p< 0.001. Wilcoxon rank test). Similar

results were found in the other three location

combinations for the same TRN neuron (Fig. 1E-G).

Interestingly, the deviant response at �90� location of

[�90�, 90�] in Fig. 1E was considerably stronger

(p< 0.001, Wilcoxon rank test) than when the same

location (and tone) was the deviant in another location

combination [�90�, �18�] (Fig. 1G). This finding
suggests that responses to spatial deviance may be

dependent on the spatial context.

And we also examined eight TRN neurons from three

awake subjects and found similar response patterns. Data

from two of the eight neurons are presented in Fig. 2.

Those two neurons also exhibited stronger responses at

the deviant locations as observed in the anesthetized

subjects (Fig. 1).

The population-level analysis of data from

anesthetized subjects is summarized in Fig. 3 and

included 102 neurons in [54�, 90�], 57 neurons in [18�,
90�], and 39 neurons in [�90�, 90�]. Scatter plots of the

location-specific index SI1 versus SI2, reveal that most

values fell within the upper right quadrant (Fig. 3A),

similar to previous reports from the frequency domain

(Malmierca et al., 2009; Yu et al., 2009b; Antunes et al.,

2010; Farley et al., 2010). This relationship, however,

broke down for the location combinations [18�, 90�] and
[54�, 90�] with about 42% of neurons falling within the

upper left quadrant (24/57, Fig. 3B; 43/102, Fig. 3C).

Those neurons had negative SI1 and positive SI2, parallel

to the findings in the frequency domain when the fre-

quency gap was relatively small (Ulanovsky et al., 2003;

Malmierca et al., 2009; Antunes et al., 2010). Statistical

comparison of SI2 and SI1 found no difference between

SI2 and SI1 in [�90�, 90�] but there was a significant differ-

ence in [18�, 90�] and [54�, 90�] (SI2 vs SI1: p= 0.43,

Fig. 3A; p= 0.002, Fig. 3B; p< 0.001, Fig. 3C.; signed

rank test), suggesting that firing rate-related non-specific

adaptation played a role in the spatial oddball responses

as in previous reports of responses to the intensity oddball

(Fig. 2C in Duque et al., 2016).

It is also important to highlight that the SI2 in Fig. 3A–C

described the specific index for identical location

(contralateral site, 90�), yet SI2 in [�90�, 90�] was larger

than that in [18�, 90�] (ANOVA, post hoc Tukey’s test:

p< 0.05) and [54�, 90�] (p< 0.01), signifying that the

location-specific adaptation was also spatial-context

dependent. To further explore spatial context dependent

firing in TRN, we compared deviant firing at the same

location (contralateral site, 90�) under two or three

different spatial backgrounds for each neuron (Fig. 3D).

Only neurons recorded with at least two location

combinations were included for this analysis (n= 64,

Fig. 3D). 20 of 64 TRN neurons showed significantly

different responses to the same deviant tones at the

same locations when the spatial context (i.e. the

standard location) was different (p< 0.05, ANOVA).

A direct comparison of the neuronal adaptation

strength via the Common-SSA index (CSI) across the

three conditions revealed that the CSI in [�90�, 90�] is
considerably larger than that in the other two

combinations (ANOVA, post hoc Tukey’s test:

p< 0.0001, Fig. 3E). For the three pairs, CSIs were all

significantly higher than zero (t-test: p< 0.01), implying

that on average the deviant stimulus elicited an

enhanced response compared to the standard stimuli:

spatial SSA was found in the TRN population under all

three conditions. To eliminate the possibility that the

disparity in CSI could result from diverse neuronal

populations and to assess the relationship in CSI among



Fig. 2. Responses of two example TRN neurons from an awake subject. (A, B) Two example TRN

neurons recorded from the same awake subject. Left panel: Track of recording electrode, as

shown by Nissl stain (the arrow indicates the recording site), Scale bar=1000 mm. Right panel:

Raster displays showing the neuronal response to noise burst at two locations when presented as

the deviant location (black color in the top row) or the standard location (gray color in the middle

row). The occurrence probability and the sound location are indicated in the title of each plot. The

raster plots show the last 30 trials for standard responses, and all 30 trials for deviant responses.

The PSTHs (bottom row) show the deviant (30 trials) and standard responses (150 trials).
*p< 0.05 and **p< 0.01, Wilcoxon rank test.
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the different location combinations, we plotted CSI of a

single location combination against another location

combination and directly compared them (Fig. 3F, G).

The CSI in [�90�, 90�] was greater than that in [18�,
90�] (Fig. 3F, p= 0.003, n= 21, signed rank test) and

[54�, 90�] (Fig. 3G, p< 0.001, n= 32, signed rank

test). No difference was found between [54�, 90�] and

[18�, 90�] (p= 0.96, n= 47, signed rank test).
Furthermore, the CSIs of different

location combinations were positively

correlated (Pearson correlation.

Fig. 3F, [�90�, 90�] vs. [18�, 90�],
r= 0.67, p< 0.001; Fig. 3G, [�90�,
90�] vs. [54�, 90�], r= 0.65,

p< 0.001; [18�, 90�] vs. [54�, 90�],
r= 0.62, p< 0.001), indicating that

CSI reflects a neuronal property of

spatial SSA.
The effect of ISI on spatial SSA

After identifying spatial SSA, we

examined the temporal window of

spatial SSA by varying ISI. When ISI

was longer, the difference between

the standard and deviant responses

decreased in both locations as

shown in Fig. 4A–C, and the CSI

was weaker (CSIs were 0.42 at 600

ms ISI in Fig. 4A, 0.27 at 1000 ms

ISI in Fig. 4B, and 0.15 at 2000 ms

ISI in Fig. 4C). For the SI2 versus

SI1 scatter plot, the distribution of

shorter ISI’s deviated more from the

diagonal, showing stronger spatial

SSA (Fig. 4D) as seen in the

frequency domain (Ulanovsky et al.,

2003; Malmierca et al., 2009;

Antunes et al., 2010). The CSIs of dif-

ferent ISIs were also directly com-

pared and showed that the CSI for

the shortest ISI was significantly dif-

ferent than both longer ISIs, and that

the CSI for the two longer ISIs did

not differ from one another (Fig. 4E;

600 ms ISI vs. 1000 ms ISI:

p< 0.001; 600 ms ISI vs. 2000 ms

ISI: p< 0.001; 1000 ms ISI vs. 2000

ms ISI: p= 0.47, signed rank test).
Adaptation increased spatial
discriminability for deviant
locations

After examining the basic

characteristics of spatially-deviant

responses, we next explored

whether and how adaptation shaped

the neuronal spatial discriminability,

especially for relatively close

locations such as [54�, 90�]. In the

frequency domain, deviant stimuli

usually entail much better frequency
discrimination (Von Der Behrens et al., 2009; Ayala

et al., 2012). We therefore sought to compare neuronal

spatial discrimination between adapted states (standard

stimuli) and non-adapted states (deviant stimuli). Neu-

ronal discriminability was quantified by AUC of the ROC

curve, which is a measure of how well two distributions

can be told apart by an ideal reporter and therefore an



Fig. 3. Dependence of spatially deviant response on the location combination. (A–C) Scatter plots

of spatial stimulus-specific index at location 2 (SI2) versus spatial stimulus-specific index at

location 1 (SI1). Location 2 is always 90� while location 1 is �90� (A), 18� (B), and 54� (C). The red

color in Figure A indicates the neurons recorded from awake rats. The marginal histograms on the

right show SI2 distribution, the arrows and the numbers illustrate the means. (D) Deviant responses

at 90� of three location combinations ([�90�, 90�]: circle; [18�, 90�]: triangle; [54�, 90�]: diamond)

are presented for neurons with at least two location combinations and separated into two groups:

grey background (n= 20) and white background (n= 44). Each neuron in the grey background

showed a significant difference in the deviant response at 90� of different tested location

combinations (p< 0.05, ANOVA) while neurons in the white background did not. Both groups

were sorted according to the firing rate in descending order. (E) Comparison of CSI for different

location combinations. (F, G) Correlation and comparison of CSIs for different location

combinations (F: [�90�, 90�] vs. [18�, 90�], n= 21; G: [�90�, 90�] vs. [54�, 90�], n= 32). The

dashed line in each plot is the unity slope.
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indicator of spatial discriminability in this case. The firing

distribution of standard locations in an example neuron

(Fig. 5A, top panel) overlapped a little, but separated

completely for the same locations when they were pre-

sented as deviant locations (Fig. 5A, bottom panel).

These distribution comparisons resulted in two different

ROC curves (Fig. 5B): the AUC was 1 for deviant loca-

tions and 0.88 for standard locations. At the population

level, the mean deviant AUC was 0.75, 11% bigger than

the standard AUC for the [54�, 90�] combination (Fig. 5C,

p< 0.001, n= 102, signed rank test). Similar results

were obtained from the other two location combinations

(deviant AUC vs. standard AUC, p< 0.01 for both [18�,
90�] and [�90�, 90�], signed rank test). The enhancement

of spatial discriminability for deviant locations can also be

detected from the comparison of AUC of the deviant loca-
tions in SOP with that of the same two

locations in the spatial screening pro-

cedure (SSP): the AUC of the deviant

locations in SOP was significantly

greater than in SSP (Fig. 5D,

p< 0.001, n= 102, signed rank test)

although the neuronal firing rate was

much greater in SSP (p< 0.001,

signed rank test).

AUC depends on two properties

that regulate how much the two

distributions overlap: the response

difference (RD) in their means and

their width (variance) (Fig. 5A). The

RD represents how distant the two

distributions are from one another,

while the variance represents the

distributions’ spread. In principle, high

sensitivity could either be attributable

to a large RD or a low variance, so

each of these factors was considered

separately. Fig. 6A, B plots AUC for

deviant locations as a function of RD

and variance, respectively. A signif-

icant correlation existed for RD

(Fig. 6A; p< 0.001, type II

regression) but not for variance

(Fig. 6B; p= 0.59, type II

regression). Similar results were

found for standard locations (RD:

Fig. 6C; p< 0.001, type II regres-

sion; variance: Fig. 6D; p= 0.51,

type II regression), and for responses

in SSP (RD: Fig. 6E; p< 0.001, type

II regression; variance: Fig. 6F;

p= 0.66, type II regression).

We next determined which factors

gave rise to the higher sensitivity for

deviant locations. Fig. 7A, B

compares RD and variance from the

same two locations as the deviant

locations or as the standard locations,

respectively. The geometric mean of

RD in the deviant locations was

54.3% bigger than that in the

standard locations (Fig. 7A;

p< 0.001, signed rank test), and the
geometric mean of the variance in the deviant locations

was 9.6% smaller (Fig. 7B; p= 0.01, signed rank test),

suggesting that the increase of RD and the decrease of

variance may together lead to higher sensitivity to deviant

locations compared with standard locations. However,

when compared with SSP, a significant difference existed

only for RD (Fig. 7C; signed rank test, p< 0.001) but not

for variance (Fig. 7D; signed rank test, p= 0.91),

suggesting that the increase of RD contributed more to

the higher sensitivity of deviant stimuli, at least as

compared with SSP. Similar results were also found in

the other two location combinations (deviant RD vs.

standard RD, p< 0.05 for both [18�, 90�] and [�90�,90�],
signed rank test).



Fig. 4. Dependence of spatial SSA on ISI. (A–D) An example TRN neuron responding to the same

spatial oddball protocol under three different ISIs: 600 ms (A), 1000 ms (B), and 2000 ms (C). In

each figure, raster displays showing response to the tone (6912 Hz) at two locations (as indicated

in each panel) when presented as the deviant location (black color in the top row) or the standard

location (gray color in the middle row). The PSTHs (bottom row) show the deviant and standard

responses. *p< 0.05 and **p< 0.01, Wilcoxon rank test. (D) Scatter plots of SI2 versus SI1 under

three ISIs: 600 ms (black circle), 1000 ms (gray triangle), and 2000 ms (gray square). (E) CSI

comparison for different ISIs (Signed rank test, **P< 0.01; *P< 0.05; n.s. not significant).
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Association between the strength of spatial SSA and
spatial discriminability

Since spatial SSA could increase the neuronal

discriminability for deviant locations, the relationship

between CSI and AUC is of interest. Indeed, there was

a strong correlation between the degree of adaptation

(CSI) and the spatial discrimination (AUC). Neurons with
higher CSI tended to have superior

discriminability for the deviant sites

(Fig. 8A: p< 0.001, r= 0.38, Type

II regression). The greater the spatial

SSA, the more precisely the neuron

differentiated between the two

locations based on the deviant

responses. Interestingly, significant

correlations for the relationship

between AUC and CSI were also

detected in standard locations

(Fig. 8B: p< 0.001, r= 0.34, Type

II regression), and there was no

correlation between AUC from SSP

and the corresponding CSI in SOP

(p= 0.58, Type II regression).

Together, these data imply that

spatial SSA shaped the spatial

discriminability for standard locations

in addition to deviant locations.
DISCUSSION

This study examined spatial SSA of

TRN neurons and their spatial

discriminability. We found that TRN

neurons showed SSA in the spatial

domain, and that it was dependent

on spatial context. Further, spatial

adaptation increased neuronal

spatial discriminability for deviant

locations by sharpening the

response difference (RD) of the two

locations.
SSA in the spatial domain versus
the frequency domain

SSA has been found and studied

primarily in the frequency domain,

along the entire auditory pathway

(see Malmierca et al., 2014; Khouri

and Nelken, 2015, for review). The

spatial SSA we describe here shares

many traits with frequency SSA. It is

worth noting, however, that this is

the first exploration of spatial SSA in

a free-field acoustic environment at

the single neuronal level and much

work remains to be done in different

brain areas. Nonetheless, the

observed similarities between fre-

quency and spatial SSA are notewor-

thy. First, frequency CSI increases as

the two tones become more different
(Df), just as we observed that spatial CSI increased as

the two locations became more distant (Dl, Fig. 3E). Sec-
ond, both the frequency CSI and the spatial CSI

decreased as ISI increased, and both showed significant

SSA even with ISI at the seconds level (Fig. 4); Third, for

both cases, the scatter plot of SI2 vs. SI1 distributed sym-

metrically along the unitary line when the Df/Dl was large,



Fig. 5. Spatial SSA enhances the spatial discriminability for deviant

locations. (A) Firing rate distribution for responses at standard (top

panel) and deviant (bottom panel) locations from the example neuron

in Fig. 1. (B) The corresponding ROC curves for deviant locations

(gray square) and standard locations (black circle). (C) Scatter plot

showing the relationship between AUC of deviant locations and the

AUC of the same locations when presented as the standard locations

(n= 102) in the location combination [54�, 90�]. The dashed line is

the unity slope. (D) Scatter plot showing the relationship between

AUC of deviant locations from SOP and the AUC of the same

locations in SSP. n= 102.
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indicating that the effect of one stimulus on the other

responses was the similar to the effect of the versus

(Fig. 3A); but when Df /Dl became small, the symmetry

along the unitary line disappeared. Those neurons had

negative SI1 and positive SI2, paralleling findings in the

frequency domain when the difference in the two frequen-

cies is relatively small (Ulanovsky et al., 2003; Malmierca

et al., 2009; Antunes et al., 2010). In the spatial SSA, the

SI at the contralateral location was much greater than the

SI at the ipsilateral location (Fig. 3B, C). The similarity

between the spatial SSA and the frequency SSA sug-

gested that they may share similar neuronal mechanisms.
Specific and non-specific adaptation

SSA is defined as reduced responding to a common

stimulus that does not generalize to other rare stimuli

(Movshon and Lennie, 1979). It is generally accepted that

the response is regarded as SSA only when both deviant

responses are stronger compared to their respective

standard response. Under this criterion, neurons with both

positive SIs have been regarded as exhibiting SSA: Thus,

strong spatial SSA occurs for [�90�, 90�] (Fig. 3A), while
only 35.1% (20/57; Fig. 3B) and 37.3% (38/102; Fig. 3C)

of the neurons show spatial SSA for [18�, 90�] and [54�,
90�], respectively.
On the other hand, non-specific adaptation such as

firing-rate adaptation (Westerman and Smith, 1984) or

neuronal fatigue (Carandini, 2000), depends on the neu-

rons’ history of activity. We observed hints that such

non-specific adaptation influences the results in

Fig. 3B, C. It seems that there is an asymmetry in the

SIs, with higher SIs for a contralateral stimulus (90�). This
is generally expected from non-specific adaptation: the

contralateral stimulus gives rise to more spikes and there-

fore, the contralateral response is expected to be less

adapted (i.e. larger SI) when embedded in a sequence

of less powerful stimuli such as 18� and 54�. This has also
been shown in the intensity oddball (Duque et al., 2016).

As a result of this non-specific adaptation, the response of

the deviant is sensitive to the strength of the response to

the standard. Although control paradigms have been

introduced to partially separate these two kinds of adapta-

tion (Taaseh et al., 2011), it is still impossible to com-

pletely segment the two components in the responses.

When specific adaptation occurs, it does not preclude

an additional non-specific adaptation component, and

similarly, when neurons exhibit non-specific adapta-

tion—as in the data points lying beyond the first quadrant

in the scatter plot (Fig. 3A–C) — a specific adaptation

component cannot be ruled out.

In the [54�, 90�] combination, for instance, although

SSA seems small, there was still strong correlation

between the degree of adaptation (CSI) and the spatial

discrimination (AUC) of the deviant location (Fig. 8),

suggesting that spatial SSA does shape the spatial

discrimination. Nonetheless, we do not deny the

possibility that non-specific adaptation also played a

role. Yet despite the large difference in the strength of

spatial SSA between the three location combinations

(Fig. 3A–C), our main finding that adaptation increased

spatial discriminability and escalated RD for deviant

locations holds true for all three situations. As a result,

we cannot delineate the difference between the specific

and non-specific adaptation.

Context dependent activity in TRN

Spatial context dependent activity has not yet to be

studied in great detail. So far, it has mainly been

described with close-field spatial cues in inferior

colliculus (IC; Dahmen et al., 2010). It has never been

addressed in TRN. TRN is comprised of GABAergic

(gamma-aminobutyric acid) neurons, receives inputs from

corticothalamic and thalamocortical axon collaterals, and

projects back to thalamus (Jones, 1975; Houser et al.,

1980; Yen et al., 1985). TRN neurons are capable of inter-

acting via electrical synapses (Landisman et al., 2002) or

predominantly via GABAergic chemical synapses (Ohara,

1988; Ulrich and Huguenard, 1996).

TRN can enhance or suppress thalamic neuronal

activity through its SSA in the frequency domain (Yu

et al., 2009b). TRN’s enhancing and suppressive effects

are believed to be mediated by disinhibitory and inhibitory

inputs to the thalamus (Jones, 1975; Houser et al., 1980;

Yen et al., 1985; Ohara, 1988; Ulrich and Huguenard,

1996), respectively. Spatial SSA and spatial context

dependent firing in TRN may also provide disinhibitory



Fig. 6. Parameters influencing spatial discriminability. Dependence of AUC on RD between two

locations (top row) and their mean variance (bottom row) for deviant locations (A, B) and standard

locations (C, D) in SOP, and in SSP (E, F). Variance is a mean value of two variances computed

from two firing distributions at two locations, like those in Fig. 5A. RD was forced to 0.1 if it was

smaller than 0.1 for the convenience of illustration on a logarithmic scale. Solid lines illustrate

type II linear regression through all data. All the data in SOP are from the location combination

[54�, 90�].

Fig. 7. Factors increasing deviant spatial discriminability. (A, B)

Scatter plots show the relationship between deviant RD and standard

RD (A), and their corresponding variance (B). (C, D) Scatter plots

show the relationship between deviant RD and RD of the same

locations in SSP (C), along with their corresponding variance (D). The

dashed line in each plot is the unity slope. All the data in SOP are

from the location combination [54�, 90�].

Fig. 8. Relationship be

of spatial SSA. Scatter

AUC for deviant (A), an

the location combinatio
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and inhibitory input to thalamus and

enhance or suppress the thalamic

neuronal activity, and if so, would

subsequently affect cortical neuron

activity (Halassa et al., 2011).

TRN neurons discharge in two

activity modes with respect to animal

arousal state (Mukhametov et al.,

1970; Steriade et al., 1986;

Spreafico et al., 1988; Weyand

et al., 2001). When the animals are

awake, TRN neurons display ‘‘single

spike” activity, referred to as tonic

mode firing. During slow wave sleep

or under drowsiness conditions, TRN

neurons switch instead to burst mode

firing, characterized by sporadically

grouped discharges and interspersed

with periods of relative quiescence

(Mukhametov et al., 1970; Steriade

et al., 1986). The sensory-evoked

response in TRN is also dependent

on the foregoing spontaneous firing

mode (Hartings et al., 2003). Previous

investigations found that TRN action

was related to behavioral states

(Halassa et al., 2014) and was very

sensitive to stimulus history with fast

adaptation to repetitive stimuli (Yu

et al., 2009a). We also previously

demonstrated that TRN neuronal

activity was dependent on the fre-

quency context and showed SSA in
the frequency domain (Yu et al., 2009b). This finding

has been extended here, showing that TRN firing was

also dependent on the sound’s spatial context. Given

the fact that TRN neurons are highly modulated by brain

states, the finding that TRN neurons in awake subjects

still exhibit significant SSA is also very interesting (Fig. 2

and Fig. 3A), and demonstrates that spatial SSA is not
tween spatial discriminability and the strength

plot shows the relationship between CSI and

d standard location (B). All the data are from

n [54�, 90�].
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simply an artifact of anesthetic use as suggested by

Duque and Malmierca (2015).

Spatial discriminability was correlated with the depth

of neuronal SSA (Fig. 8), which was very similar to

frequency SSA (Von Der Behrens et al., 2009; Ayala

et al., 2012) and implies that SSA could dynamically

change neuronal discriminability based on both frequency

and spatial context. Anatomically, a single TRN neuron

receives a large amount of inputs from the thalamus,

the cortex and even across modalities (Yu et al., 2011;

Gutfreund, 2012), suggesting that a single auditory TRN

neuron could sample a lot of context. Context-

dependent firing would enable TRN to flexibly gate infor-

mation from the thalamus to the cortex.
Effect of spatial adaptation on neuronal response
variability and response contrast

The role of trial-to-trial variability in neural coding remains

an important problem in system neuroscience. A previous

report indicated that adaptation could increase neuronal

response variability in anesthetized rats (Adibi et al.,

2013). The current research suggested that spatial adap-

tation not only shaped the variability but also modified the

response contrast. Within the frequency domain, SSA has

been found to improve the neuronal discrimination of devi-

ant stimuli in the auditory cortex (AC; Von Der Behrens

et al., 2009) and IC (Ayala et al., 2012). Importantly, how-

ever, these studies did not reveal the factors that led to

the increased sensitivity for deviant stimuli. This study

showed that SSA increased the spatial sensitivity similarly

to the frequency domain, and identified RD increase as

the primary source for the sensitivity improvement.

RD escalation implies that the slope (or the

steepness) of the tuning curve for the deviant location

would become sharper, and the slope is always related

to the neuronal discrimination threshold (Yu et al., 2012,

2014, 2015). It is therefore likely that spatial adaptation

reduces the neuronal discrimination threshold for deviant

positions to increase psychological sensitivity.
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