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GABA Predicts Time Perception
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Our perception of time constrains our experience of the world and exerts a pivotal influence over a myriad array of cognitive and motor
functions. There is emerging evidence that the perceived duration of subsecond intervals is driven by sensory-specific neural activity in
human and nonhuman animals, but the mechanisms underlying individual differences in time perception remain elusive. We tested the
hypothesis that elevated visual cortex GABA impairs the coding of particular visual stimuli, resulting in a dampening of visual processing
and concomitant positive time-order error (relative underestimation) in the perceived duration of subsecond visual intervals. Partici-
pants completed psychophysical tasks measuring visual interval discrimination and temporal reproduction and we measured in vivo
resting state GABA in visual cortex using magnetic resonance spectroscopy. Time-order error selectively correlated with GABA concen-
trations in visual cortex, with elevated GABA associated with a rightward horizontal shift in psychometric functions, reflecting a positive
time-order error (relative underestimation). These results demonstrate anatomical, neurochemical, and task specificity and suggest that
visual cortex GABA contributes to individual differences in time perception.

Introduction
There is increasing recognition that the timing of subsecond in-
tervals is subserved by distributed sensory- or context-specific
mechanisms (Mauk and Buonomano, 2004; Grondin, 2010;
Bueti, 2011). Recent research using electrophysiological record-
ings from sensory-processing-relevant brain regions in macaques
strongly suggests that stimulus-specific neuronal activity con-
tributes to subsecond interval timing. Sadeghi et al. (2011) found
that neuronal activity in V5/MT in macaques was greater for
oddball (novel) stimuli presented at the end of a sequence of
homogeneous motion stimuli (standards). Human volunteers
perceive oddballs to be longer in duration than standard stimuli,
suggesting that the perceived dilation of a stimulus is a direct
consequence of local stimulus-specific neuronal activity (Eagle-
man and Pariyadath, 2009). A second study (Mayo and Sommer,
2013) similarly found that the strength of the neuronal response
in frontal eye field to visual comparison intervals predicted
whether macaques misperceived the intervals relative to standard
intervals. Relative to correct responses, overestimation was asso-

ciated with a larger neuronal response, whereas underestimation
was associated with a smaller neuronal response. These results
suggest that the magnitude of the stimulus-specific neuronal re-
sponse determines the perceived duration of the stimulus.
Accordingly, interindividual heterogeneity in the perceived du-
ration of subsecond intervals (Wiener et al., 2013) may arise from
variability in endogenous constraints on the neuronal response
to sensory stimuli.

Multiple studies demonstrate that GABA dampens visual pro-
cessing and its neural substrates, thereby implicating GABA as a
potential mediating factor in the perceived duration of visual
intervals. GABAA agonists have been shown to impair visual dis-
crimination (Giersch and Herzog, 2004), reduce visual awareness
(van Loon et al., 2012), and attenuate the neurophysiological
response (P3 event-related brain potential component) to visual
oddball stimuli (Watson et al., 2009), which are typically per-
ceived to be dilated (Eagleman and Pariyadath, 2009).

On the basis of these findings, we hypothesized that ele-
vated GABA in visual cortex suppresses the firing of excitatory
neurons that code for particular visual stimuli or visual inter-
vals, thereby deteriorating visual processing. Perceived dura-
tion is closely tied to the allocation of processing resources to
a stimulus (Buhusi and Meck, 2009), so a GABA-mediated
deterioration of stimulus processing and concomitant reduc-
tion in visual awareness should produce a perceived contrac-
tion of comparison stimuli relative to standard stimuli (Terao
et al., 2008; Eagleman and Pariyadath, 2009; Mayo and Som-
mer, 2013). We used a duration discrimination task in which
participants encoded the intervals of a series of homogeneous
standards and then judged comparison intervals of varying
duration relative to the standards. We tested the prediction
that resting state GABA levels in visual cortex, as measured by
magnetic resonance spectroscopy (MRS; Stagg et al., 2011a;
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Puts and Edden, 2012), would be associated with relative un-
derestimation of subsecond visual intervals (positive time-
order error; Hellström, 1985, 2003).

Materials and Methods
Participants. Fifteen right-handed (Chapman and Chapman, 1987)
healthy participants (12 female, median age 23.3 � 5.1 years) with nor-
mal or corrected-to-normal visual acuity participated in the study. None
had a history of psychiatric or neurological illness nor did any display
contraindications for magnetic resonance imaging (MRI). Participants
provided informed consent to take part in accordance with the approval
of a local ethics committee. To control for the possible confounding
effect of menstrual cycle on GABA (Epperson et al., 2002), female par-
ticipants were classified as being in the follicular phase (first 14 d of cycle;
n � 8), as being in the luteal phase (last 14 d of cycle, n � 3), or as having
no phase because of medication (n � 1).

Duration discrimination. In this task, participants were first instructed
to estimate and memorize the duration of a standard interval (blue circle)
that was presented repeatedly (Fig. 1A). Subsequently, they were pre-
sented with a comparison interval (blue circle) and a response screen
prompting them to judge whether the comparison was shorter or longer
than the standard by depressing one of two keys with their right index or
right middle finger, respectively. The standard interval was fixed at 500
ms, whereas comparison intervals varied from 395 to 605 ms at 30 ms
increments (395, 425, 455, 485, 515, 545, 575, or 605 ms).

Duration reproduction. In this task (Fig. 1B), participants were in-
structed to estimate and memorize the duration of an empty test interval
(blank screen between a white fixation cross and a blue circle). This
interval varied from 450 to 1500 ms in increments of 150 ms (450, 600,
750, 900, 1050, 1200, 1350, and 1500 ms). Participants were subsequently
presented with a blue fixation cross, which prompted them to hold the
response key with their right index finger for the same duration as the test
interval. Upon depressing the response key, a blank screen appeared to
mimic the test interval. Upon release of the response key, a white circle
was presented, completing the interval.

Procedure. Participants completed the (counterbalanced) tasks and
MR session on separate days. Participants completed the two tasks at a
distance of 70 cm with fixation and interval stimuli subtending visual
angles of 1° and 2.5°, respectively. Trials in both tasks were separated by

a jittered intertrial interval (ITI) ranging from 500 to 700 ms in incre-
ments of 50 ms. In the duration discrimination task, participants com-
pleted one practice block of five standards and 16 trials and four blocks of
10 standards and 80 trials. In the duration reproduction task, partici-
pants completed one practice block of 16 trials and four blocks of 80
trials. Participants responded using a Cedrus response pad. Stimulus
presentation was implemented with E-Prime version 2.0 (Psychology
Software Tools).

MRI data acquisition. All participants were scanned on a 3T Siemens
scanner with a body coil transmitter and a 32-channel receiver head
array. We first acquired a high-resolution T1-weighted scan using a
magnetization-prepared rapid gradient echo (MPRAGE) sequence
(Stagg et al., 2011c). Short-TE MRS data were next acquired in two
localized voxels measuring 2 � 2 � 2 cm in primary visual cortex and in
the hand knob in the left hemisphere, known to represent the hand area
of primary motor cortex (Stagg et al., 2011c; Fig. 2) under eyes-open
conditions in counterbalanced order. Shimming was performed using
the vendor-provided automated shim tool. Short-TE MR spectra were
acquired with the spin-echo full-intensity acquired localized (SPECIAL)
sequence (2048 points, spectral width � 2000 Hz, TR/TE � 4000/8.5 ms,
128 averages; Mekle et al., 2009). Outer volume suppression was applied
before each scan to saturate spins on all six sides of the voxel of interest,
and variable power RF pulses with optimized relaxation delays (VAPOR)
water suppression was used (Tkác et al., 2001). Last, eight averages of
water-unsuppressed data were acquired with the same localization
scheme. This method was used to compute concentrations of GABA,
glutamate, and creatine; note that other neurotransmitters implicated in
time perception, such as dopamine (Coull et al., 2011) and serotonin
(Sysoeva et al., 2010), cannot be measured with proton MRS because of
their low concentrations in vivo.

Behavioral data analysis. Duration discrimination data were modeled
using the Palamedes toolbox (Prins and Kingdom, 2009) for MATLAB
(The MathWorks) and duration reproduction data were analyzed using
customized routines in MATLAB. In the former, for each participant, the
probabilities of a long response [p(long)] across comparison intervals
were fitted with a logistic function (Fig. 1C) defined by four parameters:
threshold �, slope �, guess rate �, and lapse rate �. The threshold and
slope were set as free parameters that were estimated using maximum
likelihood estimation, whereas guess and lapse rates were fixed at 0 and
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Figure 1. Task structures and data. Shown are schematic diagrams of duration discrimination (A) and duration reproduction (B) task structures. C, Example fit (blue) of a randomly selected
participant’s data (gray circles) in the duration discrimination task; the PSE is identified by the intersection of the logistic function and the 0.5 threshold (gray line). D, M � SE p(long) responses
(across participants) in the duration discrimination task. E, M � SE reproduced durations (blue) and test intervals (gray; across participants) in the duration reproduction task; broken lines reflect
reproduction deviation.
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0.1, respectively. Model fit was acceptable for all participants (pDevs �
0.2; Kingdom and Prins, 2010). The location of the psychometric func-
tion at p(long) � 0.5 was taken as the point of subjective equality (PSE),
the duration of the comparison interval that is perceived as equivalent to
the standard interval (Fig. 1C,D). PSE values were interpreted as reflect-
ing time-order error in the task: values �500 and �500 reflect relative
underestimation and overestimation, respectively, of the comparison in-
tervals. Response precision was computed with the Weber fraction (WF),
which is the difference limen [(t( p(long) � 0.75) � t( p(long) �
0.25))/2] divided by the PSE.

In the duration reproduction task, we calculated the deviation of re-
sponse durations from the corresponding test interval (Fig. 1E). Mean
deviation across intervals (Mdev) was used as a measure of temporal
reproduction (larger values reflect underreproduction) as a control for
time-order error in the duration discrimination task.

MRS postprocessing and analysis. Initial postprocessing was performed
using in-house software as implemented in MATLAB. Thirty-two-
channel data were recombined in a weighted fashion, with coil weights
and phases determined using the magnitude and phase, respectively, of
the first time-domain point of the water-unsuppressed data. Next, the
subspectra resulting from SPECIAL preinversion on/off scans were sub-
tracted from each other. After subtraction, a strict procedure to remove
motion corrupted scans was used. We identified such scans by calculat-
ing a deviation metric for each individual scan by subtracting the scan
from the average of all scans and then computing the root-mean-square
of all of the spectral points in the difference vector. Scans with deviation
metrics that fell �2.6 SDs above the average were deemed to have been
corrupted by motion and were removed and this procedure was repeated
until no motion corrupted scans remained. Next, a frequency and phase
drift correction was performed by least-squares fitting of each scan to the
first scan in the series using frequency and phase as adjustment parame-
ters. This procedure was performed in the time domain using only the
first 40 ms of data. After frequency and phase alignment of the scans,
signal averaging was performed, resulting in a fully processed short-TE
spectrum. All MRS data were analyzed in LCModel (Provencher, 2001)
using a simulated basis set that consisted of 22 individual metabolite
signals. Line width (full-width half-maximum) was �0.065 ppm (�8
Hz) for all motor (0.028 � 0.002) and visual cortex (0.032 � 0.001) data,
there were no signal-to-noise ratio outliers (adjusted boxplot rule [Per-
net et al., 2013] for motor [95 � 4] or visual cortex [111 � 3] data and

Cramér–Rao lower bound values were reliably �20% for each metabolite
and brain region [7 � �01%]). Raw GABA and glutamate values in each
voxel were referenced to creatine to yield normalized values (these ratios
are henceforth referred to as concentrations). T1-weighted anatomical
scans were segmented into gray and white matter using FAST (FMRIB’s
automated segmentation tool; Smith, 2002). Metabolite concentrations
were subsequently corrected for the percentage (p) of gray and white
matter and CSF in each voxel as follows: normalized concentration �
(pGM 	 pWM)/(pGM 	 pWM 	 pCSF).

Statistical analyses. All data were analyzed using MATLAB.
Z-transformed values for all data pairs were homoscedastic. Data were
non-normally distributed, so Spearman and partial Spearman correla-
tion coefficients were computed. Bivariate outliers were detected using
an adjusted boxplot rule (Pernet et al., 2013) and removed in the com-
putation of skipped correlations (Wilcox, 2004). There was a single bi-
variate outlier in all PSE � metabolite pairs except the PSE � motor
cortex GABA pair, which had two bivariate outliers. The WF � visual
cortex GABA pair had two2 outliers, whereas the Mdev � visual cortex
GABA pair had a single outlier. We computed 95% confidence intervals
(CIs) for correlation coefficients based on 10,000 samples with the non-
parametric bias-corrected and accelerated percentile bootstrap method.
We interpret conflicts between conventional p-values and bootstrap CIs
as suggestive. For directional (one-tailed) tests of whether two correla-
tions were different, we resampled both data pairs, recomputed the nu-
merical difference of the correlations (10,000 samples), and then
computed the CIs of this distribution.

Results
Within voxels, motor cortex GABA correlated with glutamate
(rs�.81, p � 0.01; CIs: 0.70, 0.96), whereas the relationship be-
tween visual cortex GABA and glutamate was weakly suggestive
(rs� 0.47, p � 0.09; CIs: 0.06, 0.71). Across voxels, GABA con-
centrations were uncorrelated (rs � �0.24, p � 0.40; CIs: �0.72,
0.66), as were glutamate concentrations (rs � �0.13, p � 0.65;
CIs: �0.48, 0.62), which is consistent with previous research
(Puts and Edden, 2012).

There was a tendency for participants to underestimate com-
parison intervals in the duration discrimination task by �30 ms,
reflecting a positive time-order error (MPSE � SE: 529 � 12 ms,
one-sample t � 2.37, p � 0.05, d � 0.63; Fig. 1D). Our prediction
that positive time-order error, reflecting a rightward horizontal
shift of the psychometric function, would be associated with ele-
vated GABA was supported by a positive correlation between
visual cortex GABA concentrations and PSEs (rs�.67, p � 0.01;
Fig. 3B). Bootstrap resampling revealed that this effect was inter-
nally replicable (Fig. 3E). In contrast, duration discrimination
precision, as measured by WF, did not correlate with visual cortex
GABA concentrations (rs � 0.12, p � 0.70; CIs: �0.56, 0.80). The
correlation between visual cortex GABA and PSEs remained sig-
nificant when female participants’ menstrual phase (Epperson et
al., 2002) was included as a covariate (rps � 0.67, p � 0.01; CIs:
0.28, 0.90). Although MRS-derived estimates of occipital cortex
GABA concentrations are insensitive to circadian changes in
GABA levels (Evans et al., 2010), timing is known to vary as a
function of time of day (Lustig and Meck, 2001). However, the
relationship between visual cortex GABA and PSEs remained sta-
ble when controlling for the time at which the duration discrim-
ination task was completed, the time of the MR scan, and the
temporal discrepancy between these two times (rps � 0.62, p �
0.03), suggesting that this relationship is not artifactual of circa-
dian influences on GABA levels or interval timing. We next un-
dertook three sets of control analyses to examine the anatomical,
neurochemical, and task specificity of this relationship.

Our first set of control analyses investigated the anatomical
specificity of the relationship between visual cortex GABA con-

A B
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Figure 2. MRS voxel locations from a randomly selected participant. Shown are visual cortex
axial (A) and sagittal (B) views and motor cortex axial (C) and sagittal (D) views.
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centrations and PSEs. Motor cortex GABA concentrations did
not correlate with PSEs (rs � �0.12, p � 0.71; Fig. 3A,D). More-
over, a bootstrap resampling analysis showed that the correlation
between visual cortex GABA concentrations and PSEs was signif-
icantly greater than that between motor cortex GABA concentra-
tions and PSEs (resampling median difference: 0.75; Fig. 3G). In
addition, visual cortex GABA concentrations still correlated with
PSEs when motor cortex GABA concentrations were partialled
out (rps � 0.68, p � 0.01; CIs: 0.26, 0.89).

Next, we investigated the neurochemical specificity of the rela-
tionship between visual cortex GABA concentrations and PSEs by
examining the relationship between visual cortex glutamate concen-
trations and PSEs. Visual cortex glutamate concentrations did not
correlate with PSEs (rs � 0.46, p � 0.10; CIs: �0.16, 0.81) and the
relationship between PSEs and visual cortex GABA concentrations
remained suggestive when visual cortex glutamate was partialled out
(rps � 0.57, p � 0.040; CIs: �0.06, 0.83), although the two correla-
tions did not differ (resampling median difference: 0.19, �0.35,
0.47). One explanation for the observed relationship between visual
cortex GABA concentrations and perceived duration is that there is a
disruption in the normal ratio of glutamate to GABA (i.e., the exci-
tation/inhibition balance; Yizhar et al., 2011) such that underestima-
tion is driven by an attenuated ratio. In preliminary support of this
hypothesis, PSEs suggestively correlated with the glutamate/GABA
ratio in visual cortex (rs � �0.50, p � 0.07; CIs: �0.66, �0.01), but
were unrelated to the glutamate/GABA ratio in motor cortex (rs �
�0.21, p � 0.47).

Our final set of analyses examined the task specificity of the rela-
tionship between visual cortex GABA concentrations and PSEs. Par-
ticipants displayed a modest, albeit nonsignificant, tendency to

overreproduce test intervals in the duration reproduction task (Mdev

� SE: �77 � 44 MS, one-sample t � 1.73, p � 0.11, d � 0.45). Mdevs
were unrelated to brain metabolite concentrations of visual cortex
GABA (rs � �0.24, p � 0.42; Fig. 3C,F). Moreover, the correlation
between visual cortex GABA concentrations and PSEs was signifi-
cantly greater than that between visual cortex GABA concentrations
and Mdevs (resampling median difference: 0.86; Fig. 3H) and re-
mained significant when controlling for Mdevs (rps �0.62, p�0.024;
CIs: 0.01, 0.88). Reproduction performance may not have correlated
with visual cortex GABA concentrations because of the inclusion of
both subsecond and suprasecond intervals, which may be timed by
different neural mechanisms (Lewis and Miall, 2003; Ivry and
Schlerf, 2008; Buonomano et al., 2009; Spencer et al., 2009). To
exclude this possibility, we recomputed the Mdev measure for 450
and 600 ms test intervals, which were in the temporal range of the
comparison intervals in the duration discrimination task. Visual
cortex GABA concentrations were unrelated to this measure (r �
�0.32, p � 0.27; CIs: �0.66, 0.20), suggesting that it does not me-
diate individual differences in duration reproduction.

To control for the possibility of false positives, a false dis-
covery rate (Benjamini and Yekutieli, 2001) correction was
applied to the set of p-values comprising the correlations be-
tween visual cortex GABA concentrations and PSEs and WFs
and the series of control correlations; the relationship between
visual cortex GABA concentrations and PSEs remained signif-
icant ( p � 0.050).

Discussion
Our results demonstrate that the perceived duration of subsec-
ond visual intervals is associated with resting state GABA concen-
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trations in visual cortex. GABA concentrations in primary visual
cortex correlated positively with time-order error, accounting for
�45% of the variance, indicating that elevated GABA is associ-
ated with a rightward horizontal shift in the psychometric func-
tion, reflecting relative underestimation of comparison intervals.
Bootstrap resampling analyses also showed that this relationship
is internally replicable. Further results point to the specificity of
this relationship. Time-order error was unrelated to GABA
concentrations in motor cortex and the relationship between
time-order error and visual cortex GABA concentrations was
independent of motor cortex GABA concentrations, indicating
that the observed effect is specific to visual cortex. Time-order
error was also unrelated to glutamate concentrations in visual
cortex, thereby specifically implicating inhibitory activity in the
perceived duration of visual intervals. Finally, GABA concentra-
tions were unrelated to precision of duration discrimination and
to duration reproduction, which suggests that GABA is specifi-
cally associated with the perceived duration of visual intervals.
Cumulatively, these results demonstrate anatomical, chemical,
and task specificity and suggest a role for visual cortex GABA
concentrations in the perceived duration of subsecond visual in-
tervals.

The current results bridge findings from disparate research
areas and are consistent with the hypothesis that resting-state
GABA concentrations contribute to interindividual variability in
time-order error in duration discrimination. Our results comple-
ment electrophysiological research in macaques showing that
perceived duration is a consequence of the magnitude of the
neuronal response to visual intervals (Sadeghi et al., 2011; Mayo
and Sommer, 2013; see also Eagleman and Pariyadath, 2009). The
present findings further suggest a link between electrophysiolog-
ical results and pharmacological and neuroimaging studies im-
plicating GABA in visual processing (Edden et al., 2009; van Loon
et al., 2012). Elevated GABA may attenuate visual processing
through inhibition of sensory-specific excitatory activity (Wat-
son et al., 2009; Muthukumaraswamy et al., 2012). Our results
suggest that this has the consequence of contracting the relative
duration of comparison intervals, resulting in a rightward hori-
zontal shift of psychometric functions (positive time-order er-
ror). Research showing that a GABAA agonist impaired interval
discrimination of auditory intervals (Rammsayer, 1992; Ramm-
sayer, 1999) suggests that this relationship may extend beyond
the visual domain. Insofar as GABA contributes to network dy-
namics by helping to shape network oscillatory patterns (Möhler,
2007; Buzsáki and Wang, 2012), the present results are also con-
sistent with network models proposing that the brain may time
an interval on the basis of state-dependent network dynamics
(e.g., short-term synaptic plasticity) during the interval (Buono-
mano and Merzenich, 1995; Karmarkar and Buonomano, 2007).
However, there is evidence that such models are restricted to
intervals up to 300 ms (Spencer et al., 2009) and thus may not be
applicable to the interval range of the present study. It may be that
time-order error is determined by constraints of the local ratio of
glutamate to GABA in visual cortex (excitation-inhibition bal-
ance; Yizhar et al., 2011) on sensory-specific neuronal activity,
rather than variability in GABA concentrations, but we found
only suggestive evidence for this possibility.

If elevated GABA concentrations produce contraction of
timed intervals, one might expect that they would contract both
standard and comparison intervals and thus that there would be
no relationship between GABA concentrations and time-order
error. However, the standard intervals were serially sampled,
thereby ensuring a stable representation, whereas comparison

intervals were only infrequently sampled, so their representation
was more susceptible to transient constraints on visual process-
ing, such as GABAergic inhibition. Furthermore, comparison in-
tervals are weighted more strongly than standard intervals in
interval timing judgments (Dyjas and Ulrich, 2013) and such
judgments tend to be made in reference to an internal reference
(the average of comparison durations) rather than the standard
interval (Allan, 1979; Shi et al., 2013). Accordingly, any contrac-
tion of standard intervals would not be as pronounced as that of
comparison intervals nor would it be expected to substantially
influence interval judgments.

An alternative interpretation of our results is that visual cortex
GABA concentrations constrain the neuronal response to the
duration of visual intervals and thus represents inhibition of the
encoding or maintenance of temporal information rather than
inhibition of neuronal responses related to visual processing. For
example, a recent study (Salvioni et al., 2013) found that rTMS
applied to V1 and V5/MT attenuated precision, as measured by
the WF, in a duration discrimination task, but not low-level vi-
sual processing. Although this represents a plausible interpreta-
tion that is worthy of further research, a number of features of the
present study more strongly favor a sensory processing interpre-
tation. First, we observed our effect in the PSE, which represents
a measure of perceptual bias toward relative contraction or dila-
tion of the comparison interval, not precision. Second, Salvioni et
al. (2013) used an empty interval task similar to the reproduction
task we used as a control, which is less likely to tax visual process-
ing (see also Gorea, 2011). Finally, multiple studies have sup-
ported a link between variability in visual cortex GABA levels and
individual differences in visual processing (Edden et al., 2009;
Yoon et al., 2010; van Loon et al., 2012), rendering a role for
GABA in coding for visual stimuli more likely than a role coding
for visual intervals per se. Further research is required to more
clearly discriminate between these competing interpretations.

Further questions remain regarding the temporal locus of GA-
BA’s influence on interval timing. A recent study found that a
GABAA receptor agonist did not affect early visual processing
(�120 ms), but deleteriously affected later processing (�150 ms;
van Loon et al., 2012). Other research found that a GABAA ago-
nist impaired auditory interval discrimination with 1000 ms, but
not with 100 ms, intervals (Rammsayer, 1992; Rammsayer,
1999). These results and the likelihood that MRS is measuring
(extrasynaptic) GABA tone (Stagg et al., 2011a; Stagg et al.,
2011c), which may lead to slower effects on cortical processing,
suggest that elevated GABA will be associated with time-order
error only for intervals �150 ms. The upper temporal limit of
GABA’s influence on interval timing is less clear. The neural
mechanisms underlying the perception of subsecond intervals
differ from those that subserve suprasecond intervals (Lewis and
Miall, 2003; Gooch et al., 2011), so it is plausible that the relation-
ship between resting state GABA concentrations and time-order
error is restricted to short intervals (see also Gorea, 2011).
Because the principal aim of this study was to examine the rela-
tionship between GABA and time-order error for subsecond in-
tervals, following on from previous macaque electrophysiology
research (Mayo and Sommer, 2013), we did not measure supra-
second interval discrimination. The inclusion of suprasecond in-
tervals in future research may help to dissociate additive effects,
which are attentional effects pertaining to switch closure latency
in pacemaker-accumulator models of interval timing and are in-
dependent of duration, and multiplicative effects, which pertain
to arousal-specific changes in pacemaker speed and should only
affect long durations (Maricq et al., 1981; Penney et al., 2000). It
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is unlikely that the observed relationship represents an arousal
effect because of the latency of the intervals, but also because of
the topography of the effect. Contrasting interval and color dis-
crimination could help to determine roles for attention and
working memory in the observed relationship (Coull et al., 2004).
However, we recently found that variability in visual cortex
GABA concentrations was unrelated to individual differences in
color working memory (D.B. Terhune, L. Murray, and R. Cohen
Kadosh, unpublished observations). This suggests that the ob-
served effect is driven by the relationship between GABA concen-
trations and visual perception, which is consistent with research
suggesting that the time-order error is perceptual (Dyjas and
Ulrich, 2013).

Considerable attention has been devoted to whether time per-
ception is subserved by dedicated modality-independent timing
mechanisms such as a pacemaker-accumulator internal clock
system or intrinsic mechanisms such as local sensory-specific
neuronal activity (for review, see Ivry and Schlerf, 2008). One way
of reconciling these positions is the hypothesis that intrinsic
mechanisms process subsecond intervals, whereas dedicated tim-
ing circuits process suprasecond intervals (Ivry and Schlerf, 2008;
Coull et al., 2011). Alternatively, it may be that time perception is
enabled by a core cortical-thalamic basal ganglia circuit that re-
ceives signals from local sensory-specific areas (Merchant et al.,
2013). Therefore, elevated endogenous GABA may alter the tim-
ing signal produced by the local neuronal response to a stimulus
before it is processed upstream in a core timing circuit, thereby
affecting the pacemaker or accumulator. Recent fMRI evidence
implicating putamen in the timing of subsecond visual intervals
(Coull et al., 2012) is consistent with this idea. Regardless of
whether they are more closely aligned with intrinsic mechanisms
or a hybrid model, our results suggest that endogenous GABA
concentrations represent a local source of the interindividual het-
erogeneity often observed in subsecond visual interval timing
(Wiener et al., 2013). Further research on the role of GABA in
visual processing is likely to expand our understanding of the
neural basis of time perception, including timing deficits in clin-
ical populations (Allman and Meck, 2012) and the possibility of
modulating GABA noninvasively (Stagg et al., 2011b) to improve
atypical time perception.
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