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Abstract

The inhibitory neurotransmitter y-aminobutyric acid (GABA) is known to be fundamental to the
neuronal processes underlying visual orientation and vibrotactile frequency and amplitude
discrimination. Previous studies have demonstrated that performance on visual and vibrotactile
psychophysics tasks is associated with in vivo measurements of “GABA+” levels — a measure of
GABA substantially contaminated by a macromolecular (MM) signal. Here, we establish that
these prior finding are indeed driven by the GABA fraction of that signal. Edited magnetic
resonance spectroscopy (MRS) was used to measure GABA with and without MM suppression in
the sensorimotor (SM1) and occipital cortices in fourteen healthy male adults. Volunteers also
underwent psychophysical experiments to assess their performance on visual orientation
discrimination and vibrotactile amplitude and frequency discrimination. We show that MM-
suppressed GABA levels correlate more strongly with individual differences in vibrotactile (in the
case of SM1 GABA,; amplitude: r=-0.63, p=0.03; frequency: r=-0.62, p=0.02) and visual
orientation (in the case of occipital GABA; r=-0.59, p = 0.05) discrimination thresholds than
GABA levels contaminated by MM (vibrotactile amplitude: r=-0.36, p = 0.30; vibrotactile
frequency: r=-0.53, p=0.09; visual orientation: r=0.21, p=0.55). These findings further
support the view that measurements of endogenous GABA acquired with edited MRS can usefully
probe neurochemical-behavioral relationships in humans. Moreover, the more specific
measurement of GABA used in this study provides increased statistical power to observe these
regionally specific relationships.
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1. Introduction

y-Aminobutyric-acid (GABA) is the main inhibitory neurotransmitter in the brain, and is
important in shaping the neuronal responses to sensory stimulation (Bruno and Simons,
2002; Dykes et al., 1984), in plasticity, learning and memory (Heba et al., 2016;
McCormick, 1989; Michels et al., 2012; Stagg et al., 2011). GABA has been implicated in a
number of psychiatric, neurological and developmental disorders (Chang et al., 2003; Puts
and Edden, 2012; Sanacora et al., 2006; Simister et al., 2003) and our previous work has
shown a link between altered GABA and abnormal sensory function in autism spectrum
disorder (Puts et al., 2016) and Tourette syndrome (Mahone et al., 2018; Puts et al., 2015).

The role of GABA in sensory encoding is well-described. Human and animal work has
shown that visual orientation discrimination relies on GABA (Shapley et al., 2003; Sillito,
1975). Similarly, animal work has shown that tactile frequencies are encoded through
periodic firing of neuronal ensembles which rely, at least in part, on GABA function
(McLaughlin and Juliano, 2005). In the tactile domain, two simultaneously applied stimuli
on the skin lead to surround-suppression through GABAergic lateral inhibition, allowing for
separation between these signals, which is blocked by bicuculline, a GABA antagonist
(Whitsel et al., 1989). These animal studies link GABA and sensory encoding on a cellular
level, and an increasing amount of human work has focused on linking GABA levels to
behavior in humans.

It is possible to measure the in vivo concentration level of GABA in the brain using edited
magnetic resonance spectroscopy (MRS) (Mullins et al., 2014; Puts and Edden, 2012;
Rothman et al., 1993). MRS studies of GABA have shown that individual differences in the
levels of GABA are correlated with individual differences in behavioral performance. For
example, we have shown that GABA in the occipital cortex correlates with performance on a
visual orientation discrimination task (Edden et al., 2009) and that GABA measured in the
sensorimotor cortex correlates with performance on a behavioral tactile frequency
discrimination task (Puts et al., 2011). Other studies have shown correlations between in
vivo GABA levels and individual differences in motor suppression (Boy et al., 2010), motor
learning (Bachtiar and Stagg, 2014; Floyer-Lea et al., 2006), and the effect of peripheral
modulation (Heba et al., 2016). Many of the studies also show that correlations between
GABA and behavior are functionally and regionally specific. That is, occipital GABA levels
correlate with visual function, sensorimotor GABA levels correlate with tactile function, but
occipital GABA levels do not correlate with tactile function (Puts et al., 2011).

The Adifference editing technique used to measure GABA consists of two sub-experiments
(Harris et al., 2017). In the first, a frequency-selective editing pulse is applied to the GABA
spins at 1.9 ppm that are coupled to GABA spins at 3.0 ppm (edit-ON). This editing pulse is
not applied (or is applied at 7.46 ppm) in the OFF experiment (edit-OFF). The difference
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spectrum between the ON and OFF experiments contains only those signals affected by the
edit-ON pulse and results in a resolved GABA peak at 3.0 ppm, which is then used for
quantification. A limitation of this +difference technique is that the editing pulse applied at
1.9 ppm partially inverts a macromolecular (MM) signal at 1.7 ppm (Edden et al., 2012;
Henry et al., 2001), which is coupled to an MM signal also at 3.0 ppm. Therefore, the edited
GABA signal at 3.0 ppm is contaminated by MM and is, for this reason, often referred to as
the GABA+ signal.

MM contamination limits the interpretation of the 3.0 ppm GABA+ signal as this is not a
“pure” GABA measurement. Recent studies have argued that the contaminating MM signal
is not functionally relevant to behavior; however, a more specific GABA measure may
improve interpretation of correlational studies. The MM contribution can be suppressed by
applying the editing pulses symmetrically around the MM peak at 1.7 ppm (Edden et al.,
2012; Henry et al., 2001). In this symmetrical editing experiment, both the ON (at 1.9 ppm)
and OFF (at 1.5 ppm) editing pulses are assumed to invert the 1.7 ppm MM signal equally,
and thus the MM signal is removed from the difference spectrum.

In the current study, GABA was measured in occipital and sensorimotor regions using edited
MRS with and without MM suppression. MRS-only results showing moderate associations
between MM-suppressed GABA and GABA+ are reported elsewhere (Harris et al., 2015b).
This study extends this finding, as well as previous studies, by asking participants to perform
a visual orientation discrimination task and vibrotactile discrimination tasks. If previously
observed relationships between GABA+ and behavior are driven by GABA, we
hypothesized that MM-suppressed GABA levels will correlate with behavior, more strongly
than GABA+ levels do. We further hypothesized that more GABA is correlated with better
performance, with a dual dissociation between behavioral domains.

2. Results

2.1. Behavioral results

The results from the vibrotactile and visual orientation discrimination tasks are summarized
in Table 1. Average thresholds from the vibrotactile tasks are consistent with findings in
healthy adults as presented in previous work (Puts et al., 2013, 2011). Visual orientation
discrimination thresholds appear to be slightly higher than those observed previously (Edden
et al., 2009), but this may be due to the different visual presentation parameters (e.g.,
viewing distance of 30 cm here vs. 57 cm previously). Amplitude discrimination data for
one participant, and visual orientation discrimination data for one participant, were rejected
for non-compliance during the task. MRS data for one participant were excluded due to a
poor 77 structural image (preventing adequate segmentation and tissue correction); occipital
GABA+ data were excluded for one additional participant and sensorimotor GABA+ data
for one participant (Table 2) due to poor quality MRS data.

2.2. MRS results

Thorough analyses between GABA+ and MM-suppressed acquisitions have been reported
previously (Harris et al., 2015b) but are briefly reported here due to analysis with the most
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recent version of the Gannet software (version 3.0). Edited spectra are shown in Figure 1C.
Differences in GABA+ and MM-suppressed GABA levels showed MM-contributions of 50
+ 9.6% in the occipital cortex and 57 + 16.8% in the sensorimotor cortex. MM-suppressed
and GABA+ levels were not correlated for the occipital cortex (r=0.21, p= 0.49) but are
moderately for the sensorimotor cortex (r= 0.56, p= 0.04). GABA linewidth, signal-to-
noise ratio (SNR) and model fit error significantly differed between MM-suppressed and
GABA+ acquisitions for both voxels, as detailed in Table 2. There were no differences in
frequency drift between the acquisitions, but MM-suppressed measurements significantly
correlated with frequency drift in the occipital, but not SM1, region (occipital: r=-0.60, p=
0.03; SM1: r=0.03; p=0.92).

2.3. SM1 GABA associations with tactile performance

SM1 MM-suppressed GABA levels correlated with amplitude discrimination (r=-0.63, p=
0.03) but SM1 GABA+ levels did not (r=-0.36, p=0.30; Figure 2A). A bootstrapped 95%
confidence interval (CI) showed that the former correlation was robust (CI = [-0.90, —-0.42]).
The two correlations did not significantly differ, however (z=0.75, p=0.45). SM1 MM-
suppressed GABA levels showed a significant correlation with frequency discrimination
threshold (r=-0.62, p=0.02) but GABA+ levels did not, although are at trend level with
alpha=0.1 (r=-0.53, p=0.09; Figure 2B). Both of these correlations were robust (MM-
suppressed: Cl = [-0.89, -0.27]; GABA+: Cl = [-0.83, -0.10]), and they did not
significantly differ (z= 0.28, p=0.77). There were no associations between SM1 GABA
and visual orientation discrimination (GABA+: r=-0.34, p=0.37; MM-suppressed: r=
0.25, p=0.46).

2.4. Occipital GABA associations with visual performance

Occipital GABA+ did not show a significant correlation with visual orientation
discrimination (r=0.21, p=0.55), while MM-suppressed GABA showed a trend-level
correlation (r=-0.59, p=0.05), as displayed in Figure 2C. The association with MM-
suppressed GABA was robust, however (Cl = [-0.94, -0.17]), and the correlations were
significantly different at alpha = 0.1 but not at alpha = 0.05 (z= 1.78, p=0.07). Occipital
GABA+ showed a significant association with tactile amplitude (r=-0.60, p=0.05, Cl = [-
0.87,-0.21]) and frequency (r=-0.59, p=0.04, CI = [-0.85, —0.10]) discrimination
thresholds. MM-suppressed occipital GABA showed no such correlations (amplitude: r=
0.01, p=0.98; frequency: r=0.12 p=0.69).

3. Discussion

The results presented in this study of a modestly sized cohort show significant and robust
correlations between MM-suppressed GABA concentration in the sensorimotor region and
tactile amplitude and frequency discrimination thresholds, and a robust, near-significant
correlation between MM-suppressed GABA levels in the occipital cortex and visual
orientation discrimination thresholds that is consistent with previous work. Although the
directions of the correlations between GABA+ and amplitude and frequency discrimination
are also negative, they are not significant. These results suggest that MM-suppressed GABA
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has increased power to detect a correlation with these measures than GABA+ measures do,
in spite of its greater technical challenges.

We show that while GABA+ measurements in SM1 correlate weakly and not significantly
with amplitude and frequency discrimination, MM-suppressed GABA measurements
correlate significantly with both of these tasks. In previous studies showing these
correlations, measurements of GABA+, not MM-suppressed GABA, were used, and thus our
replication is thematic but not exact. There are a number of possible reasons for the absence
of the correlations between GABA+ and behavior. Firstly, the range in amplitude and
frequency discrimination thresholds between individuals is smaller than that reported in our
previous work (Puts et al., 2013, 2011), and we may lack the necessary variability among
individuals to detect a significant correlation. Similarly, in our relatively tightly controlled
cohort of adults, both visual GABA and visual orientation discrimination have very limited
ranges. A smaller effect size requires larger numbers of participants to elucidate this
correlation and it is possible that larger participant numbers would show this correlation with
GABA+ as well. GABA+ measures contain both GABA and macromolecules and it may be
that the variability in GABA+ across our population is limited, or that there is unknown
variability in MM, therefore not providing the power necessary to detect a correlation. In
contrast, MM-suppressed GABA levels are thought to be purer assessments of GABA levels
and may therefore more accurately reflect differences in GABA levels across the population
and provide increased power to detect such correlation. Therefore, from this data we
conclude that MM-suppressed GABA levels, at least in SM1, might be more sensitive to
individual differences in discrimination performance.

The MM signal that contaminates the edited GABA+ signal is thought to originate from the
amino acid lysine (Behar and Ogino, 1993; Henry et al., 2001). Additionally, MM tend to
have quite short 7, relaxation times (Behar et al., 1994), and since GABA-edited MRS
experiments are normally performed at medium TE (68-80 ms), it has been suggested that
the MM signal arises from a mobile form of lysine rather than a bound MM pool (Choi et
al., 2007). Some studies have reported regional and tissue-type differences in the MM
baseline (PovaZan et al., 2018, 2015; Schaller et al., 2014), but this is contradicted by other
reports (Giapitzakis et al., 2018; Snoussi et al., 2015). Whatever the source of the
contaminating MM signal or its heterogeneity across the brain, our results demonstrate that
its removal from the edited GABA signal improves the discriminative power of correlational
analyses of GABA measurements and behavioral metrics.

Studies have shown the importance of inhibitory function in encoding sensory information,
in part, by tuning neuronal ensembles allowing for increased contrast in stimulus encoding.
In the somatosensory domain, blocking GABA leads to reduced capacity to discriminate
spatial and temporal information (Juliano et al., 1989; McLaughlin and Juliano, 2005;
Whitsel et al., 2003, 1989) in somatosensory cortex. The directionality of our correlation is
consistent with previous work; participants with higher GABA levels are better able to
discriminate spatial and temporally different stimuli in both somatosensory and visual
domains. Along similar lines, GABA plays an important role in orientation tuning, with the
application of the GABA antagonist bicuculline reducing orientation selectivity (Sillito,
1975; Sillito et al., 1980; Tsumoto et al., 1979; Wolf et al., 1986) and the application of
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GABA increasing orientation tuning (Li et al., 2008). This is also consistent with our
correlation between occipital GABA and visual orientation thresholds where participants
with more occipital GABA were better at visual discrimination.

There are several limitations to this work. It is important to acknowledge that the MM-
suppressed GABA signal is approximately 50% smaller than the GABA+ signal and is thus
a noisier measurement; indeed, model fit error and SNR are significantly higher and lower,
respectively, in the MM-suppressed measurement. On the other hand, the MM-suppressed
measurements provide us with a purer measurement of GABA, addressing some of the
limitations of GABA+ editing. While the GABA+ measurement is often over-interpreted as
if it were a pure GABA signal, the MM-suppressed measurements allow for a more valid
interpretation. Due to the reduction in SNR, longer scan times or more participants are
recommended for this technique. Additionally, as shown here and in previous work, MM-
suppressed GABA levels correlate to some degree with frequency drift (Edden et al., 2016;
Mikkelsen et al., 2017). Frequency drift occurs due to heating or cooling of the gradients
(El-Sharkawy et al., 2006; Oeltzschner et al., 2018), and as the editing pulses used for MM-
suppression are more selective, they are more sensitive to drift in this B field.

Finally, the sample size used in the current study is small, especially considering exclusion
of data due to poor quality. As such, the correlations would not pass correction for multiple
comparisons. That said, we conducted this work on the basis of prior findings, with clear
hypotheses regarding what correlations may be expected, the size of these correlations, and
their directionality. In addition, we have previously shown that GABA+ and MM-suppressed
GABA (Harris et al., 2015b; Mikkelsen et al., 2017), as well as behavioral metrics (Puts et
al., 2014, 2013), tend to correlate, somewhat mitigating the need for multiple comparison
corrections. Finally, we performed robust correlation analyses to gauge the reliability of
these correlations and showed that MM-suppressed GABA provided more robust
correlations with the behavioral metrics compared to GABA+ despite the small sample size.
Nevertheless, although MRI and MRS studies are often limited in sample size due to
financial constraints, studies with larger sample sizes are necessary to further elucidate the
relationships between GABA and behavior. Future GABA-edited MRS experiments should
be designed with measurement variability and predicted effect size(s) in mind (Mikkelsen et
al., 2018), perhaps explaining why previous efforts have failed to replicate findings between
GABA and metrics of behavior and physiology (Cousijn et al., 2014; Harris et al., 2015a). In
addition, only right-handed male participants in a small age range were tested to exclude
effects of menstrual cycle (Epperson et al., 2005) and age (Gao et al., 2013; Porges et al.,
2017). However, studying sex and age as covariates is an important avenue of research; the
addition of female and older participants may have also increased variability to detect
correlations more strongly, especially considering that if sex and age are associated with
changes in GABA level, and GABA levels are associated with behavior, such correlations
should continue to exist in healthy populations.

In summary, we have thematically replicated earlier findings correlating vibrotactile
performance and SM1 GABA levels and show a trend towards significance showing a
relationship between visual orientation discrimination and GABA levels. In this study we
showed that MM-suppressed GABA-pure measurements, at least over SM1, correlate more
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strongly with behavior than GABA+. MM-suppressed GABA-MRS may be sensitive to
different GABAergic mechanisms in discrimination and adaptation.

4. Experimental procedure

4.1. Participants

Fourteen male participants (all right-handed; age: 31.3 + 6.03 years) participated in the
experiment. Written, informed consent was obtained from each participant under the
approval of the local Institutional Review Board prior to testing.

4.2. Behavioral testing

4.2.1. Tactile discrimination—All participants performed tactile amplitude and
frequency discrimination tasks as described in previous work (Puts et al., 2013). Trial
numbers were increased compared to previous work to establish a more robust threshold for
each task. A CM4 four-digit tactile stimulator (Cortical Metrics) was used for tactile
stimulation. All stimuli were delivered to the glabrous skin of left digit 2 (LD2) and digit 3
(LD3) using a cylindrical probe (5 mm in diameter). All stimuli were presented within the
flutter range (25-50 Hz). Visual feedback, task responses, and data collection were
performed on an Acer Onebook Netbook computer running CM4 software.

4.2.1.1. Amplitudediscrimination: In the amplitude discrimination task (Figure 3A),
participants were asked to judge which of two simultaneously applied supra-threshold
stimuli was the most intense. Two supra-threshold stimuli were simultaneously delivered on
LD2 and LD3. One of the stimuli had higher amplitude (both stimuli were 25 Hz; 500 ms;
standard stimulus amplitude: 100 pm; initial comparison stimulus amplitude: 200 pm;
interstimulus interval (ISI) = 5 s; 30 trials). 2-up—1-down staircase tracking was used for the
first 10 trials and 1-up—1-down for the remainder. Amplitude discrimination thresholds were
determined by the mean comparison stimulus amplitude over the last five trials.

4.2.1.2. Frequency discrimination: Participants were asked which of two sequentially
applied supra-threshold stimuli had a higher frequency (“which one felt faster against your
finger™) by indicating on which finger the highest frequency stimulus was applied (Figure
3B). The stimuli were presented with ISI of 500 ms. The standard stimulus (unchanged) was
25 Hz, the initial comparison (variable) stimulus was 40 Hz (both stimuli = 500 ms, 200 um;
ISI = 5s; 40 trials). 2-up—1-down staircase tracking was used for the first 10 trials and 1-up-
1-down for the remainder. Frequency discrimination thresholds were determined by the
mean frequency of the comparison stimulus over the last five trials. Amplitude was kept
constant for both standard and comparison stimulus, based on the report (Harris et al., 2001)
which states that the accuracy of participants in comparing frequencies is not affected by
shifts in the amplitudes of the vibration.

4.2.2. Visual orientation discrimination—A visual orientation discrimination task
with standard stimulus of 45 degree was performed as described previously (Edden et al.,
2009). Participants were asked to fixate on a small circle in the center of the screen. In each
trial two visual gratings were presented sequentially (stimulus duration = 0.25 s; diameter =
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4 degree; spatial frequency = 3 cycles/degree; contrast = 80%; interstimulus interval = 400-
600 ms) in the left visual field. Participants were asked to determine whether the second
grating appeared clockwise or counterclockwise with respect to the first grating (Figure 3C).
They clicked left or right on a mouse using their index and middle fingers to indicate a
counterclockwise or clockwise rotation, respectively. Stepwise tracking was used to track
orientation discrimination threshold; the difference in angulation between the first and
second stimulus decreased for correct trials and increased for incorrect trials using a one-up-
two-down staircase. The fixation point turned green for correct answers and remained black
for incorrect answers to provide feedback. The task ended when 12 reversals were reached,
and each participant performed the task two consecutive times. Data for the first run were
discarded due to training effects. Data were analyzed by averaging over the last 10 trials for
the second run and taken as an individual’s orientation discrimination threshold. All stimuli
were presented on a ViewSonic 20-in CRT monitor. Participants were seated 30 cm from the
monitor and head location was restricted using a chin and forehead rest. The room was
completely dark, and a circular frame was placed over the monitor to remove external
orientation cues. All responses were acquired by a mouse click with the right hand.

4.3. MRI/MRS acquisition and analysis

All data were acquired on a Philips 3T Achieva scanner (Philips Healthcare, Best, The
Netherlands) using a 32-channel phased-array head coil for receive and body coil for
transmit. For each participant, a 1-mm3 7;-weighted structural image (MPRAGE; TE/TR =
53.76/57.99 ms; flip angle = 8°) was acquired for voxel localization and subsequent voxel
segmentation. GABA-edited MRS data were acquired in two regions: a 3 x 3 x 3 cm3 voxel
was placed in the right sensorimotor cortex (SM1) and was centered on the central sulcus
posterior to the hand-knob (Yousry et al., 1997) in the axial plane and rotated to align with
the cortical surface as shown in Figure 1A; and a 3 x 3 x 3 cm? voxel was placed on the
midline occipital cortex and aligned with the cerebellar tentorium as shown in Figure 1B.
For each voxel, two GABA-edited scans were acquired: a standard GABA-edited MEGA-
PRESS acquisition (Mescher et al., 1998) with TE = 68 ms and editing pulse length of 14
ms placed at 1.9 ppm (ON) and 7.46 ppm (OFF); and an MM-suppressed MEGA-PRESS
acquisition with TE = 80 ms to accommodate editing pulse length of 20 ms, with editing
pulses symmetrically placed around the MM signal at 1.7 ppm at 1.9 ppm (ON) and 1.5 ppm
(OFF). Both acquisitions had the following common parameters: TR = 2000 ms; 320
averages (~11-min scan duration); 2048 data points; 2 kHz spectral width; VAPOR water
suppression (Tkac et al., 1999). The acquisition order was counterbalanced across
participants. The unsuppressed water signal was acquired from the SM1 and occipital voxels
as a quantification reference. All data were analyzed in Gannet 3.0 (Edden et al., 2014)
using spectral registration (Near et al., 2015) for frequency-and-phase correction. The
GABA signal at 3.0 ppm was modeled using a single Gaussian function with linear baseline
parameters (GABA+GIx fitting mode; fit range: 2.79-4.1 ppm) and the unsuppressed water
signal was modeled using a Lorentzian-Gaussian function. GABA was quantified relative to
the unsuppressed water signal. Subsequently, Gannet was used in conjunction with SPM12
for voxel co-registration to the 7; structural image and subsequent segmentation. GABA
estimates were tissue-corrected as per Harris et al. (2015c), including full correction for
tissue-related factors assuming a 2:1 GABA ratio between grey and white matter (a = 0.5).
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Tissue correction was performed in the same manner for both the standard GABA+ and
MM-suppressed data. Moreover, a correction factor for the assumed contribution of MM to
the GABA+ signal that is applied in Gannet by default was also applied to the MM-
suppressed GABA data to show clearly that these estimates are ~50% smaller than the
GABA+ estimates. Finally, GABA levels were normalized to the average voxel composition.
For quality assurance purposes, we report GABA signal linewidth, SNR, model fit error and
the estimated degree of frequency drift as calculated by Gannet (Edden et al., 2014;
Mikkelsen et al., 2017).

4.4. Statistical analysis

Paired sample £tests were used to compare GABA levels and quality assurance metrics
between GABA+ and MM-suppressed MRS acquisitions. Pearson skipped correlation
coefficients (Pernet et al., 2013) were calculated to test for robust correlations between
GABA+, MM-suppressed GABA, and behavioral metrics. Skipped correlations test the
strength of statistical relationships between two random variables by taking into account the
bivariate distribution of the data and ignoring potential outliers that may drive observed
correlations (Wilcox, 2004). Robustness was further assessed by calculating 95% confidence
intervals (Cls) by percentile bootstrap for each correlation (10,000 simulations). The alpha
level was set to 0.05 as a threshold for significance, while not correcting for multiple
comparisons as some metrics (MM-suppressed GABA/GABA+, tactile behavior) may be
correlated. Differences between correlation coefficients were tested using Fisher r~to-z
transformation. We report (but do not infer) on alpha < 0.1, which we consider trend-level,
as we have clear a priori hypotheses regarding the size and direction of correlations, based
on prior work. In addition, these data were acquired in a small sample and will be used to
validate previous work.
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Figurel.
A-B) Example placement of the MRS voxel in the sensorimotor and occipital cortices. C)

Difference-edited GABA spectra acquired in each volunteer with and without MM
suppression. The smaller amplitude of the MM-suppressed GABA peak at 3.0 ppm indicates
removal of the contaminating MM signal.
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Figure2.

Scatterplots showing the relationships between GABA levels in SM1 and the occipital cortex
and discrimination thresholds for vibrotactile amplitude (A), vibrotactile frequency (B) and
visual orientation (C). The association between GABA+ (filled circles, solid line) and MM-

suppressed GABA (empty circles, dotted lines) are overlaid.
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Figure 3.
Schematics displaying the experimental paradigms for the vibrotactile and visual

psychophysics tasks. A-B) Paradigms for assessing amplitude and frequency discrimination
thresholds. C) Paradigm for assessing visual orientation discrimination threshold.
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