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Anumber of recent papers'? have dem-
onstrated a relationship between in
vivo concentration of GABA, as assessed
using Magnetic Resonance Spectroscopy
(MRS), and an individual’s task perfor-
mance, giving a unique insight into the
relationship between physiology and
behavior. However, interpretation of
the functional significance of the MRS
GABA measure is not straightforward.
Here we discuss some of the outstanding
questions as to how total concentration
of GABA within a cortical region relates
to phasic and tonic GABA activity within
the cortical volume studied.

Over recent years there has been an
upsurge in interest in Magnetic Resonance
Spectroscopy (MRS) as a non-invasive
method to quantify neurotransmitter
concentrations in discrete regions of the
human brain. In a typical experiment, a
voxel is placed within a region of interest,
such as the primary motor cortex (MI)
and the concentration of neurochemicals
within that region can be assessed with
a temporal resolution sufficient to allow
detection of phasic changes.

There has been particular inter-
est in using this technique to quantify
changes in GABA, the major inhibitory
neurotransmitter. Initial studies demon-
strated the sensitivity of MRS to detect
in GABA within M1 after

interventions such as learning,* ischaemic

decreases

nerve block’® and transcranial stimulation
techniques such as transcranial direct
stimulation (tDCS).®” These

interventions are all known to increase

current
cortical excitability, and are thought to

induce Long-Term Potentiation (LTP)-
like plasticity.
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In addition to investigating group
mean changes in GABA following plas-
ticity-induction  paradigms, MRS has
more recently been applied to probe the
neurochemical factors underlying inter-
individual differences in behavioral per-
formance. In a number of distinct regions
of the brain a subject’s resting GABA
concentration is closely correlated with
that person’s ability to perform a task
dependent on that region."? This relation-
ship between GABA concentration and
behavior is not observed for control brain
regions not thought to be critical for task
performance.

As well as shedding light on asso-
ciations between GABA and steady
state behaviors, MRS can also be used
to investigate inter-individual differ-
ences in subjects’ ability to perform
dynamic tasks such as learning a novel
sequence of motor movements. In our
recent study’ we demonstrated a close
relationship between the degree to which
tDCS decreases GABA in an individual
on one day and that subjects’ ability to
learn a novel task, such that subjects with
a more responsive GABA system (i.e.,
those who showed the greatest decrease
in GABA with tDCS) were also sub-
jects who showed the greatest ability to
change their behavior through learning.
This finding suggests that the ability
to decrease GABA within the cortex is
important for the early-stages of motor
learning to occur in humans.

However, despite these promising
results, it is not yet clear how directly
MRS measures of GABA relate to syn-
aptic activity; nor how accurately we can
assess the relative contributions of GABA
and glutamate using MRS.
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The Roles of GABA in the CNS

GABA is found in two major pools within
neurons and is thought to have a number
of roles within the brain. Cytoplasmic
GABA, primarily produced from gluta-
mate via the tonically active 67 kD form
of glutamic acid decarboxylase (GAD),
is found throughout the neuron and is
therefore hypothesised to have a role in
metabolism.® Vesicular GABA is found in
high concentrations within the pre-synap-
tic boutons; its concentration is controlled
in the main via the phasically active 65
kD GAD and it plays a role in inhibitory
synaptic neurotransmission.® In addition
to these two well-reported roles, GABA
also appears to have a more tonic, neuro-
modulatory role in cortical inhibition, via
free extracellular GABA acting on extra-
synaptic GABA, receprors.’

MRS is only capable of detecting a total
concentration of a neurochemical within a
localised region (typically in the order of 2
x 2 x 2 cm) of tissue; it cannot distinguish
between these separate functional pools
of GABA. An added complication is that
some of these pools may be more tightly
bound to macromolecules than others,
rendering them less “visible” to MRS.%7

Given the relationships demonstrated
between behavior and MRS-derived mea-
sures of local GABA concentration, it seems
likely that the MRS measure of GABA is,
at the least, correlated with the neurotrans-
mitter and neuromodulator pools of GABA
within the cortex. Although it is difficult to
test this hypothesis directly, we will discuss
below the potential for complementary
electrophysiological techniques, that spe-
cifically probe particular GABA receptor
types, to help to determine what is being
measured with MRS.

Relationship between MRS
and Synaptic GABA Activity

There are two major subtypes of GABA
receptor within  the cortex—GABA
receptors, a family of ligand-gated chlo-
ride channels and GABA, receprors,
metabotropic receptors linked to potas-
sium channels. These two subtypes have
very different speeds of response, allowing
investigation of each subtype indepen-
dently by varying the interval between
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two pulses of transcranial magnetic stim-
ulation (TMS). Such “paired-pulse” TMS
approaches involve giving a low intensity
pulse (the conditioning stimulus), set at
an intensity which stimulates the smaller
cortical interneurons but not the pyrami-
dal neurons, followed by a higher intensity
pulse (the test stimulus) which will stimu-
late all neurons in the targeted region.
With an interval of 2—4 ms between the
conditioning and test stimuli, the test
stimulus falls as the pyramidal neurons
are under the influence the GABAergic
interneurons, and the magnitude of the
response is therefore smaller than the
response to a test stimulus of the same
intensity with no preceding condition-
ing stimulus. This phenomenon, known
as Short Interval Intracortical Inhibition
(SICI), has been shown to accurately
reflect GABA , activity within the cortex.
Inter-pulse intervals of 50-200 ms are
also associated with inhibition, termed
Long Interval Intracortical Inhibition
(LICI), and thought to reflect GABA,
activity."

The relationship between MRS-assessed
GABA and GABA measures derived using
TMS is currently unclear. Decreases in
both MRS-assessed GABA concentration
and SICI have been observed after motor
learning®'
tory) tDCS.”"® However, continuous theta
burst stimulation (¢I'BS), a TMS proto-
col known to decrease cortical excitability,
increases GABA concentration within the

and after anodal (facilita-

stimulated cortex,® but decreases SICL.*

The discrepancy in MRS and SICI
measures after cI'BS suggests that while
there may be a relationship between syn-
aptic GABA, activity and GABA MRS
measures this may not be a simple one,
especially in the context of dynamic
changes. To our knowledge, there is
as yet no evidence on the relationship
between cI'BS-induced dynamic changes
in GABA, activity measured using LICL.
A study directly investigating the relation-
ship between MRS and TMS measures of
GABA has yet to be performed.

GABA and Glutamate
A Finely Tuned Balancing Act

GABA and glutamate are closely linked in
the human brain both biochemically, as
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the vast majority of GABA is metabolised
from glutamate, and functionally, due to
tight control of the inhibitory/excitability
balance in health. This close relationship
has been confirmed by MRS studies dem-
onstrating a tight correlation between glu-
tamate and GABA.>7

However, it is likely that MRS gives
a less accurate reflection of glutamatergic
activity than GABAergic activity. The
GABA-edited MEGA-PRESS sequence
most frequently used for GABA MRS
acquisitions does not allow us to separate
resonances from glutamate and gluta-
mine, meaning that most studies report
this composite measure of Glx. In addi-
tion, in our experience, there are a number
of technical reasons why the Glx reso-
nance is often less reliably acquired than
the GABA resonance. Finally, much fine-
tuning of glutamatergic activity occurs
via modulation of the NMDA receptors,
changes which are invisible to MRS.

In our recent study,’ we demon-
strated correlations between behavior
and GABA, over and above those found
between behavior and glutamate concen-
tration, and there is extensive evidence
from the animal literature that change in
GABA modulation is an early and neces-
sary step in synaptic plasticity within the
primary motor cortex.” However, given
the technical challenges in quantifying
glutamate via MRS as discussed above, it
may be that we are less sensitive to modu-
lation in glutamatergic signalling and the
potential role of glutamate should not be
overlooked when reporting correlations
between neurotransmitter concentrations
and behavior.

Conclusions

MRS provides a method that allows us to
non-invasively quantify neurotransmit
ter concentrations in vivo, at a temporal
resolution that is sufficient to detect bio-
logically relevant changes in GABA con-
centrations. The technique allows us, for
the first time, to investigate the role of
neurochemicals in inter-individual behav-
ioral differences. As acquisition techniques
continue to improve, and with the increas-
ing use of ultra-high field MR in humans,
the promise of MRS as a neuroscience tool
can only increase. However, until more is
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understood about the specifics of what we
are measuring with MRS, care needs to be
employed when interpreting the results.

References
1. Boy F, Evans CJ, Edden RAE, Singh KD, Husain

M, Sumner P. Individual differences in subconscious
motor control predicted by GABA concentration in
SMA. Curr Biol 20103 20:1779-85.

2. Sumner P, Edden RAE, Bompas A, Evans CJ, Singh
KD. More GABA, less distraction: a neurochemical
predictor of motor decision speed. Nat Neurosci
20105 13:825-7.

3. Stagg CJ, Bachtiar V, Johansen-Berg H. The role of
GABA in human motor learning. Curr Biol 2011;
21:480-4.

4. Floyer-Lea A, Wylezinska M, Kincses T, Matthews
PM. Rapid modulation of GABA concentration in
human sensorimotor cortex during motor learning.
J Neurophysiol 2006; 95:1639-44.

5. Levy LM, Ziemann U, Chen R, Cohen LG. Rapid
modulation of GABA in sensorimotor cortex induced
by acute deafferentation. Ann Neurol 2002; 52:755-61.

www.landesbioscience.com

10.

Stagg CJ, Wylezinska M, Matthews PM, Johansen-
Berg H, Jezzard P, Rothwell JC, et al. Neurochemical
effects of Theta burst stimulation as assessed by mag-
netic resonance spectroscopy. ] Neurophysiol 2009;
101:2872-7.

Stagg CJ, Best JG, Stephenson MC, O’Shea J,
Wylezinska M, Kincses ZT, et al. Polarity-sensitive
modulation of cortical neurotransmitters by transcra-
nial stimulation. ] Neurosci 2009; 29:5202-6.
Martin DL, Rimvall K. Regulation of y-aminobutyric
acid synthesis in the brain. J Neurochem 1993;
60:395-407.

Belelli D, Harrison NL, Maguire J, Macdonald RL,
Walker MC, Cope DW. Extrasynaptic GABA | recep-
tors: form, pharmacology and function. ] Neurosci
2009; 29:12757-63.

Reis J, Swayne OB, Vandermeeren Y, Camus M,
Dimyan MA, Harris-Love M, et al. Contribution of
transcranial magnetic stimulation to the understand-
ing of cortical mechanisms involved in motor control.

J Physiol 2008; 586:325-51.

Communicative & Integrative Biology

. Werhahn KJ, Kunesch E, Noachtar S, Benecke

R, Classen ]. Differential effects on motorcortical
inhibition induced by blockade of GABA uptake in
humans. J Physiol 1999; 517:591-7.

. Rosenkranz K, Kacar A, Rothwell JC. Differential

modulation of motor cortical plasticity and excitabil-
ity in early and late phases of human motor learning.

J Neurosci 2007; 27:12058-66.

. Nitsche MA, Seeber A, Frommann K, Klein CC,

Rochford C, Nitsche MS, et al. Modulating parame-
ters of excitability during and after transcranial direct
current stimulation of the human motor cortex.

J Physiol 2005:291-303.

. Huang YZ, Edwards M]J, Rounis E, Bhatia KP,

Rothwell J. Theta burst stimulation of the human
motor cortex. Neuron 2005; 45:201-6.

. Donoghue ], Hess G, Sanes ], eds. Substrates

and Mechanisms for Learning in Motor Cortex.

Cambridge, MA: MIT Press 1996.

575



