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Background: GABAergic and glutamatergic neurotransmitter systems are critical in the pathophysiology
of addiction and represent potential targets for repetitive transcranial magnetic stimulation (r'TMS).
This study aims to investigate changes in y-aminobutyric acid (GABA) levels, the combined resonance of
glutamate and glutamine (Glx) in the left dorsolateral prefrontal cortex (DLPFC), and cognitive function of
patients with methamphetamine dependence following rTMS intervention, using proton magnetic resonance
spectroscopy (‘H MRS).

Methods: Fifty methamphetamine-dependent patients were randomized to a 4-week course of active or
sham rTMS, with 'H MRS measurement of DLPFC GABA and Glx levels relative to n-acetyl-aspartate
(NAA) and craving and cognitive function measured at baseline and post-intervention.

Results: We observed significant reductions of GABA/NAA concentration in the active group and Glx/
NAA concentration in the group receiving sham rTMS. There was a significant association between changes
in GABA concentration and problem solving/error monitoring.

Conclusions: The effect of *'TMS on cognitive function in individuals with methamphetamine dependence

may be related to changes in GABA levels in the prefrontal cortex, and warrants further investigation.
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Introduction

Methamphetamine is one of the most commonly
used amphetamine type stimulants (ATS) worldwide,
and constitutes a serious burden on global health.
Both preclinical and clinical research have shown that
methamphetamine may cause long-lasting impairment
in the brain (1,2). Despite sustained efforts to develop
treatments for methamphetamine addiction, there is no
effective method except for psychological intervention.

Repetitive transcranial magnetic stimulation (r'TMS) is
a noninvasive technique with demonstrated effectiveness
in the treatment of psychiatric disorders (3). In recent
years, there have been several investigations using rTMS
to treat substance addiction (4). Our preliminary results
demonstrated that rTMS could reduce craving and improve
cognitive function after a one week intervention (5).
However, its mechanisms of action have not yet been
unravelled. Neuroimaging tools can improve our
understanding of how rTMS works in treating addiction
by examining structural, fibrous, functional connectivity
alterations after intervention (6-9). In addition, proton
magnetic resonance spectroscopy (1H MRS), can be used to
noninvasively measure concentrations of key metabolites in
specific brain regions (10,11).

Conceptually, excitatory glutamatergic hyperactivity and
downregulation ofy-aminobutyric acid (GABA) inhibitory
neurotransmission are important mechanisms of addiction
(12,13). Both GABA (GABA, and GABA; receptors) and
glutamate (metabotropic glutamate receptors, mGluRs)
are potential targets for addiction treatment, and have
been investigated in preclinical studies (14,15). Increased
glutamate has been reported in the frontal white matter
pathways of abstinent methamphetamine dependent
subjects (16), while methamphetamine users with less than
one month of abstinence show reduced frontal gray matter
glutamate and glutamine (Glx, glutamate is a precursor,
glutamine is a neurotransmitter) (17). In addition,
lisdexamfetamine (L-lysine-d-amphetamine), a prodrug
of the psychostimulant d-amphetamine, which is used for
treating attention deficit hyperactivity disorder (ADHD),
has been shown to decrease Glx in DLPFC (18). Previous
evidence has also revealed that glutamate and GABA are
found in especially high concentrations in the prefrontal
cortex (19,20). It has been speculated that rTMS over the
prefrontal cortex may affect glutamatergic and GABA-

© Annals of Translational Medicine. All rights reserved.

Su et al. GABA and Gix alterations in methamphetamine dependence

ergic neurotransmission and induce cortical changes in
glutamate/GABA levels. This assumption is supported by
the observation that prefrontal rT'MS can increase cortical
Glx levels in healthy individuals (21) and improvement in a
case with treatment refractory substance use disorder (22).
Although TMS affects neurometabolites in cortical circuits,
it is unknown whether these changes mediate therapeutic
response in methamphetamine addiction.

The objective of this study is to investigate
neurochemical alterations in the concentrations of Glx,
GABA and other key metabolites [n-acetyl-aspartate (NAA),
choline (Cho), myo-inositol (ml) and creatine (Cr)] using
proton magnetic resonance spectroscopy (‘H MRS) in the
left dorsolateral prefrontal cortex (DLPFC) of patients
with methamphetamine dependence treated with real or
sham rTMS. The left DLPFC is a widely accepted location
for rTMS intervention in addiction (23). We hypothesize
that metabolites levels will change in the DLPFC after
4 weeks of r'I'MS intervention. Furthermore, we expect
that alterations in these concentrations will correlate
with craving and cognition changes in methamphetamine
dependent patients.

Methods
Participants

Fifty subjects (20 females) who met the criteria for severe
methamphetamine use disorder based on the Diagnostic
and Statistical Manual of Mental Disorders, fifth edition
(DSM-5) were recruited from the Shanghai Drug
Rehabilitation Center. Inclusion criteria included more than
9 years of education, aged 18-49 years, and normal vision
and audition. Exclusion criteria included serious physical
or neurological illness, any other psychiatric disorder
according to DSM-5 criteria, and contraindications to
rTMS. All participants were interviewed by a psychiatrist
and completed a self-administered case report form, which
included socio-demographic and drug use characteristics.
Participants were unmedicated throughout r'TMS
treatment.

The study was conducted in accordance with the
Declaration of Helsinki and approved by the institutional
review board and the ethics committee of Shanghai Mental
Health Center. All participants participated voluntarily and
provided written consent after understanding the whole
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procedure.

rTMS protocol

Participants were randomized to receive either real or sham
rTMS intervention. All patients completed 20 sessions of
r'TMS over the left DLPFC over a 4-week period using
the MagPro X100 device (MagVenture, Farum, Denmark).
Individual sessions consisted of 5 min (900 pulses; 3-pulse
50-Hz bursts given every 200 ms (at 5 Hz), 2s on and 8s
off) of intermittent theta burst (('TBS) excitatory TMS daily
for 20 days (Monday—Friday for a 4-week period). The
standard “Figure 8” Cool-B70 stimulation coil was centred
over the scalp via the Beam F3 method (24). The sham
group received the same intervention as the real group,
except that the coil was flipped 180 degrees away from the
skull. Resting motor threshold (MT) was defined as the
stimulus strength over the thumb area of the motor cortex
that produced five motor-evoked potentials responses of
at least 50 microvolts (mV) in 10 trials. We measured M'T
before the first intervention and on every fifth intervention
thereafter. Intensities of 100% MT were applied to all
participants.

Visual analog scales (VAS) were administered to measure
cue-induced craving. Cognitive function was assessed
using a Chinese version of the CogState Battery, which
includes the International shopping list task (ISL), Two
back task (TWOB), Groton maze learning task (GML),
Continuous paired association learning task (CPAL) and
Social emotional cognition task (SEC). Five dimensions of
cognitive function are measured by the CogState Battery:
verbal learning and memory, working memory, problem
solving/error monitoring, spatial working memory and
social cognition. Ratings were performed at baseline and the
day after completion of the 4-week course of intervention.

Outcomes were evaluated by experienced and trained
psychiatrists, and neither psychiatrists nor participants
knew whether the participants were receiving real or sham
stimulation. Assessments of blinding and side effects were
recorded at every session.

Image acquisition

All images were acquired on a Siemens Tim Trio 3T MRI
scanner (Erlangen, Germany) equipped with a 12-channel
head coil. High-resolution T1-weighted images were ac-
quired (repetition time TR =2,300 ms, echo time TE =3
ms, flip angle FA=9°, number of slices=176, field of view
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FOV=256x256 mm’. MRS was acquired at baseline and the
day after completion of the 4-week course of intervention.

GABA-edited '"H-MRS experiments were conducted
using a MEGA-PRESS sequence (TE =68 ms, TR =1,800
ms, acquisition time 10 min 20 s, bandwidth 1200 Hz, 1024
datapoints, 160 water-suppressed, 8 water-unsuppressed
averages). Voxels (20x20x20 mm’ =8 mL) were located in
the left DLPFC (Figure 1). In addition to MEGA-PRESS
spectra, regular point resolved spectroscopy (PRESS)
spectra (TR =1,800 s, TE =35 ms, acquisition time =5 min
20 s) were also obtained from the same voxel and used for
quantification of major metabolites including glutamate +
glutamine (Glx), n-acetyl-aspartate (NAA), inositol (Ins),
glycerophosphocholine + phosphocholine (GPC + PCh),
phosphocreatine + creatine (PCr + Cr), etc. Spectra were
analyzed using a linear combination model (LCModel
version 6.3-0I) (LCMODEL Inc., CA). Shimming was
performed to achieve a full-width at half maximum
(FWHM) <12 Hz. Water unsuppressed spectra were also
collected from the same voxel for absolute quantification.
PRESS metabolite fits with a percentage standard deviation
(%SD) value from LCModel over 20% were excluded
from subsequent analysis. As the %SD of glutamine and
glutamate were not stably reported by the LCModel, we
used the combined signal of Glx, which is resolved at 2.1-
2.4 and 3.65-3.8 ppm. GABA is resolved at 3.01 ppm. As
there was no significant difference of NAA concentration
between baseline and postintervention, the quantification of
the brain metabolites was evaluated as the relative values to
NAA resonance at 2.02 ppm.

We used Gannet 3.0 (http://www.gabamrs.com), a
MATLAB (The MathWorks Inc., Natick, MA) based
software package, to create a mask of the voxel size and
SPM12 to segment the T1-weighted image into gray matter
(GM), white matter (WM), and cerebrospinal fluid (CSF)
based on the spatial coordinates in the scanner, to correct
the neurometabolite levels for fraction of CSF in the
DLPFC.

Statistical analysis

Analyses of variance (ANOVA) for continuous variables
and chi-square tests for categorical variables were used to
compare demographic and drug use characteristics and
MRS spectrum quality indices: FWHM values, Cramer-
Rao lower bounds (CRLB), signal-to-noise ratios (S/N) and
GM ratios [GM/(GM+WM)]| within DLPFC between real
rTMS and sham rTMS groups at baseline.
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Figure 1 Magnetic resonance images showing the location of left DLPFC voxel size (20x20x20 mm®) and resulting spectrum. The voxel
was placed on the anterior side of the genu of the corpus callosum and oriented in line with the corpus callosum and cerebral falx. LCModel
fits of MEGA-PRESS GABA spectrum (top right) and short TE PRESS Glx spectrum (bottom right) acquired from the VOI. DLPFC,

dorsolateral prefrontal cortex; GABA, y-aminobutyric acid.

Repeated measure ANOVA was used to assess the main vs. post-TMS), a simple effect test was used to confirm
effects of group (real r'TMS vs. sham r'TMS) and time whether GABA/NAA and GIx/NAA are modulated by
(before and after stimulation). If there was a significant rTMS. In addition, Pearson or Spearman’s rho correlation
interaction between Group (active vs. sham) and Time (pre- coefficients between changes in neurometabolite levels and
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Table 1 Characteristics of participants

Real (N=25) Sham (N=25) F/4?

Characteristics P value

Age (years) 30.96+£5.36 33.00+7.67 1.142 0.291

Gender (men/ 15/10 15/10 0.000 1.000
women)
Education (years)  9.33+1.97 9.52+1.34 0.145 0.705
Marital status 3.734 0.155
Married 6 7
Divorced 3 8
Never married 16 10
Employment (yes/ 11/14 15/10 1.282 0.258
no)
BMI (kg/m?) 24.02+3.38 24.02+3.70 0.001 0.997
Alcohol (yes/no) 10/15 13/12 0.725  0.395
Nicotine (yes/no) 25/0 25/0 0.000 1.000

Onset age (years) 23.50+6.55 24.30+8.72 0.129 0.722

Withdrawal 3.92+1.21 3.43:0.90 2.384 0.130
(months)
Duration of use 5.88+3.75 6.52+3.96 0.331 0.568
(years)
Daily dose (g) 0.55+0.31 0.55+0.32 0.001 0.982
Frequency 2.143 0.543
Every day 15(60.0%) 13 (52.0%)
3-5timesaweek 7(28.0%) 7 (28.0%)
Once a week 3(12.0%) 3(12.0%)
1-3 times a 0 (0.00%) 2 (8.0%)
month

BMI, body mass index.

changes in craving and cognition scores were calculated.
Significance level was thresholded at P<0.05. All statistical
analyses were performed using SPSS Statistics version 16.

Results

Tuable 1 shows the demographic and baseline clinical
characteristics of the 50 patients (f'TMS and sham group).
No significant differences between the two groups were
found.

Before r'TMS, the concentrations of all metabolites in
real rTMS group were not statistically different from those
in sham group (P>0.05). After four weeks intervention,
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Figure 2 GABA/NAA neurometabolite levels in real and sham
group after r'TMS intervention. iTBS reduced GABA/NAA
significantly (0.21£0.03 to 0.18+0.03), whereas sham did not
(0.20£0.02 to 0.19£0.03). *, P<0.05. GABA, y-aminobutyric acid;
NAA, n-acetyl-aspartate; rTMS, repetitive transcranial magnetic

stimulation; iTBS, intermittent theta burst.

for GABA/NAA, repeated ANOVA showed that there was
no significant time x group interaction effect (F=0.158,
P=0.695) but there was a significant difference for time
effect (F=4.221, P=0.046). Simple effect tests showed that
i'TBS significantly reduced GABA/NAA (0.21+0.03 to
0.18+0.03, P=0.040), whereas sham did not (0.20+0.02
to 0.19+0.03, P=0.143) (Figure 2). The main effect
showed there was no difference between two groups after
intervention (F=0.270, P=0.608).

Glx/NAA showed that there was no significant time x group
interaction effect (F=1.926, P=0.176) but there was a significant
difference for time effect (F=8.878, P=0.005) and simple
effect tests showed that iTBS did not reduce Glx/NAA
significantly (1.51£0.24 to 1.45+0.21, P=0.458), whereas
sham did (1.58+0.24 to 1.38+0.20, P=0.012) (Figure 3).
There was no difference between the two groups after
intervention (F=1.072, P=0.309).

Cue-induced craving ratings showed a significant
time x group interaction effect (F=9.706, P=0.003) and a
significant difference for time (F=14.282, P<0.001), and
simple effect tests showed that iTBS significantly reduced
craving (30.47£28.59 to 5.03+7.82, P<0.001), whereas sham
did not (28.97+25.07 to 26.52+28.59, P=0.745). ISL scores
showed that there was a significant time x group interaction
effect (F=14.917, P<0.001) and simple effect tests showed
that iTBS increased ISL correct scores (20.60+4.74 to
23.83+4.97, P=0.006), while sham stimulation did not
(20.38+4.74 to 18.69+5.12, P=0.092). GML scores showed
a significant difference for time (F=6.166, P=0.016) and
simple effect tests showed that iTBS decreased GML error
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Figure 3 GIx/NAA neurometabolite levels in real and sham
group after r'TMS intervention. iTBS did not reduce Glx/
NAA significantly (1.51x0.24 to 1.45+0.21), whereas sham did
(1.58+0.24 to 1.38+0.20). *, P<0.05. Glx, glutamate and glutamine;
NAA, n-acetyl-aspartate; r'TMS, repetitive transcranial magnetic

stimulation; iTBS, intermittent theta burst.

scores (71.93+27.14 to 59.80+23.35, P=0.003) but sham
stimulation did not (79.97+32.10 to 73.86+29.48, P=0.205).

Other neurometabolite changes before and after
intervention are shown in Supplementary Tuzble S1.
Spectrum quality and GM ratio are displayed in
Supplementary Table S2. There were significant differences
in Ins and Cr + PCr between two groups. Associations
between changes in participants’ craving and cognition
scores and neurometabolite levels are presented in Tuble S3.
Change in GABA levels was correlated with the change
in GML scores in the real stimulation group (Figure 4).
GML scores increased as GABA levels decreased. No other
correlations were found between clinical characteristics and
neurometabolite levels.

Discussion

To our knowledge, this is the first study examining the
effect of rT'MS on brain GABA and Glx concentrations in
methamphetamine dependent patients. Our results showed
a declining trend for GABA/NAA levels in the DLPFC
after intervention that was more apparent in the group
who received real rTMS than in the sham stimulation
group. Furthermore, cognitive function improvement
was associated with the reduction of GABA levels in the
DLPFC of patients who received real rT'MS intervention.
Previous studies have compared differences in brain
metabolites between methamphetamine users and healthy
subjects or other patients by using magnetic resonance
spectroscopy (25-30). However, changes in GABA levels in
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target brain areas (e.g., DLPFC) after rTMS intervention
for methamphetamine use disorder have not yet been
studied.

Impairment in the prefrontal cortex is an important feature
of addiction, which may result in executive dysfunction and
uncontrolled drug use (31). As iTBS induces excitatory effects
similar to those induced by high frequency rTMS, and given
the close relationship between neurotransmitter flux and
local brain activity, DLPFC activation is likely achieved by
stimulating glutamatergic neurons or inhibiting GABAergic
neurons. This is in agreement with our finding that GABA
concentration of DLPFC was reduced in the patients who
received active rTMS. In a recent meta-analysis, we found
that low Glx levels in the DLPFC occur with substance
use disorder (unpublished). Although we did not observe
an increase of Glx in the real rTMS group, the decrease
of Glx in sham group suggests that r'TMS may induce a
compensatory function.

As part of the executive control network, the prefrontal
cortex is closely connected with many functional regions
in the brain, particularly the anterior cingulate cortex
(ACC) and insula (32,33). It has been hypothesized that
r'TMS action is propagated from the stimulation site to
remote brain regions through excitatory and inhibitory
interconnections. As a kind of interneuron, GABAergic
neurons inhibit the over-activation of dopaminergic
neurons and glutamatergic neurons. Methamphetamine is
thought to aggravate these effects by interfering with the
inhibitory function of GABAergic neurons that project from
the prefrontal cortex to remote brain regions, leading to an
excitatory-inhibitory imbalance (34). It has been shown that
d-amphetamine administration increases the concentration
of Glx in the dorsal ACC in volunteers (21,27). On the
other hand, preclinical research has demonstrated that iTBS
induces reductions in neuropeptide Y (NPY) and vesicular
glutamate transporter type 1 (vGluT1) expression, which
are involved in glutamatergic transmission and glutamateric
presynaptic activity (35). TMS may exert similar metabolic
effects in these regions.

The mechanism of the effect of rTMS on craving
and cognitive function in methamphetamine dependent
patients is still unclear. A possible explanation is discussed
in our previous work (5). While we found no relationship
between changes of craving and GABA or Glx, we revealed
a significant correlation between changes in GABA and
GML scores following active iTBS. The GML task taps

into problem solving/error monitoring, with higher scores
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Figure 4 Changes in GABA levels in the DLPFC were correlated with changes in GML scores in the rTMS group (r=—0.499, P=0.011) but
not in the sham control group (r=—0.190, P=0.374). GABA, y-aminobutyric acid; GML, Groton maze learning task.

representing a higher number of errors. However, our results
were somewhat confusing. The less GABA reduced, the more
obvious cognitive function improved. Several mechanisms
may underlie this phenomenon. Using resting-state
functional MRI, functional connectivity analysis revealed
that iTBS significantly reduced fronto-insular connectivity
and GABA/GIx ratio in DLPFC, and GABA/GIx had a
significant mediating effect on DLPFC-to-right anterior
insula (rAl) connectivity changes (36). Although our results
are not entirely consistent with this, it appears that iTBS
induces a change in the inhibitiory/excitatory balance of the
fronto-insular network based on circuits and neurochemistry.
As a part of the salience network, the insula participates
in executive control function together with the DLPFC.
Another study reported that GABA in the striatum was
associated with response inhibition, which is an important
function of cognitive control (37). We assumed that GABA
of prefrontal cortex was not directly involved in problem
solving/error monitoring, but activated insula or striatum
firstly, correlated negatively with metabolites or functional
connections in these brain regions, producing inhibitory
neural regulation, finally worked on executive function.
Some limitations of the present work should be noted.
First, the small sample size may weaken the power to
detect significant changes of the neurometabolites induced
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by r'TMS. Second, only one brain region was measured,
limiting our ability to explore the potential effect of rTMS
on metabolite concentrations in other important regions
le.g., dACC, medial prefrontal cortex (mPFC), and insula].
Finally, it should be pointed out that not all patients
respond to rTMS treatment. A recent study failed to find
significant differences in GABA and Glx levels using iTBS
targeting the inferior parietal lobe in healthy volunteers
(Vidal-Pifieiro et al., 2015) (38), emphasizing the importance
of individualized intervention. Evidence from neuroimaging
studies for alterations in the brains of ATS users is still
mixed (39,40). Therefore, conclusions should be drawn with
caution. Future studies will require large sample sizes to
clarify these issues.

In conclusion, we show prefrontal neurometabolites
respond to r'IT’'MS in methamphetamine dependent
patients. Our findings suggest that r'TMS may reduce
GABA/NAA levels in the left DLPFC of patients, and that
decreases in GABA are related to the improvements in
cognition. Larger studies are needed to further investigate
the underlying modulation mechanisms of rTMS in
patients with methamphetamine dependence, for example,
the relationship between functional connectivity and
metabolites changes in executive control network, and
employing individualized plans when conducting rTMS
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Supplementary

Table S1 Other neurometabolite levels before and after intervention

Real group Sham group

Before After P value Before After P value
GSH 0.30+0.07 0.27+0.08 0.386 0.27+0.05 0.26+0.07 0.440
Cr 0.30+0.15 0.30+0.11 0.901 0.37+0.15 0.30+0.11 0.182
PCr 0.51+0.16 0.50+0.10 0.832 0.49+0.11 0.46+0.14 0.285
GPC 0.34+0.09 0.35+0.07 0.735 0.35+0.06 0.32+0.06 0.088
Ins 1.66+0.48 1.62+0.33 0.820 1.79+0.46 1.48+0.37 0.026*
NAA 1 1 1 1
GPC + PCh 0.34+0.09 0.35+0.07 0.735 0.35+0.06 0.32+0.06 0.088
NAA + NAAG 1.11+0.04 1.13+0.06 0.162 1.11+0.05 1.13+0.05 0.240
Cr + PCr 0.82+0.15 0.80+0.13 0.791 0.86+0.12 0.76+0.11 0.018*

The differences of these data were compared using t test. *, P<0.05. GSH, glutathione; Cr, creatine; PCr, phosphocreatine; Ins,
Inositol; PCh, phosphorylcholine; NAA, n-acetyl-aspartate; GPC, glycerophosphorylcholine; NAA, N-acetylaspartate; NAAG,
N-acetylaspartylglutamate.

Table S2 Spectrum quality and GM ratio

Real (N=25) Sham (N=25) F/y? P value

Pre-rTMS

FWHM 9.04+0.74 8.98+0.51 0.110 0.742
GABA S/N 14.74+3.15 13.78+3.49 0.952 0.335
GABA CRLB 9.83+3.47 (%) 10.26+3.63 (%) 0.170 0.682
Glx S/N 17.54+3.68 16.17+3.14 1.868 0.178
Glx CRLB 5.40+1.63 (%) 5.38+0.77 (%) 0.005 0.946
GM/(GM + WM) 0.42+0.06 0.41+0.07 0.371 0.545
Post-rTMS

FWHM 8.99+0.48 9.25+0.85 1.785 0.188
GABA S/N 14.96+4.18 15.74+3.19 0.515 0.477
GABA CRLB 11.33+4.57 10.39+3.53 0.623 0.434
Glx S/N 17.92+3.83 17.62+3.23 0.081 0.777
Glx CRLB 5.72+1.62 (%) 5.50+1.53 (%) 0.238 0.628
GM (GM + WM) 0.35+0.10 0.39+0.09 2.286 0.137

GM, gray matter; rTMS, repetitive transcranial magnetic stimulation; FWHM, full width at half maximum; GABA, y-aminobutyric acid; NAA,
n-acetyl-aspartate; CRLB, Cramer Rao lower bounds; S/N, signal-to-noise ratios; WM, white matter.



Table S3 Relationships between participant characteristics and neurometabolite levels within patients

Characteristics

Real

Sham

AGABA

AGIx

AGABA

AGIx

ACraving
AISL
ATWOB
AGML
ACPAL
ASEC

r=0.049, P=0.817
r=—0.030, P=0.888
r=0.391, P=0.053
r=-0.499, P=0.011*
r=0.286, P=0.165
r=0.050, P=0.811

r=—0.087, P=0.618
r=-0.028, P=0.895
r=0.118, P=0.574
r=0.127, P=0.547
r=-0.253, P=0.223
r=-0.103, P=0.623

r=—0.321, P=0.126
r=-0.201, P=0.346
r=-0.405, P=0.050
r=-0.190, P=0.374
r=-0.340, P=0.104
r=—0.308, P=0.143

r=0.154, P=0.461
r=0.132, P=0.529
r=0.360, P=0.077
r=0.016, P=0.941
r=0.290, P=0.160
r=0.331, P=0.106

A, difference between post and pre-rTMS; *, P<0.05. ISL, international shopping list task, TWOB, two back tasks; GML, Groton maze

learning task; CPAL, continuous paired association learning task; SEC, social emotional cognition task.
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