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Abstract

Background—An extensive animal literature suggests that stress or excessive corticosteroid
exposure is associated with changes in hippocampal function and memory. These findings are
pertinent to psychiatric disorders with elevated cortisol, Cushing’s disease and the millions of patients
receiving prescription corticosteroids. In animals, agents that decrease glutamate release attenuate
the effects of corticosteroids on the hippocampus. Minimal data are available on preventing or
reversing the effects of corticosteroids on the human hippocampus. We previously reported
improvement in memory in corticosteroid-treated patients given lamotrigine. In this report, we
examined the impact of lamotrigine on task-related hippocampal activation in patients taking
prescription corticosteroids.

Methods—A total of 28 outpatients taking long-term oral prednisone for medical conditions, such
as renal transplant rejection, were randomized to lamotrigine or placebo for 24 weeks. Hippocampal
activation in response to a visual memory task was assessed with blood oxygenation level dependent
(BOLD) functional magnetic resonance imaging (fMRI).

Results—Consistent with a reduction in glutamate release, the right posterior hippocampus showed
a significant decrease in task-related activation in the lamotrigine group as compared to the placebo
group.

Limitations—The modest sample size and an assessment period of only 24 weeks are study
limitations.
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Conclusions—Between-group differences in hippocampal activation were observed. The results
suggest that an agent that modulates glutamate may modify the effects of long-term corticosteroid
exposure on the human hippocampus.
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INTRODUCTION

Excessive corticosteroid exposure is associated with changes in memory and hippocampal
structure in animal models (Magarinos et al., 1997; Uno et al., 1994; Vyas et al., 2002). In
animals, agents that decrease glutamate release (Magarinos et al., 1996), enhance serotonin
reuptake (Watanabe et al., 1992) or block the N-methyl-D-aspartate (NMDA) receptor
(Magarinos and McEwen, 1995) attenuate corticosteroid effects on the hippocampus. A much
smaller literature on the effects of corticosteroids on the human hippocampus is available.
Acute administration of exogenous corticosteroids in humans is associated with reversible
decline in declarative memory performance (de Quervain et al., 2000; Newcomer et al.,
1999). Cushing’s disease is associated with memory impairment (Mauri et al., 1993) and
hippocampal atrophy (Starkman et al., 1992) that is, at least partially, reversible with
normalization of cortisol levels (Starkman et al., 1999; Starkman et al., 2003). We reported
that patients receiving long-term prescription corticosteroid therapy had poorer declarative
memory, decreased hippocampal volume and decreased temporal lobe levels of N-acetyl
aspartate as compared to controls with similar medical histories but minimal corticosteroid
exposure (Brown et al., 2004). However, a study examining patients taking corticosteroids at
lower dosages and for shorter periods than in or report did not find significant reductions in
hippocampal volume (Coluccia et al., 2008).

We also examined whether the corticosteroid-induced changes in the human hippocampus can
be reversed with agents that decrease glutamate release or act as antagonists at the NMDA
receptor. We reported a significantly greater improvement in declarative memory with
memantine, an NMDA receptor antagonist, than with placebo in patients taking corticosteroids
(Brown et al., 2008a). We also found significant improvement in declarative memory and
differences in amygdala volume, but no significant changes in hippocampal volume, in
corticosteroid-treated patients given lamotrigine, a glutamate release inhibitor, as compared to
placebo (Brown et al., 2008b). We now report functional magnetic resonance imaging (fMRI)
data from this trial to determine the impact of treatment with lamotrigine on task-related
hippocampal activation.

METHODS

Participants and Study Medication

A total of 28 medically stable adult outpatients receiving chronic oral corticosteroid therapy
(=10 mg/day of prednisone equivalents for > 6 months) participated in a 24 week randomized,
double-blind, placebo-controlled trial of lamotrigine. All participants signed an IRB-approved
informed consent form. The study was registered at clinicaltrials.gov. Lamotrigine or identical
appearing placebo was initiated at 25 mg/day and titrated to a dose of 400 mg/day over 10
weeks using a fixed dosing schedule unless side effects required a slower titration or dose
reduction. For additional information on the experimental procedures and patient sample please
see the primary data analysis (Brown et al., 2008b).
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fMRI procedures

Functional magnetic resonance images of the brain were obtained at baseline and week 24.
MR images were acquired on a General Electric Horizon LX NV/i 1.5 Tesla scanner (General
Electric Medical Systems, Milwaukee, WI) using the standard GE quadrature birdcage RF head
coil. For the collection of fMRI data, a time series of 120 echo-planar image (EPI) volumes
was acquired at 21 coronal slice locations through the whole brain. Echo-planar images were
acquired with a single-shot gradient-recalled EPI pulse sequence (sequential slice acquisition;
repetition time [TR] = 2000 ms; echo time [TE] = 45 ms; flip angle = 90°; matrix = 64x64;
field of view [FOV] = 24 cm; slice thickness = 7 mm; slice-to-slice gap = 0.5 mm). High-
resolution T1-weighted images of the entire brain (3D Spoiled Grass pulse sequence: TR =30
ms; TE =5 ms; flip angle = 45°; matrix = 256 x 256; FOV = 24 cm; slice thickness = 2.0 mm)
were acquired during the same scan session for each participant.

fMRI activation task

A visual scene encoding task (Stern et al., 1996) was used to activate the hippocampus. This
task was presented as a block design alternating between the visual scene encoding condition
and a control condition. During each encoding block, participants viewed complex nature
scenes that they were instructed to study carefully, as they would be asked to remember them
later. During control condition, participants attended to a single familiar nature scene presented
repeatedly at the same rate as the stimuli to be encoded. Prior to scanning, subjects were given
instructions on the task and an opportunity to practice. None of the encoding pictures were
shown during this training, but subjects were introduced to the familiar picture. Stimuli were
back-projected onto a screen at the participants’ feet. This was viewed through a mirror attached
to the head coil. Pictures were presented for 3 seconds and each block was 60 sec in length.
Encoding occurred during the second and fourth block, while the control task was performed
during the first and third.

MRI Data Analysis

Pre-processing—AFNI software (Cox, 1996) was used for the analysis of MRI data. To
correct for motion, a three-dimensional volume registration algorithm was applied to each EPI
dataset. One participant’s data were excluded due to excessive motion. Remaining data were
examined for excessive signal values at individual time points and these outlier values (i.e.,
signal greater than four times the standard deviation for the entire signal time course) were
replaced with the median value. Data were then spatially smoothed with a three-dimensional
Gaussian filter (8 mm full-width at half maximum) to increase signal-to-noise.

Isolation of hippocampus region of interest for fMRI analyses—~For each
participant, hippocampal volumes were identified. Each hippocampal mask was resampled to
match the lower resolution of the functional dataset (Li et al., 2002). Differential functional
roles of the anterior and posterior hippocampus (Eichenbaum and Lipton, 2008; Peters et al.,
2007) has been reported. Therefore, the resampled tracings were further edited to create
separate anterior and posterior regions of interest (ROIs). To define the anterior hippocampus,
the whole hippocampus tracing was edited to include only the slices that occupied the head of
the hippocampus. For the posterior hippocampus, the whole hippocampus tracing was edited
to include only the slices that occupied the tail of the hippocampus. This identification
procedure was repeated for the right and left hemisphere for each participant.

Identification of activated regions—An ideal function reflecting the alternation between
control and experimental conditions was created and used as a reference for cross-correlation
with temporal fluctuations in MR signal from all brain voxels. The Least-Squares Fit
coefficient, which estimates the proportion of ideal function that exists in each voxel’s time
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course signal data after removing the mean and linear trend, was used as the index of functional
activation. Average fit coefficients within the separate anterior and posterior hippocampal
ROIs were calculated and used to reflect the magnitude of activation in each region. Effect of
lamotrigine treatment on activation in the hippocampal ROIs was investigated using four
separate Group (placebo, lamotrigine) x Time (Pre-treatment, Post-treatment) mixed design
ANOVAs.

Data at the week 24 neuroimaging assessment were available on 12 completers. Participants
in lamotrigine and placebo groups did not differ significantly on baseline demographic
characteristics. Those who discontinued participation did not differ significantly from
completers on baseline demographic characteristics.

Hippocampal tracings are shown in Figure 1, and group MRI data are provided in Table 1.
There was a significant Group * Time interaction for the posterior right hippocampus, F (1,
10) =5.73, p = .038 (Figure 2). To rule out that age had an effect on the interaction, age was
added as a covariate in an ANCOVA. Results suggested age could not have accounted for this
effect, as the significance level of the interaction increased from p = .038 to p = .023 Follow-
up comparisons showed a trend for an effect of time in the lamotrigine group, t (5) = 2.15, p
=.084 while the effect of time in the placebo group was not significant, t (5) = —1.21, p = .28.
Post hoc comparison showed a significant difference between groups at Time 2, t (10) = 3.21,
p =.009, but no difference between the groups at Time 1, t (10) =-.11, p =.92.

DISCUSSION

This investigation demonstrated an effect of lamotrigine on fMRI activation in the posterior
right hippocampus. We found a decrease in right posterior hippocampal activation in the
lamotrigine group from pre- to post-treatment and a slight increase over time in the placebo
group. No significant between-group differences were found in other hippocampal regions with
reductions in activation observed in both treatment conditions.

Decreased task-related activation in the lamotrigine group is consistent with animal (Hyder et
al., 2001; Kida et al., 2006) and human (Deakin et al., 2008; Jogia et al., 2008) studies showing
selective regional reductions in task-related BOLD signal activation following lamotrigine

treatment. BOLD signal activation appears to be related, at least in part, to glutamate release
(Baslow et al., 2005; Gsell et al., 2006). Therefore, the decrease in activation in the posterior
right hippocampus in the lamotrigine group is consistent with a reduction in glutamate release.

Results suggest that in addition to memory improvement, lamotrigine therapy was associated
with changes in hippocampal activation consistent with a reduction in glutamate release. The
findings also suggest that fMRI may be more sensitive to lamotrigine effects on the
hippocampus than is structural MRI. A strength of the study is the randomized, double-blind,
placebo-controlled design. Limitations are the modest sample size and an assessment period
of only 24 weeks.
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Figure 1.

Examples of partial (i.e., anterior and posterior), and whole right hippocampus tracings from
a single subject overlaid on representative coronal and sagittal slices. (a) and (b) = anterior
right hippocampus tracing in coronal and sagittal planes; (c) and (d) = posterior right
hippocampus tracing in coronal and sagittal planes; (e) and (f) = whole right hippocampus
tracing in coronal and sagittal planes.
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Figure 2.
Directions of change in task-related activation from pre- to post-treatment in lamotrigine and
placebo groups in the posterior right hippocampus.
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Table 1

Whole, anterior and posterior hippocampus ROI mean and standard deviation (pre, post) average fit coefficient
values* 1074 for lamotrigine and placebo groups

ROI Group Pre-treatment  Post-treatment N
M (SD) M (SD)
Left Placebo 2.26 (10.14) -409(6.74) 6
Lamotrigine —2.27 (7.93) —8.87 (4.73) 6
Anterior left Placebo —2.53 (17.91) —7.60 (10.90) 6
Lamotrigine  —8.10 (15.93) -12.02 (9.72) 6
Posterior left Placebo 3.45 (2.61) -3.03 (12.74) 6
Lamotrigine 1.21 (7.77) —6.19 (10.65) 6
Right Placebo 3.65 (4.07) -344(6.75) 6
Lamotrigine —-0.57 (0.87) —6.02 (4.71) 6
Posterior right  Placebo 2.86 (3.38) 4.21 (4.26) 6
Lamotrigine 3.13(5.18) —-5.68 (6.21) 6
Anterior right  Placebo 1.15(10.19) —9.21 (12.56) 6
Lamotrigine ~ —2.30 (2.13) —6.39 (3.32) 6
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