
Lovastatin regulates brain spontaneous low-frequency brain
activity in Neurofibromatosis type 1

Camille Chabernaud, PhDa, Maarten Mennes, PhDa, Peter G. Kardel, MAb, William D.
Gaillard, MDc, M. Layne Kalbfleisch, PhDd, John W. VanMeter, PhDe, Roger J. Packer,
MDb,c, Michael P. Milham, MD, PhDf,g, Francisco X. Castellanos, MDa,g, and Maria T. Acosta,
MDb,c

aPhyllis Green and Randolph Cowen Institute for Pediatric Neuroscience at the New York
University Langone Medical Center, 215 Lexington Avenue, New York, NY 10016, USA
bJennifer and Daniel Gilbert Neurofibromatosis Institute, Children’s National Medical Center, 111
Michigan Avenue NW, Washington D.C., 20010, USA
cThe Center for Neuroscience and Behavioral Medicine, Children’s National Medical Center, 111
Michigan Avenue NW, Washington D.C., 20010, USA
dKIDLAB, Krasnow Institute for Advanced Study and College of Education and Human
Development, George Mason University, Mail Stop 2A1, Fairfax, VA 22030, USA
eCenter for Functional and Molecular Imaging, Georgetown University Medical Center, 3900
Reservoir Rd. NW, Washington, D.C., 20057, USA
fCenter for the Developing Brain, Child Mind Institute, 445 Park Avenue, New York, NY10022,
USA
gNathan Kline Institute for Psychiatric Research, 140 Old Orangeburg Road, Orangeburg, NY
10962, USA

Abstract
In the Neurofibromatosis type 1 (NF1) mouse model, lovastatin, used clinically for
hypercholesterolemia, improves cognitive dysfunction. While such impairment has been studied in
NF1, the neural substrates remain unclear. The aim of this imaging add-on to a phase-1 open-label
trial was to examine the effect of lovastatin on Default Network (DN) resting state functional
connectivity (RSFC). Seven children with NF1 (aged 11.9±2.2; 1 female) were treated with
lovastatin once daily for 12 weeks. A 7-minute 3-Tesla echo-planar-imaging scan was collected
one day before beginning treatment (off-drug) and the last day of treatment (on-drug) while
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performing a Flanker task. After regressing-out task-associated variance, we used the residual time
series as “continuous resting-state data” for RSFC analyses using 11 DN regions of interest. For
qualitative comparisons, we included a group of 19 typically developing children (TDC) collected
elsewhere. In the on-drug condition, lovastatin increased long-range positive RSFC within DN
core regions (i.e., anterior medial prefrontal cortex and posterior cingulate cortex, PCC). In
addition, lovastatin produced less diffuse local RSFC in the dorsomedial prefrontal cortex and
PCC. The pattern of RSFC observed in the NF1 participants when on-drug closely resembled the
RSFC patterns exhibited by the TDC. Lovastatin administration in this open trial regulated
anterior-posterior long-range and local RSFC within the DN. These preliminary results are
consistent with a role for lovastatin in normalization of developmental processes and with
apparent benefits in a mouse NF1 model.
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Introduction
Neurofibromatosis type 1 (NF1) is one of the most frequent autosomal genetic disorders,
affecting one in 3000 newborns [19]. Besides the typical diagnostic symptoms associated
with neurofibromatosis, between 30 and 65% of children with NF1 exhibit learning
disabilities and cognitive deficits such as visuospatial or executive dysfunction [20]. Due to
their high incidence, neurocognitive impairments are considered the most functionally
disruptive chronic disabilities in children with NF1 [1].

The NF1 gene encodes neurofibromin, a protein underlying several functions including
inhibition of p21Ras GTPase-activating protein activity [5]. The increase in p21Ras activity,
caused by mutations of the NF1 gene, has been related to the learning deficits observed in
NF1 mice and in humans, leading to the hypothesis that inhibition of Ras activity may
reverse these cognitive deficits [10, 22]. Because posttranslational farnelysation is required
for p21Ras function, farnelysation has been suggested as a pharmacotherapy target for NF1
cognitive deficits. Previous studies demonstrated that lovastatin, a 3-hydroxy-3-
methylglutaryl coenzyme A reductase inhibitor, successfully inhibits p21Ras isoprenylation
and activity [27]. Examining the effects of lovastatin on cognitive deficits, Li et al. reported
that lovastatin effectively decreased p21Ras activity and reversed attention and learning
deficits observed in Nf1+/− mice [24]. While the results of statin therapy in mice models are
encouraging, simvastatin used in humans did not yield similar results [23]. However, as part
of a Phase 1 open-label safety trial, significant cognitive improvements were found
comparing pre- and post-lovastatin treatment, suggesting that lovastatin might be effective
for treating cognitive deficits in children with NF1 [2].

Cognitive dysfunction in children with NF1 has been extensively examined at the behavioral
level [20]. However, the specific brain correlates of such deficits in NF1 are poorly
understood. Previous functional magnetic resonance imaging (fMRI) studies indicated that
children with NF1 recruit different brain areas during various cognitive tasks relative to
typically developing children (TDC) [7, 8]. For example, Billingsley et al. reported greater
activation of posterior regions (i.e., temporal, parietal and occipital cortex) relative to
anterior regions (i.e., inferior and lateral orbital frontal cortex) during visuo-spatial
performance in children with NF1 relative to controls [8]. Overall, findings from fMRI
studies in children with NF1 suggest that functional interactions between neural networks,
rather than dysfunction in a specific brain area, might underlie the cognitive deficits
frequently observed in this disease.
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Resting state functional connectivity (RSFC) approaches can successfully delineate
functional brain networks without external stimulation [9]. A myriad of functional networks
can be revealed through patterns of synchrony in spontaneous, low-frequency brain activity,
that are remarkably similar to functional networks observed in task-based fMRI approaches
[29]. Here, we examined the effects of 12-week lovastatin treatment on the RSFC of the
default network (DN), one of the main intrinsic functional brain networks, on seven children
with NF1 who were part of a Phase 1 open label trial [2]. Based on previous findings of
neuronal dysfunction in children with NF1, we expected that lovastatin would significantly
improve and normalize DN organization.

Methods
Participants

Seven children with NF1 (age 11.9±2.2 yrs; range: 10–15; 1 female) participated in this
study. The diagnosis was established according to National Institutes of Health international
criteria (Neurofibromatosis Conference Statement, 1987). Inclusion criteria required full-
scale IQ above 80 and absence of any other chronic medical condition or symptomatic
complication. The study was approved by the institutional review boards of Georgetown
University, Children’s National Medical Center, New York University (NYU) and NYU
School of Medicine. Prior to participation, written assent and consent were obtained from
children and their parents/legal guardian respectively, in accordance with the Declaration of
Helsinki.

In the absence of imaging data from TDC scanned at Georgetown University, we included
data from 19 TDC scanned at the NYU Center for Brain Imaging for qualitative
comparisons (age 13.2±2.5 yrs; range: 9–16; 3 females). The TDC and patients were group-
matched on age (t=−1.17, p=0.27), estimated IQ (95±10 and 88±6 respectively, t=−2.07,
p=0.054) and sex (χ2

(1)=0.01, p=.92).

Lovastatin Protocol
Each patient was treated with lovastatin once daily for 12 weeks after breakfast (weeks 0–4,
20 mg/d; weeks 5–8, 30 mg/d; and weeks 9–12, 40 mg/d). Pre-treatment laboratory tests
were performed on day one of the study, including complete blood count, blood urea
nitrogen, creatinine, glucose, alanine amino transferase, aspartate amino transferase,
bilirubin, creatine phosphokinase, lipid profile (total cholesterol, HDL, vLDL, LDL,
triglycerides), urinalysis, and a urine pregnancy test (females only). A monthly clinic visit
and phone calls at weeks 1, 2, and 3 were completed to support and document compliance
and side effects during the escalation dose period. As described elsewhere, participants
underwent cognitive testing prior to treatment initiation (baseline) and post 12-week open
treatment [2]. Cognitive measures included the Test of Everyday Attention for Children
(TEA-Ch), the California Verbal Learning Test for Children (CVLT) and the Wide Range
Assessment of Memory and Learning, Second Edition (WRAML-2) [2].

Imaging Protocol
Imaging data from patients were acquired using a Siemens Magnetom Trio 3-Tesla scanner
at the Center for Functional and Molecular Imaging at Georgetown University. For each
participant, a 7-minute echo-planar imaging scan was collected one day prior to beginning
treatment (off-drug) and on the last day of the 3-month trial (on-drug) (TR=3000 ms; TE=30
ms; flip angle=90°, 39 slices, matrix=64×64; FOV=192 mm; acquisition voxel size= 3×3×3
mm). All scans were collected in the early afternoon (~6 hours after daily dose of drug
consumed). The children were scanned while performing a version of the flanker task based
on the Naglieri Nonverbal Ability Test (NNAT) licensed to MLK. Each child performed two
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runs, each of which contained 4 blocks, 2 with congruent flankers (e.g., <<<<<) and 2 with
incongruent flankers (e.g., >><>>) presented in ABBA order. Stimulus duration was
1200ms with a 1200ms inter-trial interval. The resting epoch between blocks was 4800ms
long. For the analyses presented here, we regressed out the task-induced BOLD variance
from the event-related data, producing residuals that are considered comparable to
“continuous resting-state” data [15]. Subsequent analyses were then performed using these
residuals, which we considered a “pseudo-resting state” signal, parsed out/aggregated from
motion and physiological noise. For registration and analysis purposes, a T1-weighted
anatomical image was also acquired using a magnetization prepared gradient echo sequence
(TR/TE 9.7/4ms, 256×256 FOV, 160mm slab thickness, 256×256×160 matrix (effective
resolution 1mm3), 1 excitation, 12° flip angle). Imaging data from TDC were acquired using
a Siemens Allegra 3-Tesla scanner at the NYU Center for Brain Imaging. For each TDC
participant, a 6-min resting scan comprising 180 contiguous whole-brain functional volumes
was acquired using a multi-echo echo-planar imaging sequence (TR=2000ms; flip
angle=90°; 33 slices; voxel size=3×3×4mm; effective TE=30ms, FOV=240×192mm). A T1-
weighted anatomical image was also acquired using a magnetization prepared gradient echo
sequence (TR=2530ms; TE=3.25ms; TI=1100ms; flip angle=7°; 128 slices; FOV=256mm;
acquisition voxel size=1.3×1×1.3mm).

Image preprocessing
We used a combination of AFNI (http://afni.nimh.nih.gov/afni/) and the FMRIB software
library tool (FSL, www.fmrib.ox.ac.uk) to preprocess the EPI scans. Details regarding the
preprocessing steps are provided in Supplementary S1.

Nuisance and task-induced BOLD signal regression
To control for motion and physiological nuisance signals (e.g., cardiac and respiratory
fluctuations), we regressed the preprocessed data on nine nuisance covariates, removing
variance associated with non-neuronal signals derived from white matter, cerebrospinal
fluid, the global signal and six motion parameters [21]. Subsequently we regressed the
resultant 4-D residual time series on a covariate modeling all trials presented during the
flanker task [15]. The residuals resulting from this analysis are considered a valid “pseudo-
resting state” signal [15].

Selection of regions of interest (ROIs)
We used 11 DN ROIs (“seeds”) as defined previously [4]. The seeds comprised: Anterior
Medial Prefrontal Cortex (aMPFC) and Posterior Cingulate Cortex (PCC) representing the
midline core subsystem; Temporo-Parietal Junction (TPJ), Lateral Temporal Cortex (LTC),
Temporal Pole (TempP), Dorsal Medial Prefrontal Cortex (dMPFC) and Ventral Medial
Prefrontal Cortex (vMPFC), constituting the dMPFC subsystem; Posterior Inferior Parietal
Lobule (pIPL), Retrosplenial Cortex (Rsp), Parahippocampal Cortex (PHC) and
Hippocampal Formation (HF), constituting the Medial Temporal Lobe (MTL) subsystem.
For each region, we created a spherical seed ROI (4mm radius), centered on published
coordinates [4].

Participant-level RSFC analysis
For each participant, the representative time series for each seed ROI was extracted from
their 4D residualized standard-space pseudo-resting state volume by averaging the time
series across all voxels within the ROI. We then calculated the correlation between each
seed ROI time series and that of every other voxel in the brain. The resultant participant-
level correlation maps were Fisher-z transformed to improve normal distribution and
transformed into MNI152 2mm standard space for group-level analyses.
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Group-level RSFC analysis
For each seed, group-level analyses were performed to compare off- and on-drug conditions
using a within-participant repeated measures mixed-effects ordinary least-squares model as
implemented in FSL. This group-level analysis produced thresholded Z-score maps of
positive and negative connectivity for each DN ROI and for each condition. Direct condition
comparisons produced thresholded Z-score maps for each ROI of those voxels that showed
significant lovastatin-related changes in functional connectivity with each ROI. Recent
reports have pointed out the influence of small head movements on RSFC timecourses and
have suggested that standard regression analyses may not be sufficient to fully account for
head motion [26, 31]. To account for head motion micro-movements in our analyses, we
calculated the mean of frame displacement for each subject and used it as a covariate. For all
analyses, corrections for multiple comparisons were performed at the cluster level using
Gaussian random field theory (min Z >2.3; cluster significance: p <0.0045, corrected, to
account for the 11 seeds analyzed [0.05/11 = 0.0045]).

Results
Regression analyses revealed that functional connectivity within the DN differed
significantly between off- and on-drug conditions (Table 1). In particular, two main changes
were observed between conditions: increased long-range positive connectivity and decreased
local functional connectivity.

Lovastatin increases long-range functional connectivity within DN regions
When comparing the off- and on-drug conditions, we observed enhanced positive functional
connectivity between core DN regions (i.e., aMPFC and PCC). In particular, during the off-
drug condition, typical long-range RSFC between the PCC and aMPFC was absent (Figure
1). In contrast, during the on-drug scan, a significant long-range positive relationship
emerged between these two regions (Figure 1). Importantly, the on-drug RSFC of children
with NF1 closely resembled the connectivity pattern exhibited by the TDC. The increase of
RSFC along the anterior-posterior axis was also highlighted for connectivity of the dMPFC
seed with the PCC (see Supplementary S2) and between the Rsp seed and the medial
prefrontal cortex (see Supplementary S3).

Lovastatin regulates focal functional connectivity within DN regions
During the off-drug condition, local functional connectivity (i.e., RSFC near the seed
region) was significantly more diffuse than during the on-drug condition. Specifically, for
the PCC seed, we observed significantly more diffuse and aberrant RSFC in the temporal
cortex during the off-drug relative to the on-drug condition (Figure 1). A comparable pattern
was observed in the TDC. We found similar results for the dMPFC seed, with significantly
greater positive RSFC in the rostral section of the supragenual anterior cingulate cortex
(ACC) during the off-drug condition (See Supplementary S2), and for the Rsp seed, which
exhibited significantly greater aberrant short-range positive connectivity with the lingual
gyrus (See Supplementary S3). This connectivity was not present during the on-drug
condition, or in the TDC. Finally, similar results were observed for connectivity between the
TempP seed and the Supramarginal gyrus (See Supplementary S4), with decreased
connectivity observed during the on-drug condition.

Lovastatin also regulated negative RSFC relationships within the DN. Specifically, we
observed a significantly greater negative relationship between the vMPFC and the superior
parietal lobule during off-drug condition, a pattern which was not present either in TDC or
in the patients on-drug (See Supplementary S5).
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Although not the focus of this preliminary study, we note significant post-treatment
improvements only on WRAML-2 Story Memory (t(7)=2.81, p=.03), WRAML-2 Design
Memory (t(7)=4.42, p=.005), and WRAML-2 Symbolic Working Memory (t(7)=2.76, p=.03).
These did not correlate significantly with change in RSFC beyond chance expectations.

Discussion
Using R-fMRI to investigate the effects of lovastatin on default network (DN) functional
connectivity, we observed several significant abnormalities in the patterns of synchrony in
spontaneous low frequency fluctuations in children affected with NF1 at baseline. Following
12-week open treatment with lovastatin [2], we detected significant changes in within-DN
long-range RSFC consistent with normalization. In the on-drug condition, we also observed
more focal local (short-range) RSFC. Taken together, these observations mirror the patterns
of RSFC reported in cross-sectional studies of typical development, that short-range
functional connectivity decreases and long-range functional connectivity increases across
development [14, 21]. Such conclusions have also been supported by reports of a shift from
diffuse to focal activation patterns in task-based functional imaging studies [13].

The DN is typically activated when participants are not engaged in attentionally demanding
tasks and is deactivated during stimulus-driven activity [16, 30]. These observations led to
the idea that the DN underlies spontaneous cognitive processes including making predictions
about the future or affective decision-making [3]. However, the PCC and the aMPFC have
been reported to be significantly positively correlated during rest as well as during working
memory processing [18]. In that study, the strength of the PCC-aMPFC correlation was
positively associated with better working memory performance leading to the suggestion
that the core regions of the DN may work together to facilitate cognitive processing.
Accordingly, we speculate that alteration of DN functional connectivity may underlie some
of the cognitive deficits observed in children with NF1 and that regulating its functional
connectivity may contribute to improved cognitive performance. Studies with larger sample
sizes will be needed to assess this hypothesis.

Lovastatin therapy significantly increased long-range RSFC in children with NF1,
qualitatively approaching RSFC patterns observed in TDC. These changes paralleled but did
not correlate significantly with significant improvements in memory performance. The
diffusion tensor imaging apparent diffusion coefficient (ADC) is interpreted as an index of
axon packing, internal axon structure and myelination [6]. Significantly higher ADC,
particularly in frontal and parieto-occipital white matter, has been reported in children with
NF1 relative to controls [32]. Such microstructural abnormalities may underlie the DN
RSFC alterations we observed, as suggested by the finding of a close relationship between
tractography linking the aMPFC and PCC and their functional connectivity [17]. In NF1,
deficient neurofibromin expression, the product of the NF1 gene, affects astrocyte growth
and differentiation and impairs somatosensory cortical development [11, 25]. Together,
these findings suggest that alteration of neurofibromin expression likely impacts brain
development, affecting both structural and functional connectivity.

Our results should be examined in light of limitations. Given the small sample size, which
reflected the nature of Phase I studies, our results are preliminary. The most important
limitation is that order of scan acquisition was not counter-balanced, as all children were
naïve to lovastatin at baseline. While we cannot exclude the possibility that our findings of
DN RSFC modulation reflect maturation over the three-month period or habituation to the
scanner environment, this possibility is not supported by the moderate to high test-retest
reliability of RSFC in adults, nor by the cross-sectional data on RSFC maturation from 7 to
30 years of age [12, 28]. Future studies should exclude the potential effect of order and re-

Chabernaud et al. Page 6

Neurosci Lett. Author manuscript; available in PMC 2013 April 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



scanning by counter-balancing on- and off-drug scans. Although event-related data residuals
are qualitatively and quantitatively very similar to continuous resting-state data, some
differences should be noted. Specifically, task engagement might reduce spontaneous
fluctuations in brain activity, leading to stronger correlations in some regions during
continuous resting-state data [15]. In conclusion, although replication in larger samples with
counter-balancing of medication administration is needed, our results suggest the intriguing
possibility that lovastatin enhances maturation of DN brain functional connectivity in
children with NF1 and that such changes may underlie improvements in cognitive function.

Conclusions
This preliminary report of brain biomarkers in the context of a phase-1 open-label trial
suggests resting-state functional MRI will be a useful and powerful approach for assessing
the pharmacological responses of potential treatments such as lovastatin, even in limited
samples.

Highlights

• We examined brain functional connectivity changes associated with lovastatin
treatment

• Lovastatin regulated functional connectivity in Neurofibromatosis type 1

• Lovastatin produced increased long-range positive resting-state functional
connectivity

• Lovastatin produced less diffuse local resting-state functional connectivity
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Figure 1. Positive functional connectivity between the posterior cingulate cortex (PCC) seed and
every other voxel in the brain
The figure displays the thresholded Z-score maps of positive resting state functional
connectivity (RSFC) with the PCC seed for each group and condition (typically developing
children (TDC and patients with NF1 while off- or on-drug conditions). The Off>On and the
On>Off maps respectively illustrate: A) the significant decrease in positive RSFC around
the PCC and B) the significant increase of the positive RSFC between the PCC and the
anterior cingulate cortex (ACC) in the NF1 on-drug condition relative to the NF1 off-drug
condition. Accordingly, for each group and condition, the scatter plots illustrate functional
connectivity (mean correlation coefficients) between the PCC region-of-interest and the
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clusters exhibiting the significant Off>On and On>Off drug effect. Cluster-level Gaussian
random field theory was employed for multiple comparison correction (Z>2.3; p<0.0045,
corrected).
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