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Abstract
Pioglitazone (PIO) is a peroxisome proliferator-activated receptor-γ (PPARγ) agonist in clin-

ical use for treatment of type 2 diabetes (T2DM). Accumulating evidence suggests PPARγ

agonists may be useful for treating or delaying the onset of Alzheimer’s disease (AD), possi-

bly via actions on mitochondria, and that dose strengths lower than those clinically used for

T2DMmay be efficacious. Our major objective was to determine if low doses of pioglita-

zone, administered orally, impacted brain activity. We measured blood-oxygenation-level

dependent (BOLD) low-frequency fluctuations in conscious rats to map changes in brain

resting-state functional connectivity due to daily, oral dosing with low-dose PIO. The con-

nectivity in two neural circuits exhibited significant changes compared with vehicle after two

days of treatment with PIO at 0.08 mg/kg/day. After 7 days of treatment with a range of PIO

dose-strengths, connections between 17 pairs of brain regions were significantly affected.

Functional connectivity with the CA1 region of the hippocampus, a region that is involved in

memory and is affected early in the progression of AD, was specifically investigated in

a seed-based analysis. This approach revealed that the spatial pattern of CA1 connectivity

was consistent among all dose groups at baseline, prior to treatment with PIO, and in the

control group imaged on day 7. Compared to baseline and controls, increased connectivity

to CA1 was observed regionally in the hypothalamus and ventral thalamus in all PIO-treated

groups, but was least pronounced in the group treated with the highest dose of PIO. These

data support our hypothesis that PIO modulates neuronal and/or cerebrovascular function

at dose strengths significantly lower than those used to treat T2DM and therefore may be

a useful therapy for neurodegenerative diseases including AD.
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Introduction
There is neither a cure nor an approved disease-modifying therapy for late-onset Alzheimer’s
disease (AD). Given the global burden of AD and the anticipated increase in its incidence,
there is intense interest in developing therapies that will prevent the onset of the disease or
delay its progression. According to one model, if a therapy that delayed onset of AD by 5 years
were introduced in 2015, the prevalence of AD in the United States would be reduced by
50% in 2050 [1]. Therapy would be particularly beneficial if it were initiated before the onset of
any cognitive symptoms and at earlier ages for those at risk of developing late-onset AD.

Pioglitazone (PIO) is an insulin-sensitizing agent marketed as ACTOS for the treatment of
T2DM. For this indication, PIO is used daily at strengths of 15, 30, or 45 mg. PIO is a member
of the thiazolidinedione class of PPARγ agonists [2]. PPARs are ligand-activated transcription
factors; the γ-isotype is expressed in a number of human tissues including muscle, fat, liver,
and brain [3]. The activated transcription factor binds as an obligatory heterodimer with the
retinoid X receptor-α (RXRα) and regulates transcription of many genes, including genes in-
volved in adipogenesis, insulin sensitivity, and inflammation [2]; it also regulates mitochondri-
al biogenesis in adipocytes [4], in human neuroblastoma cells [5], and in the brains of mice [6].

In addition to being effective antidiabetic agents [7], PPARγ agonists may be useful for
treating neurodegenerative diseases, including AD [8]. Two commercially available agonists,
rosiglitazone (ROSI) and PIO, have been tested in transgenic mouse models of autosomal dom-
inant, early-onset AD and have produced a number of salutary effects, including reducing solu-
ble brain Aβ or Aβ plaques, limiting microglial activation and the expression of inflammatory
proteins or transcripts in the brain, improving neurometabolic and neurovascular coupling re-
sponses, and improving cognition (reviewed in [9,10]).

A small number of open-label and double-blinded, randomized, human clinical trials have
tested PPARγ agonists for the treatment of AD dementia or mild cognitive impairment with
varying degrees of success [11–17]. For example, in addition to demonstrating a reduction in the
rate of cognitive decline, one study showed that adding 15–30 mg/day PIO to the treatment regi-
men of T2DM patients (n = 21) with mild to moderate AD dementia or amnestic MCI improved
cerebrovascular function relative to a T2DM-treatment regimen without PIO [16]. Results from
in vitro studies also suggest that lower doses of ROSI or PIO than those used to treat T2DMmay
be more efficacious for AD treatment, including protecting against the development of the dis-
ease [5,18–20]. In addition, since these cited clinical trials were completed, it has been proposed
that treatment of AD, including treatment with PPARγ agonists, may be more successful if initi-
ated earlier in the disease process when AD pathology is less developed [12,21].

Functional magnetic resonance imaging (fMRI) measures the blood-oxygenation-level de-
pendent (BOLD) signal that is associated with neural activity [22]. When the brain is resting,
low-frequency spontaneous fluctuations of the BOLD signal in specific brain regions are tem-
porally correlated and organized into functional networks [23,24]. Perturbations in resting-
state functional connectivity (RSFC) have been associated with disease states including AD
[25,26], and this technique has also been used to track the effects of drugs on brain function
[27]. Resting-state fMRI experiments have been conducted in non-anaesthetized rats and have
shown that rats possess functional networks that are topologically similar to those in human
brains [28–31]. The rat, therefore, provides a viable model in which to test the effects of drugs
on brain function.

In preclinical species, the blood brain barrier is reported to be relatively impermeable to
PIO at oral doses of 0.5 mg/kg [32]. Earlier studies of PIO on mouse models of autosomal dom-
inant AD have used high doses of the drug (see [33] for example); the effects of low doses of
PIO on brain activity have not been examined. Therefore, we asked whether low doses of this
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drug affected brain activity, in non-diabetic rats using RSFC. This technique has many advan-
tages, and specifically for our purposes is that it depends upon and is a surrogate measure for
brain hemodynamics and energetics (glucose extraction and metabolism) which are perturbed
during the development of AD [34,35]. Our results provide preliminary evidence that PIO, at
doses much lower than those used to treat T2DM, can elicit changes in RSFC. Moreover, these
preliminary results suggest that the drug, at doses in the range of that being used in an on-
going Phase III clinical study examining efficacy of PIO in delaying the onset of AD, impact
connections between areas of the brain that are affected early in the development of AD.

Materials and Methods

Animal husbandry and drug preparation
Adult male Wistar rats (300 ± 50 g upon arrival) from Charles River (Wilmington, MA) were
housed separately in Plexiglas cages and maintained at 22–24 °C on a 12-h light/dark schedule.
Food and water were provided ad libitum. All animals were acquired and cared for in accor-
dance with the guidelines published in the Guide for the Care and Use of Laboratory Animals
(National Institutes of Health Publications No. 85–23, Revised 1985). All efforts were made to
minimize animal suffering, including light anaesthesia with isoflurane to facilitate drug admin-
istration and to secure the animals in the restraints and using topical anesthetic to reduce possi-
ble discomfort from the restraints. The protocol was approved by the IACUC Committee of
the University of Massachusetts Medical School (IACUC protocol number 2401–12).

PIO (Takeda Development Center Americas, Inc.) was dissolved in 0.5 mol/L citric acid to
yield a stock solution of 0.32 mg PIO/10 mL. Other dosages were prepared by dilution of the
stock solution with 0.5 mol/L citric acid to yield dose volumes of 10 mL/kg. Each dose group
consisted of 5 or 6 rats. Control rats received the vehicle at 10 mL/kg. Body weights were deter-
mined every 5 days throughout the course of the experiment, and the amount of PIO solution
administered was adjusted according to the most recent body weight to achieve doses of 0.04,
0.08, 0.16, or 0.32 mg/kg/day. Drug administration was by oral gavage at approximately the
same time every day. Animals were anesthetized lightly with isoflurane to facilitate
drug administration.

There were two arms to this study, the Acute and Sub-chronic, distinguished primarily by
the number of days of drug treatment prior to the final fMRI scan that was analyzed (Table 1).
All rats were scanned on Study Day-3 (SD-3) following administration of vehicle (0.5 mol/L
citric acid). This constituted the ‘baseline’ scan. The first day of treatment was three days later,
on Study Day 1 (SD1). In the Acute arm of the study, one group of vehicle- and one group of
PIO-treated (0.08 mg/kg/day) rats were scanned after the second dose of PIO on SD2. Al-
though these rats were also scanned on SD7, the data from this scan of these animals were not
analyzed. While all rats (from the Acute Arm and Sub-chronic Arms) were scanned after the

Table 1. Treatment arms, daily PIO dose, and imaging time points.

Treatment arm Daily dose (mg PIO/kg) Imaging time points

SD-3 SD2 SD7

Acute 0*, 0.08† ✓ ✓ ✓

Sub-chronic 0*, 0.04†, 0.08†, 0.16†, 0.32* ✓ No imaging ✓

*n = 6/group;
†n = 5/group (Total n = 38)

doi:10.1371/journal.pone.0117973.t001
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last daily dose of the vehicle or PIO on SD7, the scans from only the rats in the Sub-chronic
arm of the study were analyzed for the SD7 time point. This was done to eliminate any effect
due to an intermediate MRI scan. Excluding the baseline scan, all scans were initiated approxi-
mately 2.5–3 hours after dosing of placebo or PIO. This elapsed time coincided approximately
with the time of peak plasma concentrations (Tmax) of PIO in rats [32].

Animal restraint and acclimation
Under short-acting anesthesia (2.5% isoflurane for 3–5 minutes), a topical anesthetic (EMLA
cream, AstraZeneca) was applied to the ear canal and bridge of the nose. A plastic semicircular
headpiece was positioned using blunted supports inserted in the ear canals. The head was
placed into the cylindrical head-holder with the canine teeth of the rat secured over a bite bar,
the nose was secured with a nose clamp, and the ears positioned inside the head-holder with
adjustable screws fitted into lateral sleeves. The animal’s forepaws and hind paws were loosely
taped to prevent self-injurious behavior. The administration of isoflurane was stopped as soon
as the animal was secured. An adjustable surface coil built into the head holder was pressed
firmly onto the head and locked into place. The body was restrained in a sleeve that was sus-
pended down the center of the chassis and buffered by rubber gaskets. The head holder was
locked to a mounting post. A volume coil was locked into position over the head holder. This
procedure took 10–15 minutes, at the end of which time the animal was usually fully conscious.
The restrained rat was then placed into a Plexiglas body tube and the entire unit was secured
onto a firm base to prevent motion, and this was then placed in the MRI scanner.

Prior to the start of the imaging phase of the protocol, rats were gradually conditioned to
the scanner environment, including the scanner noise. Animals restrained as described earlier
were placed in a black opaque tube (mock scanner) for 15 minutes on the first day, increasing
by 15 minutes per day to a maximum time of 90 minutes on days 6 and 7 of the acclimation pe-
riod. A recording of sounds from various imaging sessions was played throughout the acclima-
tion phase. Previously, we (ZL, NZ) showed that these restraint and acclimatization procedures
minimized animal stress during MRI scanning [36,37], and we have successfully used them in
a number of other studies [28–31,38].

After acclimation, animals were assigned to 1 of 7 treatment arms matched for mean
body weights.

Magnetic resonance imaging
Functional MRI was conducted using a 4.7T/40cm horizontal magnet (Oxford, UK) interfaced
with a Biospec Bruker console (Bruker, Germany) and equipped with a 20G/cm magnetic field
gradient. A dual 1H radiofrequency (RF) coil configuration (Insight NeuroImaging Systems,
Worcester, MA) was used; it consisted of a volume coil for exciting the water proton spins and
a surface coil (2 cm) for receiving MRI signal. The volume and surface coils were actively tuned
and detuned to prevent mutual coil coupling. This dual-coil configuration allows for sufficient
homogeneity in the radio frequency transmission field in the rat brain, while preserving the ad-
vantage of a higher signal-to-noise ratio provided by the smaller reception coil.

We conducted imaging only on conscious animals. Initially, anatomical images of the head
of each restrained animal were acquired using a multi-slice fast spin-echo sequence (RARE)
with the following parameters: repetition time (TR) = 2125 ms; RARE factor = 8; effective
echo time (TE) = 50 ms; matrix size = 256 × 256; field of view (FOV) = 3.2 × 3.2 cm2; slice
number = 18; slice thickness = 1 mm; n = 8. Based on the geometry of the anatomical images,
multi-slice gradient-echo images covering the whole brain were acquired using echo-planar
imaging (EPI) with the parameters: TR = 1 s; Flip Angle = 60°; TE = 30 ms; matrix
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size = 64 × 64; FOV = 3.2 × 3.2 cm2; slice number = 18; slice thickness = 1 mm. Two hundred
volumes were acquired for each run; 9 runs were obtained for each scan session.

Data analysis and preprocessing of imaging data
Body weight data across the treatment period were analyzed using a 2-way (Day x Treatment)
repeated measures analysis of variance (ANOVA). For some analyses of body weight, data
from the Acute and Sub-chronic groups were pooled.

The fMRI data were pre-processed using Medical Image Visualization and Analysis (MIVA
http://ccni.wpi.edu), Statistical Parametric Mapping (SPM8) software (Wellcome Department
of Cognitive Neurology, London, UK), and Matlab (The Mathworks Inc., Natick, MA, USA).
The data were initially corrected for motion (threshold of 0.5 mm). The average of the group
means for motion (and average of the mean SEM across groups) was 0.053±0.008 mm. The av-
erage of the means across all groups for proportion of sessions rejected was 21.1%. Further pre-
processing of data included spatial smoothing using a 3D Gaussian filter (1 mm full width at
half maximum) and band-pass (0.0017–0.1Hz) filtering. Structural and functional data for
each animal were transformed to a standard stereotaxic space embedded in MIVA to facilitate
group analysis of functional data [28,29,31].

We performed correlational functional connectivity analysis to evaluate RSFC between
pairs of regions of interest (ROI). Each animal was aligned and co-registered, based on anatom-
ical images, to a fully segmented rat brain atlas [39]. The co-registration procedure provided
the coordinates of each ROI in the image space. After co-registration and alignment of anatom-
ical images from all rats, fMRI time courses for individual voxels in a seed ROI were obtained
according to their corresponding coordinates. A time course for each seed region was then ob-
tained by regionally averaging time courses from all voxels inside the seed ROI.

Network-based analysis. To evaluate the effects of PIO on functional connectivity across the
whole brain, the rat brain was divided into 57 ROIs (Fig. 1). We evaluated the strength of func-
tional connectivity between each pair of ROIs (i.e., each connection) by determining the cross-
correlation coefficient between two ROI fMRI time courses. A total of 57 × 56/2 = 1,596 functional
connections were assessed during each rsfMRI run. The procedure was repeated for 9 runs during

Fig 1. The 57 ROIs used in the assessment of whole brain functional connectivity. The regions were
identified according to a fully segmented rat brain atlas [39].

doi:10.1371/journal.pone.0117973.g001
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each MRI session for every animal. The connectivity strength reported for each connection was
the average of the cross-correlation coefficients for the 9 runs. A 2-way (Day × Treatment)
ANOVAwith repeated measures on the Day factor was conducted for each connection. The sta-
tistical significance level was set at p< 0.005, uncorrected. The treatment groups were analyzed
separately to evaluate the effect of 2 (Acute) and 7 (Sub-chronic) daily treatments with PIO.

Seed-based analysis. Seed-based correlational analysis was also conducted to evaluate the ef-
fects of PIO on neural circuits of a designated ROI (the CA1 region of the hippocampus). The
spatial patterns of brain regions that were functionally connected with the seed ROI were calcu-
lated in a voxel-by-voxel manner. First, the regionally-averaged time course of the seed ROI was
obtained as a reference. The cross-correlation coefficient between the time course of each voxel
and the reference time course was then calculated. The cross-correlation coefficient represented
the functional connectivity strength between voxel and the seed. A connectivity map for the seed
ROI was created for each fMRI run and maps from nine runs were then averaged to create the
connectivity map for each scan session. Finally, a composite connectivity map was generated by
averaging connectivity maps across rats of the same dose group that were imaged on the same
dose day. More details of seed-based correlational analysis are described elsewhere [29–31].
Since the voxel-by-voxel type of analysis requires much higher statistical power due to the large
number of comparisons (total comparisons = 64 × 64 × 18 = 73,728) and the small sample size
in in each dose group, this study is under-powered to obtain statistical significance after correct-
ing for multiple comparisons. Therefore, the seed ROI results are qualitative. The seed-based
analysis was conducted only for the Sub-chronic groups (i.e. those treated for 7 days).

Results

Body weights
All rats were weighed at baseline (SD-3), SD2, and SD7. Mean group weights are reported in
Table 2. A two-way, repeated measures ANOVA (Day × Treatment) conducted on the body
weights revealed that there was a significant effect of the Day factor in the Sub-chronic groups
(p = 0.008) and the pooled Sub-chronic and Acute groups (p = 0.002), but not in the Acute
groups (p = 0.09). While there was a significant effect of the Day factor on body weight,
PIO treatment was not a significant factor in change in body weight over Days (Sub-chronic,
p = 0.91; Acute, p = 0.64; and pooled groups, p = 0.66).

Effects of PIO on whole brain functional connectivity
Whole brain functional connectivity was assessed after 2 or 7 treatments. After 2 treatments
with 0.08 mg PIO/kg/day, two functional connections, between the tegmental reticular nucleus

Table 2. Mean (SD) body weights for each treatment group at baseline and on each imaging day.

Body weight (g) (±SD)

Treatment arm (Dose, mg PIO/kg) SD-3 SD2 SD7

Acute (0) 321.4 (5.2) 324.4 (5.9) 324.6 (6.7)

Acute (0.08) 327.3 (10.3) 331.0 (11.7) 332.3 (13.1)

Sub-chronic (0) 333.7 (6.5) 348.5 (8.5) 341.7 (9.1)

Sub-chronic (0.04) 345.6 (8.6) 353.0 (12.2) 352.8 (14.8)

Sub-chronic (0.08) 331.8 (10.0) 338.8 (14.7) 335.2 (17.6)

Sub-chronic (0.16) 334.6 (11.7) 342.4 (16.2) 343.4 (16.4)

Sub-chronic (0.32) 340.2 (6.9) 346.7 (10.6) 348.3 (11.4)

doi:10.1371/journal.pone.0117973.t002
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in the pontine gray and the prelimbic area, and between the CA3 field of the hippocampus and
the lateral septal complex, were significantly changed (p< 0.005, uncorrected) from baseline
and relative to the vehicle control (Table 3).

At SD7, an ANOVA conducted on the cross-correlation coefficients between ROIs indicat-
ed that 17 connections were significantly different (p� 0.005, uncorrected) at SD7 relative to
baseline across the 5 Sub-chronic dose groups. These significant changes in functional connec-
tivity were between the brain regions indicated in Table 4. However, none of the changes was
significant after using the correction for multiple comparisons at a false discovery rate adjusted
p-value of 0.05, likely due to the small sample size and limited statistical power.

Effects of PIO on hippocampal functional connectivity
In a post hoc, seed-based analysis, single neural circuits were investigated using the CA1 region
of the hippocampus as the seed ROI for rats in the Sub-chronic arm of the study [31]. Maps of
brain areas that were functionally connected to the CA1 region at baseline and day 7 of treat-
ment are shown in Fig. 2 for all Sub-chronic dose groups and the Control group. The overall
pattern of CA1 connectivity was consistent among all groups at baseline and in the Control
group on SD7. Compared with baseline, the most obvious and consistent change in the PIO-

Table 3. Change in functional connectivity following two doses of 0.08 mg PIO /kg in the Acute arm of the study.

Region 1 Region 2 Finteraction (df = 1,9) pinteraction

CA3 field of the hippocampus (CA3) lateral septal complex (LSX) 28.69 0.0010

tegmental reticular nucleus, pontine gray (TRN) prelimbic area (PL) 18.02 0.0038

The ANOVA revealed a significant (p � 0.005) Day × Treatment interaction for functional connections between two pairs of ROI even at this early

time point.

doi:10.1371/journal.pone.0117973.t003

Table 4. Change in functional connectivity after 7 days of treatment.

Region 1 Region 2 Finteraction (df = 4,22) pinteraction

midline group, dorsal thalamus (MTN) primary somatosensory area (SSp) 9.2705 0.0002

prelimbic area (PL) primary somatosensory area (SSp) 7.0645 0.0008

lateral nuclei, dorsal thalamus (LAT) globus pallidus (GP) 7.0647 0.0008

secondary somatomotor areas (MOs) supplemental somatosensory area (SSs) 6.8393 0.001

secondary somatomotor areas (MOs) primary somatosensory area (SSp) 6.537 0.0013

lateral nuclei, dorsal thalamus (LAT) reticular nucleus thalamus (RT) 6.2181 0.0017

prelimbic area (PL) supplemental somatosensory area (SSs) 6.0162 0.002

primary somatomotor area (MOp) orbital area (ORB) 5.8993 0.0022

tegmental reticular nucleus, pontine gray (TRN) primary somatomotor area (MOp) 5.6476 0.0028

supplemental somatosensory area (SSs) ectorhinal area (ECT) 5.651 0.0028

orbital area (ORB) primary somatosensory area (SSp) 5.5135 0.0031

amygdala (AMG) substantia nigra (SN) 5.4787 0.0032

anterior cingulate area (ACA) supplemental somatosensory area (SSs) 5.5055 0.0032

lateral nuclei, dorsal thalamus (LAT) anterior cingulate area (ACA) 5.4452 0.0033

gustatory area (GU) auditory areas (AUD) 5.3472 0.0037

tegmental reticular nucleus, pontine gray (TRN) secondary somatomotor areas (MOs) 5.1488 0.0044

primary somatomotor area (MOp) supplemental somatosensory area (SSs) 5.0451 0.0049

The ANOVA revealed a significant (p � 0.005) Day x Treatment interaction for functional connections between 17 pairs of ROI across the rat brain.

doi:10.1371/journal.pone.0117973.t004
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treated groups on SD7 was the increased connectivity between the CA1 region and the hypo-
thalamus and the ventral thalamus (Fig. 2). The increased connectivity was greatest following
treatment with PIO at 0.04, 0.08, 0.16 mg/kg/day, but was relatively less following treatment
with the highest PIO dose, 0.32 mg/kg/day.

Discussion
PPARγ agonists have been proposed for the treatment of late-onset AD and a small number of
open-label and double-blinded, randomized trials have been conducted with ROSI or PIO in
patients afflicted with mild to moderate disease. These trials have had mixed success, although
hints of beneficial effects were evident even in failed studies [11–17].

With advances in our understanding of AD, it has become apparent that the disease process
begins years, or even decades, before the first clinical signs of AD appear [40]. This improved
understanding has led the AD community to posit that a therapeutic intervention may have
more potential for success if treatment is initiated earlier in the disease course, preferably dur-
ing the pre-symptomatic phase. In light of emerging preclinical and clinical data and new
hypotheses, Takeda Development Center Americas and Zinfandel Pharmaceuticals are collab-
orating to assess the efficacy of low-dose PIO in delaying the onset of mild cognitive im-
pairment (MCI) due to AD in individuals who are cognitively normal at the initiation of
treatment (ClinTrials.gov identifier NCT01931566). The treatment population for the Phase
3 clinical trial will be enriched with subjects at high risk for developing AD within the next sev-
eral years based on a risk algorithm comprised of genetic factors, APOE and TOMM40 geno-
types, and subject age [41]. The dose of PIO being evaluated in the clinical trial is much lower
than the lowest dose approved for the treatment of T2DM.

In this study, we used RSFC, across the whole brain or with the CA1 region of the hippo-
campus as a seed region, as a sensitive measure of brain function before and after treatment
with PIO. The whole-brain rsfMRI analysis suggests that low-dose PIO elicits changes in rat
brain functional connectivity at least at Tmax [32] following 2 and 7 days of treatment. On
SD2, two functional connections were different from baseline and from Control (Table 3). An
ANOVA revealed that, following 7 days of treatment, 17 functional connections were signifi-
cantly changed from baseline in at least one treatment group (Table 4).

Fig 2. Functional connectivity map from the hippocampus seed for each PIO dose group from the
Sub-chronic arm of the study on SD7. Functional connectivity strength is presented as a heat map of the
cross-correlation coefficient. PIO treatment most noticeably influences the functional connections between
regions broadly indicated by the white arrows, including the hypothalamus and ventral thalamus, and the
hippocampal CA1 region.

doi:10.1371/journal.pone.0117973.g002
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In the seed ROI analysis, 7 days of PIO treatment with daily doses ranging from 0.016 mg/kg
to 0.32 mg/kg qualitatively increased the correlation between the seed ROI, the CA1 region of
the hippocampus, and the ventral thalamus and hypothalamus relative to the baseline for each
group and relative to the Control group. Apart from treatment with vehicle alone, the smallest
change in functional connectivity with the CA1 region occurred at the highest PIO dose tested,
0.32 mg/kg/day. Although this trend bears replication, it does suggest that the relationship be-
tween PIO dose and functional connectivity with the CA1 region may be described by an in-
verted-U shaped function. This result is consistent with a recent report by Moon et al., who
demonstrated that expression of the LDL receptor related protein 1 (LRP1), which mediates
transcytosis of Aβ across the blood brain barrier [42], is maximally induced in cultured human
brain microvascular endothelial cells at low concentrations of ROSI, and expression decreases to
baseline levels at higher drug concentrations [19]. A similar effect was seen with PIO; maximal
LRP1 protein expression occurred at 50 nM PIO and decreased to approximately baseline levels
at 100 nM PIO [19]. Miglio et al. earlier showed that low concentrations of PIO and ROSI (maxi-
mal effect at ~100 nM) induced expression of mitochondrial transcription factors (NRF1 and
TFAM), the transcription co-activator PGC-1α, PPARγ itself, electron transport chain compo-
nents (cytochrome c oxidase subunits I and IV), and mitochondrial DNA content in cultured
neuroblastoma cells, and protected the cells against glucose deprivation-induced cell death [5].
Although the effects were not diminished at higher drug concentrations, they did plateau. Nano-
molar concentrations of PIO also stimulated neurite outgrowth in neuroblastoma cells and maxi-
mal effects also were observed at ~100 nM [18]. These results suggest that low PIO
concentrations positively impact a number of molecular pathways that become impaired or dys-
regulated in neuronal cells during the development of AD, leading to, for example, changes in
mitochondrial biogenesis, Aβ accumulation, and neurite degeneration [19,43].

Whether the observed changes in the neural circuitry in this study are due to direct effects
of PIO on the brain or are downstream effects of drug modulation of peripheral targets is not
known. However, the drug target, PPARγ, is expressed in neuronal and non-neuronal cell
types, including microglia, in multiple regions of the brain including the CA1, CA3 regions
and dentate gyrus of the hippocampal formation, the medial thalamus, and the hypothalamus
[44–47]. RXR, the obligate binding partner for PPARγ, is also widely expressed in brain, in-
cluding regions that express PPARγ [48,49]. In addition, it has been directly shown that PIO
crosses the blood-brain barrier, albeit quite poorly [32]. Therefore, the most parsimonious ex-
planation is that the changes in RSFC we observed are due to direct effects of PIO-activated
PPARγ on target genes in the brain.

Although it is formally possible that the changes in functional connectivity seen in this ex-
periment are due to stress invoked by the procedure, we think that this is unlikely. Animal
stress during the scanning procedure is minimized by using an entirely noninvasive restraining
system and a routine acclimation procedure. Previous studies have shown that the acclimation
and imaging procedures are not likely to induce chronic stress in animals. For example, King
et al. reported that various physiologic variables of rats were reduced following 5–8 days of ac-
climation [36], which is the same acclimation regimen adopted in the current study. In their
study, most measures of stress including corticosterone levels were reduced near to pre-stress
baseline levels on day 4–5 of the acclimation regimen. Similarly, Liang et al. showed that the
procedure used in this study to acclimate the rats to the MRI restraint and noise did not result
in significant stress as measured by behavior in an elevated plus maze test [37].

To control for motion during imaging, the threshold for displacement between any two con-
secutive rsfMRI volumes across any rsfMRI run was set at 0.5mm. This was the largest ob-
served displacement and this threshold has been used in previous studies [28–30,37,38,50].
The effect of motion on RSFC was recently investigated by some of the authors on this study
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(NZ, ZL) who found that decreasing the motion threshold to a level seen with anesthetized rats
did not significantly change the observed RSFC patterns [29,38]. Taken together, we believe
the motion threshold applied in the present study is justified.

Other potential artifacts were controlled for during image pre-processing. In particular, we
filtered out high-frequency signals by setting the threshold of the low-pass filter at 0.1 Hz. As a
result, any contribution to the observed RSFC from respiratory and cardiac processes should
be greatly diminished. To further minimize the any influence of physiologic noise, during
image preprocessing we also regressed out the signals from the white matter and ventricles that
are presumably dominated by physiologic noise [51]. In addition, a recent publication demon-
strated that in the rat the relative contributions from cardiac and respiratory noise to the
rsfMRI signal were only 1% and 5%, respectively [52]. Therefore, with the stringent data analy-
sis procedures that were applied in order to control for potentially small physiologic effects,
and because all animals including the control groups were treated in the same way, we believe
that the impact of physiologic noise on our results should be minimal.

Resting state-fMRI is gaining recognition as an important tool for AD research, and may be
particularly useful for evaluating changes that occur in preclinical AD and in the progression
to early clinical stages of the disease [53,54]. For example, this technology has provided evi-
dence that functional connections in relatively young individuals and in cognitively normal el-
derly adults who carry the APOE ε4 risk allele for AD are distinct from those of individuals
who do not carry the risk allele [55], and that differences are seen in advance of the deposition
of amyloid or altered Aβ42 in the cerebrospinal fluid [56]. Functional connectivity within the
default mode network, a network that is active when the brain is not challenged with a task and
includes connections to and within the hippocampus, becomes aberrant in MCI and in AD
[54]. Although speculative, the observed trend for enhancement in functional connectivity
with the CA1 that is seen in this rat study is particularly interesting in light of earlier findings
on disease-related changes in functional connectivity, and because whole-brain functional net-
works in rats are organized into topologies that are similar to those in the human brain [28].

When used for T2DM, PIO treatment results in mild weight gain by inducing fluid retention
and/or by expanding subcutaneous fat. These effects are positively correlated with drug dose [57]
but may not occur at doses lower than those marketed for treatment of T2DM [58]. In the present
experiment, low doses of PIO did not significantly impact body weight in the rats since average
group weights increased by a similar amount in all groups, including the two control groups
(Table 2). In addition, most of the weight gain that was observed, including that of the Control
group, occurred between SD-3 and SD2, after only 2 doses of drug. Whether drug-related weight
gain would be expected after only a week of treatment is not known, but the result suggests that use
of a low dose may reduce the likelihood of this adverse effect associated with this class of drugs.

The major limitation of this study is that it is underpowered; the sample size of each dose-
group is small considering the large number of comparisons that are conducted. Small sample
size is most problematic for the seed-based analysis, which is a post-hoc analysis of the available
data. Nonetheless, our study successfully demonstrates the utility of using rsfMRI in conscious
rats to test the pharmacodynamic effects of drugs on brain function in the absence of the po-
tentially confounding effects of anesthesia. The results also support our hypothesis that low
doses of PIO enter the brain and influence neural activity and do so in regions that are perti-
nent to the early pathogenesis of AD.

Author Contributions
Conceived and designed the experiments: DGC KA ADR NZWKG. Performed the experi-
ments: NZ ZL. Analyzed the data: NZ KA DGC. Contributed reagents/materials/analysis tools:

Pioglitazone Modulates Brain Activity in the Rat

PLOS ONE | DOI:10.1371/journal.pone.0117973 February 11, 2015 10 / 13



NZ KA. Wrote the paper: DGC KA NZ. Contributed to the editing of the manuscript: DGC
KA NZWKG ADR.

References
1. Alzheimer’s Association (2010) Changing the Trajectory of Alzheimer’s Disease: A National Imperative

(2010). Chicago, Il: Alzheimer’s Association. Available: http://www.alz.org/documents_custom/
trajectory.pdf. PMID: 25506974

2. Grossman SL, Lessem J (1997) Mechanisms and clinical effects of thiazolidinediones. Expert Opin
Investig Drugs 6: 1025–1040. PMID: 15989661

3. Mukherjee R, Jow L, Croston GE, Paterniti JR (1997) Identification, characterization, and tissue distribution
of human peroxisome proliferator-activated receptor (PPAR) isoforms PPARγ2 versusPPARγ1 and activa-
tion with retinoid X receptor agonists and antagonists. J Biol Chem 272: 8071–8076. PMID: 9065481

4. Bogacka I, Xie H, Bray GA, Smith SR (2005) Pioglitazone induces mitochondrial biogenesis in human
subcutaneous adipose tissue in vivo. Diabetes 54: 1392–1399. PMID: 15855325

5. Miglio G, Rosa AC, Rattazzi L, Collino M, Lombardi G, et al. (2009) PPARγ stimulation promotes mito-
chondrial biogenesis and prevents glucose deprivation-induced neuronal cell loss. Neurochem Int 55:
496–504. doi: 10.1016/j.neuint.2009.05.001 PMID: 19442697

6. Strum JC, Shehee R, Virley D, Richardson J, Mattie M, et al. (2007) Rosiglitazone induces mitochondri-
al biogenesis in mouse brain. J Alzheimers Dis 11: 45–51. PMID: 17361034

7. Vasudevan AR, Balasubramanyam A (2004) Thiazolidinediones: a review of their mechanisms of
insulin sensitization, therapeutic potential, clinical efficacy, and tolerability. Diabetes Technol Ther 6:
850–863. PMID: 15684639

8. Heneka MT, Landreth GE (2007) PPARs in the brain. Biochim Biophys Acta 1771: 1031–1045. PMID:
17569578

9. Nicolakakis N, Hamel E (2010) The nuclear receptor PPARγ as a therapeutic target for cerebrovascular
and brain dysfunction in Alzheimer’s disease. Front Aging Neurosci 2: 21. doi: 10.3389/fnagi.2010.
00021 PMID: 20725514

10. Papadopoulos P, Rosa-Neto P, Rochford J, Hamel E (2013) Pioglitazone improves reversal learning
and exerts mixed cerebrovascular effects in a mouse model of Alzheimer’s Disease with combined
amyloid-β and cerebrovascular pathology. PLoS One 8: e68612. doi: 10.1371/journal.pone.0068612
PMID: 23874687

11. Abbatecola AM, Lattanzio F, Molinari AM, Cioffi M, Mansi L, et al. (2010) Rosiglitazone and cognitive
stability in older individuals with Type 2 Diabetes and Mild Cognitive Impairment. Diabetes Care 33:
1706–1711. doi: 10.2337/dc09-2030 PMID: 20435794

12. Geldmacher DS, Fritsch T, McClendonMJ, Landreth G (2011) A randomized pilot clinical trial of the
safety of pioglitazone in treatment of patients with Alzheimer disease. Arch Neurol 68: 45–50. doi:
10.1001/archneurol.2010.229 PMID: 20837824

13. Gold M, Alderton C, Zvartau-Hind M, Egginton S, Saunders AM, et al. (2010) Rosiglitazone monother-
apy in mild-to-moderate Alzheimer’s disease: Results from a randomized, double-blind, placebo-
controlled phase III study. Dement Geriatr Cogn Disord 30: 131–146. doi: 10.1159/000318845 PMID:
20733306

14. Hanyu H, Sato T, Kiuchi A, Sakurai H, Iwamoto T (2009) Pioglitazone improved cognition in a pilot
study on patients with Alzheimer’s disease and Mild Cognitive Impairment with Diabetes Mellitus. J Am
Geriatr Soc 57: 177–179. doi: 10.1111/j.1532-5415.2009.02067.x PMID: 19170800

15. Risner ME, Saunders AM, Altman JF, Ormandy GC, Craft S, et al. (2006) Efficacy of rosiglitazone in
a genetically defined population with mild-to-moderate Alzheimer’s disease. Pharmacogenomics J 6:
246–254. PMID: 16446752

16. Sato T, Hanyu H, Hirao K, Kanetaka H, Sakurai H, et al. (2010) Efficacy of PPAR-γ agonist pioglitazone
in mild Alzheimer disease. Neurobiol Aging 32: 1626–1633

17. Watson GS, Cholerton BA, Reger MA, Baker LD, Plymate SR, et al. (2005) Preserved cognition in pa-
tients with early Alzheimer disease and amnestic mild cognitive impairment during treatment with rosi-
glitazone: a preliminary study. Am J Geriatr Psychiatry 13: 950–958. PMID: 16286438

18. Miglio G, Rattazzi L, Rosa AC, Fantozzi R (2009) PPARγ stimulation promotes neurite outgrowth in
SH-SY5Y human neuroblastoma cells. Neurosci Lett 454: 134–138. doi: 10.1016/j.neulet.2009.03.014
PMID: 19429070

19. Moon JH, Kim HJ, Yang AH, Kim HM, Lee BW, et al. (2012) The effect of rosiglitazone on LRP1 expres-
sion and amyloid beta uptake in human brain microvascular endothelial cells: A possible role of a low-
dose thiazolidinedione for dementia treatment. Int J Neuropsychopharmacol 14: 135–142.

Pioglitazone Modulates Brain Activity in the Rat

PLOS ONE | DOI:10.1371/journal.pone.0117973 February 11, 2015 11 / 13

http://www.alz.org/documents_custom/trajectory.pdf
http://www.alz.org/documents_custom/trajectory.pdf
http://www.ncbi.nlm.nih.gov/pubmed/25506974
http://www.ncbi.nlm.nih.gov/pubmed/15989661
http://www.ncbi.nlm.nih.gov/pubmed/9065481
http://www.ncbi.nlm.nih.gov/pubmed/15855325
http://dx.doi.org/10.1016/j.neuint.2009.05.001
http://www.ncbi.nlm.nih.gov/pubmed/19442697
http://www.ncbi.nlm.nih.gov/pubmed/17361034
http://www.ncbi.nlm.nih.gov/pubmed/15684639
http://www.ncbi.nlm.nih.gov/pubmed/17569578
http://dx.doi.org/10.3389/fnagi.2010.00021
http://dx.doi.org/10.3389/fnagi.2010.00021
http://www.ncbi.nlm.nih.gov/pubmed/20725514
http://dx.doi.org/10.1371/journal.pone.0068612
http://www.ncbi.nlm.nih.gov/pubmed/23874687
http://dx.doi.org/10.2337/dc09-2030
http://www.ncbi.nlm.nih.gov/pubmed/20435794
http://dx.doi.org/10.1001/archneurol.2010.229
http://www.ncbi.nlm.nih.gov/pubmed/20837824
http://dx.doi.org/10.1159/000318845
http://www.ncbi.nlm.nih.gov/pubmed/20733306
http://dx.doi.org/10.1111/j.1532-5415.2009.02067.x
http://www.ncbi.nlm.nih.gov/pubmed/19170800
http://www.ncbi.nlm.nih.gov/pubmed/16446752
http://www.ncbi.nlm.nih.gov/pubmed/16286438
http://dx.doi.org/10.1016/j.neulet.2009.03.014
http://www.ncbi.nlm.nih.gov/pubmed/19429070


20. Wada K, Nakajima A, Katayama K, Kudo C, Shibuya A, et al. (2006) Peroxisome proliferator-activated
receptor γ-mediated regulation of neural stem cell proliferation and differentiation. J Biol Chem 281:
12673–12681. PMID: 16524877

21. Sperling RA, Aisen PS, Beckett LA, Bennett DA, Craft S, et al. (2011) Toward defining the preclinical
stages of Alzheimer’s disease: recommendations from the National Institute on Aging-Alzheimer’s As-
sociation workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimers Dement 7:
280–292. doi: 10.1016/j.jalz.2011.03.003 PMID: 21514248

22. Logothetis NK (2003) The underpinnings of the BOLD functional magnetic resonance imaging signal.
J Neurosci 23: 3963–3971. PMID: 12764080

23. Biswal B, Yetkin FZ, Haughton VM, Hyde JS (1995) Functional connectivity in the motor cortex of rest-
ing human brain using echo-planar MRI. Magn Reson Med 34: 537–541. PMID: 8524021

24. Fox MD, Raichle ME (2007) Spontaneous fluctuations in brain activity observed with functional magnet-
ic resonance imaging. Nat Rev Neurosci 8: 700–711. PMID: 17704812

25. Damoiseaux JS, Prater KE, Miller BL, Greicius MD (2011) Functional connectivity tracks clinical deteri-
oration in Alzheimer’s disease. Neurobiol Aging 33: 828.e819–828.e830. doi: 10.1016/j.
neurobiolaging.2011.06.025 PMID: 21843906

26. Wang Z, Jia X, Liang P, Qi Z, Yang Y, et al. (2012) Changes in thalamus connectivity in mild cognitive
impairment: Evidence from resting state fMRI. Eur J Radiol 81: 277–285. doi: 10.1016/j.ejrad.2010.12.
044 PMID: 21273022

27. Lorenzi M, Beltramello A, Mercuri NB, Canu E, Zoccatelli G, et al. (2011) Effect of memantine on resting
state default mode network activity in Alzheimer’s disease. Drugs Aging 28: 205–217. doi: 10.2165/
11586440-000000000-00000 PMID: 21250762

28. Liang Z, King J, Zhang N (2011) Uncovering intrinsic connectional architecture of functional networks in
awake rat brain. J Neurosci 31: 3776–3783. doi: 10.1523/JNEUROSCI.4557-10.2011 PMID:
21389232

29. Liang Z, King J, Zhang N (2012) Anticorrelated resting-state functional connectivity in awake rat brain.
NeuroImage 59: 1190–1199. doi: 10.1016/j.neuroimage.2011.08.009 PMID: 21864689

30. Liang Z, Li T, King J, Zhang N (2013) Mapping thalamocortical networks in rat brain using resting-state
functional connectivity. NeuroImage 83: 237–244. doi: 10.1016/j.neuroimage.2013.06.029 PMID:
23777756

31. Zhang N, Rane P, HuangW, Liang Z, Kennedy D, et al. (2010) Mapping resting-state brain networks in
conscious animals. J Neurosci Methods 189: 186–196. doi: 10.1016/j.jneumeth.2010.04.001 PMID:
20382183

32. Maeshiba Y, Kiyota Y, Yamashita K, Yoshimura Y, Motohashi M, et al. (1997) Disposition of the new an-
tidiabetic agent pioglitazone in rats, dogs, and monkeys. Arzneimittelforschung 47: 29–35. PMID:
9037440

33. Mandrekar-Colucci S, Karlo JC, Landreth GE (2012) Mechanisms underlying the rapid peroxisome
proliferator-activated receptor-γ-mediated amyloid clearance and reversal of cognitive deficits in a mu-
rine model of Alzheimer’s disease. J Neurosci 32: 10117–10128. doi: 10.1523/JNEUROSCI.5268-11.
2012 PMID: 22836247

34. Beason-Held LL, Goh JO, An Y, Kraut MA, O’Brien RJ, et al. (2013) Changes in brain function occur
years before the onset of cognitive impairment. J Neuosci 33: 18008–18014. doi: 10.1523/
JNEUROSCI.1402-13.2013 PMID: 24227712

35. Sanabria-Diaz G, Martinez-Montes E, Melie-Garcia L (2013) Glucose metabolism during resting state
reveals abnormal brain networks organization in the Alzheimer’s disease and mild cognitive im-
pairment. PLoS One 8: e68860. doi: 10.1371/journal.pone.0068860 PMID: 23894356

36. King JA, Garelick TS, Brevard ME, ChenW, Messenger TL, et al. (2005) Procedure for minimizing
stress for fMRI studies in conscious rats. J Neurosci Methods 148: 154–160. PMID: 15964078

37. Liang Z, King J, Zhang N (2014) Neuroplasticity to a single-episode traumatic stress revealed by
resting-state fMRI in awake rats. NeuroImage 103: 485–491. doi: 10.1016/j.neuroimage.2014.08.050
PMID: 25193500

38. Liang Z, Liu X, Zhang N (2014) Dynamic resting state functional connectivity in awake and anesthetized
rodents. NeuroImage 104: 89–99. doi: 10.1016/j.neuroimage.2014.10.013 PMID: 25315787

39. Swanson LW (2004) Brain Maps: Structure of the Rat Brain. A Laboratory Guide with Printed and Elec-
tronic Templates for Data, Models and Schematics Amsterdam: Elsevier. 215 p.

40. Albert MS, DeKosky ST, Dickson D, Dubois B, Feldman HH, et al. (2011) The diagnosis of mild cogni-
tive impairment due to Alzheimer’s disease: recommendations from the National Institute on Aging-
Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimers
Dement 7: 270–279. doi: 10.1016/j.jalz.2011.03.008 PMID: 21514249

Pioglitazone Modulates Brain Activity in the Rat

PLOS ONE | DOI:10.1371/journal.pone.0117973 February 11, 2015 12 / 13

http://www.ncbi.nlm.nih.gov/pubmed/16524877
http://dx.doi.org/10.1016/j.jalz.2011.03.003
http://www.ncbi.nlm.nih.gov/pubmed/21514248
http://www.ncbi.nlm.nih.gov/pubmed/12764080
http://www.ncbi.nlm.nih.gov/pubmed/8524021
http://www.ncbi.nlm.nih.gov/pubmed/17704812
http://dx.doi.org/10.1016/j.neurobiolaging.2011.06.025
http://dx.doi.org/10.1016/j.neurobiolaging.2011.06.025
http://www.ncbi.nlm.nih.gov/pubmed/21843906
http://dx.doi.org/10.1016/j.ejrad.2010.12.044
http://dx.doi.org/10.1016/j.ejrad.2010.12.044
http://www.ncbi.nlm.nih.gov/pubmed/21273022
http://dx.doi.org/10.2165/11586440-000000000-00000
http://dx.doi.org/10.2165/11586440-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/21250762
http://dx.doi.org/10.1523/JNEUROSCI.4557-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21389232
http://dx.doi.org/10.1016/j.neuroimage.2011.08.009
http://www.ncbi.nlm.nih.gov/pubmed/21864689
http://dx.doi.org/10.1016/j.neuroimage.2013.06.029
http://www.ncbi.nlm.nih.gov/pubmed/23777756
http://dx.doi.org/10.1016/j.jneumeth.2010.04.001
http://www.ncbi.nlm.nih.gov/pubmed/20382183
http://www.ncbi.nlm.nih.gov/pubmed/9037440
http://dx.doi.org/10.1523/JNEUROSCI.5268-11.2012
http://dx.doi.org/10.1523/JNEUROSCI.5268-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22836247
http://dx.doi.org/10.1523/JNEUROSCI.1402-13.2013
http://dx.doi.org/10.1523/JNEUROSCI.1402-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/24227712
http://dx.doi.org/10.1371/journal.pone.0068860
http://www.ncbi.nlm.nih.gov/pubmed/23894356
http://www.ncbi.nlm.nih.gov/pubmed/15964078
http://dx.doi.org/10.1016/j.neuroimage.2014.08.050
http://www.ncbi.nlm.nih.gov/pubmed/25193500
http://dx.doi.org/10.1016/j.neuroimage.2014.10.013
http://www.ncbi.nlm.nih.gov/pubmed/25315787
http://dx.doi.org/10.1016/j.jalz.2011.03.008
http://www.ncbi.nlm.nih.gov/pubmed/21514249


41. Crenshaw DG, Gottschalk WK, Lutz MW, Grossman I, Saunders AM, et al. (2013) Using genetics to
enable studies on the prevention of Alzheimer’s disease. Clin Pharmacol Ther 93: 177–185. doi:
10.1038/clpt.2012.222 PMID: 23249780

42. Pflanzner T, Janko MC, Andre-Dohmen B, Reuss S, Weggen S, et al. (2011) LRP1mediates bidirec-
tional transcytosis of amyloid-beta across the blood-brain barrier. Neurobiol Aging 32: 2323
e2321–2311.

43. Landreth G, Jiang Q, Mandrekar S, Heneka M, Landreth G, et al. (2008) PPARγ agonists as therapeu-
tics for the treatment of Alzheimer’s disease. Neurotherapeutics 5: 481–489. doi: 10.1016/j.nurt.2008.
05.003 PMID: 18625459

44. Elbrecht A, Chen Y, Cullinan CA, Hayes N, Leibowitz MD, et al. (1996) Molecular cloning, expression
and characterization of human peroxisome proliferator activated receptors γ1 and γ2. Biochem Biophys
Res Commun 224: 431–437. PMID: 8702406

45. Inestrosa NC, Godoy JA, Quintanilla RA, Koenig CS, BronfmanM, et al. (2005) Peroxisome proliferator-
activated receptor γ is expressed in hippocampal neurons and its activation prevents β-amyloid neurode-
generation: role of Wnt signaling. Exp Cell Res 304: 91–104. PMID: 15707577

46. Kummer MP, Heneka MT (2008) PPARs in Alzheimer’s disease. PPAR Research. pp. 8.

47. Sarruf DA, Yu F, Nguyen HT,Williams DL, Printz RL, et al. (2009) Expression of peroxisome proliferator-
activated receptor-γ in key neuronal subsets regulating glucosemetabolism and energy homeostasis. En-
docrinology 150: 707–712. doi: 10.1210/en.2008-0899 PMID: 18845632

48. Akram A, Schmeidler J, Katsel P, Hof P, Haroutunian V (2010) Increased expression of RXRα in de-
mentia: an early harbinger for the cholesterol dyshomeostasis? Mol Neurodegener 5: 36. doi: 10.1186/
1750-1326-5-36 PMID: 20843353

49. Moreno S, Farioli-Vecchioli S, Ceru MP (2004) Immunolocalization of peroxisome proliferator-activated
receptors and retinoid X receptors in the adult rat CNS. Neuroscience 123: 131–145. PMID: 14667448

50. Liang Z, King J, Zhang N (2012) Intrinsic organization of the anesthetized brain. J Neurosci 32:
10183–10191. doi: 10.1523/JNEUROSCI.1020-12.2012 PMID: 22836253

51. Chang C, Glover GH (2009) Effects of model-based physiological noise correction on default mode net-
work anti-correlations and correlations. Neuroimage 47: 1448–1459. doi: 10.1016/j.neuroimage.2009.
05.012 PMID: 19446646

52. Kalthoff D, Seehafer JU, Po C, Wiedermann D, Hoehn M (2011) Functional connectivity in the rat at
11.7T: Impact of physiological noise in resting state fMRI. Neuroimage 54: 2828–2839. doi: 10.1016/j.
neuroimage.2010.10.053 PMID: 20974263

53. Vemuri P, Jones D, Jack C (2011) Resting state functional MRI in Alzheimer’s disease. Alzheimers Res
Ther 4: 2.

54. Sheline YI, Raichle ME (2013) Resting state functional connectivity in preclinical Alzheimer’s Disease.
Biol Psychiatry 74: 340–347. doi: 10.1016/j.biopsych.2012.11.028 PMID: 23290495

55. Machulda MM, Jones DT, Vemuri P, McDade E, Avula R, et al. (2011) Effect of APOE ε4 status on in-
trinsic network connectivity in cognitively normal elderly subjects. Arch Neurol 68: 1131–1136. doi:
10.1001/archneurol.2011.108 PMID: 21555604

56. Sheline YI, Morris JC, Snyder AZ, Price JL, Yan Z, et al. (2010) APOE4 Allele Disrupts Resting State
fMRI Connectivity in the Absence of Amyloid Plaques or Decreased CSF Aβ42. J Neurosci 30:
17035–17040. doi: 10.1523/JNEUROSCI.3987-10.2010 PMID: 21159973

57. Derosa G (2010) Efficacy and tolerability of pioglitazone in patients with Type 2 Diabetes Mellitus.
Drugs 70: 1945–1961. doi: 10.2165/11538100-000000000-00000 PMID: 20883052

58. Miyazaki Y, MatsudaM, DeFronzo RA (2002) Dose-response effect of pioglitazone on insulin sensitivity
and insulin secretion in type 2 diabetes. Diabetes Care 25: 517–523. PMID: 11874940

Pioglitazone Modulates Brain Activity in the Rat

PLOS ONE | DOI:10.1371/journal.pone.0117973 February 11, 2015 13 / 13

http://dx.doi.org/10.1038/clpt.2012.222
http://www.ncbi.nlm.nih.gov/pubmed/23249780
http://dx.doi.org/10.1016/j.nurt.2008.05.003
http://dx.doi.org/10.1016/j.nurt.2008.05.003
http://www.ncbi.nlm.nih.gov/pubmed/18625459
http://www.ncbi.nlm.nih.gov/pubmed/8702406
http://www.ncbi.nlm.nih.gov/pubmed/15707577
http://dx.doi.org/10.1210/en.2008-0899
http://www.ncbi.nlm.nih.gov/pubmed/18845632
http://dx.doi.org/10.1186/1750-1326-5-36
http://dx.doi.org/10.1186/1750-1326-5-36
http://www.ncbi.nlm.nih.gov/pubmed/20843353
http://www.ncbi.nlm.nih.gov/pubmed/14667448
http://dx.doi.org/10.1523/JNEUROSCI.1020-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/22836253
http://dx.doi.org/10.1016/j.neuroimage.2009.05.012
http://dx.doi.org/10.1016/j.neuroimage.2009.05.012
http://www.ncbi.nlm.nih.gov/pubmed/19446646
http://dx.doi.org/10.1016/j.neuroimage.2010.10.053
http://dx.doi.org/10.1016/j.neuroimage.2010.10.053
http://www.ncbi.nlm.nih.gov/pubmed/20974263
http://dx.doi.org/10.1016/j.biopsych.2012.11.028
http://www.ncbi.nlm.nih.gov/pubmed/23290495
http://dx.doi.org/10.1001/archneurol.2011.108
http://www.ncbi.nlm.nih.gov/pubmed/21555604
http://dx.doi.org/10.1523/JNEUROSCI.3987-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/21159973
http://dx.doi.org/10.2165/11538100-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/20883052
http://www.ncbi.nlm.nih.gov/pubmed/11874940


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


