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The age-related deficit in LTP is associated with changes in perfusion
and blood-brain barrier permeability
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Abstract

In view of the increase in the aging population and the unavoidable parallel increase in the incidence of age-related neurodegenerative
diseases, a key challenge in neuroscience is the identification of clinical signatures which change with age and impact on neuronal and
cognitive function. Early diagnosis offers the possibility of early therapeutic intervention, thus magnetic resonance imaging (MRI) is
potentially a powerful diagnostic tool. We evaluated age-related changes in relaxometry, blood flow, and blood-brain barrier (BBB)
permeability in the rat by magnetic resonance imaging and assessed these changes in the context of the age-related decrease in synaptic
plasticity. We report that T2 relaxation time was decreased with age; this was coupled with a decrease in gray matter perfusion, suggesting
that the observed microglial activation, as identified by increased expression of CD11b, MHCII, and CD68 by immunohistochemistry, flow
cytometry, or polymerase chain reaction (PCR), might be a downstream consequence of these changes. Increased permeability of the
blood-brain barrier was observed in the perivascular area and the hippocampus of aged, compared with young, rats. Similarly there was an
age-related increase in CD45-positive cells by flow cytometry, which are most likely infiltrating macrophages, with a parallel increase in
the messenger mRNA expression of chemokines IP-10 and MCP-1. These combined changes may contribute to the deficit in long-term
potentiation (LTP) in perforant path-granule cell synapses of aged animals.
© 2011 Elsevier Inc. All rights reserved.
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1. Introduction

The age-related deterioration in synaptic function is as-
sociated with neuroinflammatory changes which are typified
by activation of both microglia and astrocytes (Lynch,
2010). Emerging evidence suggests that these changes may
be evaluated noninvasively by magnetic resonance imaging
(MRI). Thus local increases in brain T1 relaxation time have
been linked with acute astrocyte activation (Anderson et al.,
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2006; Sibson et al., 2008), while the age-related increase in
glial fibrillary acidic protein (GFAP) expression and immu-
noreactivity was also accompanied by increased T1 relax-
ation time (Cowley et al., 2010). Decreased T2 relaxation
time has been correlated with microglial activation in a rat
model of ischemic stroke (Justicia et al., 2008). T2 also de-
creases with age in humans (Siemonsen et al., 2008) although
the evidence indicates that its effect is more profound in ad-
vanced age. However, T1 and T2 relaxation times are also
affected by several factors including localized edema, altered
vascular dynamics, and axonal loss (Fabene et al., 2003; Grohn
et al., 2000; van Walderveen et al., 1998).

An age-related decrease in cerebral blood flow has been

reported using arterial spin labeling (ASL) whereby the
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mean transit time (MTT) and capillary transit time (CTT) of
magnetically labeled blood water can be measured by MRI
(Kelly et al., 2010; Mitschelen et al., 2009). Consistent with
his, Small and colleagues reported an age-related decrease
n brain oxygenation, particularly in the hippocampus
Small et al., 2004). These changes are likely to have a
ignificant effect on synaptic function (Reitz et al., 2009).

The factors which trigger the age-related activation of
lia are not known, although a change in the balance be-
ween pro- and anti-inflammatory cytokines, as well as
ysregulation of antioxidative processes, which are likely to
romote activation, have been reported (Nolan et al., 2005;
oy et al., 2008). In addition, glial cell activation by infil-

rating peripheral cells has been reported recently
McQuillan et al., 2010; Murphy et al., 2010). The evidence
uggests that there is minimal infiltration of peripheral cells
n the healthy brain; this is probably primarily due to the
act that expression of chemotactic agents is low, because
igration of cells appears to be controlled mainly by ex-

ression of chemokines and adhesion molecules and their
eceptors. However, there is a marked increase in cell infil-
ration following trauma (Shichita et al., 2009) and in neu-
odegenerative conditions (Stone et al., 2009; Togo et al.,
002) when the blood-brain barrier (BBB) is breached and
hen expression of chemotactic agents is increased.
Here we set out to assess whether the age-related in-

rease in microglial activation, as indicated by cell surface
arkers CD11b, MHCII (OX6), and CD68, was accompa-

ied by changes in T2 relaxation time. Furthermore, we
imed to evaluate whether these changes were associated
ith evidence of altered perfusion (assessed by ASL) and
BB permeability (using the MRI contrast agent meglu-
ine gadopentate). These measures may provide a further

nderstanding of the factors which contribute to the age-
elated decrease in hippocampal synaptic plasticity, as-
essed by the ability to sustain long-term potentiation
LTP). The evidence suggests that perfusion and BBB per-
eability are altered in aged rats compared with young rats,

articularly in the hippocampus, and that these modifica-
ions are linked with a decrease in T2 relaxation time. It is
roposed that one consequence of these combined age-
elated changes is a decrease in the ability of aged rats to
ustain LTP.

. Methods

.1. Animals

Groups of young (3–5 months old) and aged (20–26
onths old) male Wistar rats (B&K Universal, Hull, UK)
ere housed in the BioResources Unit, Trinity College
ublin under standard conditions (2–3 per cage; 12-hour

ight-dark cycle; 22 °C–23 °C; food and water ad libitum).
or some experiments, male Wistar rats of intermediate

ges (14–26 months old and 18–20 months old) were also
sed. Experiments were performed under license and in
ccordance with ethical guidelines.

.2. Magnetic resonance imaging

MRI was carried out on a dedicated rodent Bruker Bio-
pec system (Bruker Biospin, Germany) with a 7 Tesla
agnet and a 30 cm diameter core, equipped with a 20 cm

ctively-shielded gradient system. A pair of actively de-
oupled 12 cm Helmholtz transmitters, and 3 cm surface
uadrature receive coils (Bruker Biospin), were used for
ignal transmission and reception respectively. The machine
as connected to a workstation running ParaVision 4.0

oftware (Bruker Biospin) for data reconstruction and anal-
sis.

Animals were anesthetized with 4% isoflurane (Isoflo;
bbott Animal Health, Maidenhead, UK) in 100% oxygen

nd maintained with 1.5%–2% isoflurane administered by
acemask in either 100% oxygen, or, in the case of the
erfusion imaging, a 30%:70% oxygen:nitrogen mix; the
epth of anesthesia was monitored using respiratory rate
nd heart rate and controlled by altering isoflurane concen-
ration. To carry out MRI, animals were placed in a custom-
uilt magnetic resonance (MR)-compatible Perspex rat cra-
le, positioned using a bite bar and ear supports with the
eceive coil placed over the skull. Accurate positioning was
nsured by acquiring an initial pilot image using a fast
radient echo scan and a single-slice high contrast scan
aken at the isocenter of the B0 magnetic field to ensure that
he imaging region was centered at bregma �3.60 mm and
llow consistent imaging of the cortical and hippocampal
egions of interest (ROIs).

.2. Arterial spin labeling

The ASL sequence consisted of a 5-second preparation
nterval containing the inversion pulse, followed by a snap-
hot fast low-angle shot (FLASH) image acquisition (echo
ime [TE] � 3.5 ms, repetition time [TR] � 11 ms, flip
ngle [FA] � 30°, bandwidth [BW] � 25 kHz, number of
epetitions [NR] � 6, slice thickness � 1.6 mm, number of
lices � 1, field of view [FOV] � 3.0 � 3.0 cm, matrix �

128 � 64, acquisition time � 2 minutes, 34 seconds per
repetition [Kerskens et al., 1996]). Flow-induced fast adia-
batic passage of inflowing inverted arterial spins was per-
formed using a rectangular pulse, inverting arterial spins
that then travel to the imaging plane (Dixon et al., 1986;
Kelly et al., 2009). The inversion pulse radio frequency
power (�22 dB) and offset frequency (�12 kHz) were
determined to give optimal perfusion contrast by achieving
inversion 20 mm proximal to the imaging plane. Control
images with the offset frequency reversed (12 kHz), in
which inflowing spins were left undisturbed, were also
acquired, in an interleaved fashion. Six repetitions of each
image type were acquired for signal averaging, and corre-
sponding pairs of labeled and control images were sub-

tracted to provide perfusion-weighted maps. A theoretical
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model to facilitate the quantification of cerebral perfusion
with ASL (Kelly et al., 2010) was applied to the data. The
model uses a bolus-tracking ASL sequence to provide 11
data points on a signal-time curve of the passage of a
3-second bolus through the imaging slice, and yields values
for the MTT, CTT, and relative cerebral blood volume of
labeled water (rCBV) in a user-defined region of interest.

2.3. T1 and T2 relaxometry

A rapid acquisition with relaxation enhancement
(RARE) and with variable repetition time (RARE-VTR)
scan was used to calculate T1 relaxation times (TE �
12.637 ms, TR � 300, 589.116, 942.255, 1396.084,
2031.981, 3103.081, and 8000 ms, FA � 180°, BW � 100
kHz, RARE factor � 4, slice thickness � 1.5 mm, number
of slices � 1, FOV � 3.0 � 3.0 cm, matrix � 128 � 128;
giving a resolution of 234 � 234 � 1500 �m; and an
cquisition time of 8 minutes, 43 seconds). A multislice
ultiecho (MSME) scan was used to calculate T2 relaxation

imes (echo spacing � 8.06 ms, number of echoes � 12, TR �
000 ms, FA � 180°, BW � 100 kHz, slice thickness � 1.5
m, number of slices � 5, FOV � 3.0 � 3.0 cm, matrix �

28 � 128, acquisition time � 4 minutes, 16 seconds). A fast
maging with steady-state precession (FISP) scan (TE � 1.5

s, TR � 3.0 ms, FA � 60°, BW � 150 kHz, NR � 60,
nversion time � 6 ms, slice thickness � 1.5 mm, number of
lices � 5, FOV � 3.0 � 3.0 cm, matrix � 128 � 128,
cquisition time � 5 minutes, 20 seconds) was performed from
hich T1 and T2 relaxation times were derived using an

n-built macro in the scan acquisition software (Schmitt et al.,
004). To allow colocalization of relaxation times, the 3 scans
hared the same geometry. Additionally, a “slice scout” ana-
omical RARE scan (TE � 12 ms, TR � 6250 ms, RARE
artitions � 8, acquisition time 55 seconds) using the same
atrix, field of view, and slice thickness as in the relaxometry

xperiments. This was used as the template for selection of the
OI from which local mean T1 and T2 relaxation times were
alculated.

.4. Contrast agent MRI

For analysis of BBB permeability, using the contrast
gent meglumine gadopentate (Magnevist, HE Clissmann,
ublin, Ireland), tail veins were bilaterally cannulated to

llow intravenous administration of the contrast agent and
he propofol anesthetic. Animals were allowed to recover
rom isoflurane anesthesia until spontaneous movement oc-
urred, and then reanesthetized with a single bolus of intra-
enous propofol (7.5 mg; Rapinovet, MSD Animal Health,
allaght, Ireland) and, after 6 minutes, continuously infused
ith propofol, 45 mg kg�1 hour�1 while breathing room air

(Griffin et al., 2010). Propofol was used to maintain anes-
thesia in these experiments because it has been reported that
isoflurane opens the BBB (Tétrault et al., 2008).

A fast T1-weighted fast low-angle shot sequence (TE �

2.5 ms, TR � 4.5 ms, FA � 30°, BW � 100 kHz, NR � 60, w
lice thickness � 1.5 mm, number of slices � 11, FOV �
.0 � 3.0 cm, matrix � 128 � 128, acquisition time � 15
inutes [Kerskens et al., 1996]) with T2*-crusher gradients
as developed to assess blood brain barrier permeability to

he contrast agent meglumine gadopentate. The tail vein
atheter was flushed with saline, and the cannula and tubing
ere loaded with the contrast agent. Five repetitions of the

can were acquired prior to delivery of a bolus of contrast
gent (0.2 mmol/kg) and scanning continued for 15 minutes.
ollowing scanning, animals were allowed to recover on a
eat pad, breathing room air, until they were sufficiently
wake to be reintroduced to their home cage.

.5. MRI analysis

MRI data were analyzed using the data acquisition and
nalysis software, ParaVision (Bruker Biospin), and scripts
ritten in Interactive Data Language (IDL; Exelis Visual

nformation Solutions UK, Bracknell, UK) software. For T2
elaxation time analysis, a voxel-wise linear fitting to the
ogarithm of the echo train decay was performed using a
egion of interest mask superimposed on a high resolution
can. For T1 relaxation time analysis, a voxelwise least
quares curve fit of the signal recovery curve was performed
nd the same region of interest mask was used. ASL data
ere analyzed in IDL: the MTT and CTT were quantified
sing the previously described bolus tracking ASL method
Kelly et al., 2010). Briefly, a noncompartmental model of
erebral perfusion was fitted to the bolus tracking ASL data.
he MTT and CTT were calculated from the first and
econd statistical moments of the signal-time curves, re-
pectively. The rCBV was also calculated from the ampli-
ude of the fitted curve, which is directly proportional to the
rea under the curve (Kelly et al., 2010). This parameter was
herefore used to estimate the rCBV in the ROI. Contrast

RI data were analyzed in IDL: the average signal intensity
hange in the whole dataset was plotted against time, to
etermine the iteration at which the bolus first became
etectable on the dataset. ROI were drawn on the first image
f the dataset, and the progression of the logarithm of the
ontrast change, compared with baseline levels, was ex-
racted and normalized to the average of the precontrast
gent signal intensity in that region. Because the animals
eceived the bolus of contrast agent in situ, the positioning
f the pre- and postcontrast scans was identical enabling
natomically identical ROIs to be evaluated over time. A
tandard stereotaxic atlas (Paxinos and Watson, 2004) was
sed to ensure that the same ROIs were assessed in young
nd aged rats and all ROIs were drawn on high resolution
cans and transferred to the contrast-enhanced datasets of
he same animals.

.6. Analysis of LTP

Rats were allowed to recover for at least 48 hours after
RI scanning before LTP was assessed in vivo. Animals

ere anesthetized by intraperitoneal injection of urethane
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(1.5 g/kg) and, if necessary, a top-up dose of urethane
(maximum dose 2.5 g/kg) was given to achieve deep anes-
thesia as indicated by the absence of a pedal reflex. LTP was
assessed in perforant path-granule cell synapses as previ-
ously described (Loane et al., 2009). Briefly, a bipolar
stimulating electrode and a unipolar recording electrode
were positioned in the perforant path (4.4 mm lateral to
lambda) and in the dorsal cell body region of the dentate
gyrus (2.5 mm lateral and 3.9 mm posterior to bregma). Test
shocks were delivered at 30-second intervals, and after a
stabilization period, responses were recorded for 10 minutes
before and 45 minutes after tetanic stimulation (3 trains of
stimuli; 250 Hz for 200 ms; 30 seconds intertrain interval).
Rats were killed by decapitation at the end of the period of
electrophysiological recording and the brains were rapidly
removed. One portion of the brain was stored in Tissue Tek
OCT (Sakura Finetek Europe B.V., Alphen aan den Rijn,
The Netherlands) at �80 °C and used for preparation of
ryostat sections and subsequent immunohistochemical
nalysis of CD11b and CD68. The hippocampus and cortex
ere dissected from the remaining brain tissue and placed in
NAlater (Applied Biosystems, Warrington, UK) to ensure

hat the integrity of the ribonucleic acid (RNA) was main-
ained for later gene expression analysis.

.7. Analysis of CD11b, CD68, IP-10, and MCP-1 mRNA

We also assessed age-related changes in microglial acti-
ation by evaluating messenger (m) mRNA expression of
arkers of activation, CD11b and CD68, and the chemo-

ines IP-10 and MCP-1. RNA was extracted from hip-
ocampal tissue using a NucleoSpin RNAII isolation kit
Macherey-Nagel Inc., Düren, Germany) and concentra-
ions were equalized to 1 �g prior to cDNA synthesis using

a high capacity cDNA RT Kit (Applied Biosystems), ac-
cording to the manufacturer’s instructions. Equal concen-
trations of cDNA were used for RT-polymerase chain reac-
tion (PCR) amplification. Real-time polymerase chain
reaction primers were delivered as “Taqman Gene Expres-
sion Assays” containing forward and reverse primers, and a
FAM-labeled MGB TaqMan probe for each gene (Applied
Biosystems, UK) as described previously (Downer et al.,
2010). The assay IDs were as follows: CD11b (Rn00709342_
m1), CD68 (Rn01495631_m1), IP-10 (Rn00594648_m1), and
MCP-1 (Rn00580555_m1). Gene expression was calculated
relative to the endogenous control samples (�-actin) to give a
relative quantification (RQ) value (2�DDCT, where CT is
hreshold cycle).

.8. CD11b and CD68 immunohistochemical staining

To assess CD11b imunohistochemistry by light micros-
opy brain sections were thawed, kept at room temperature
or 30 minutes, fixed using ice-cold alcohol and washed in
ris-buffered saline (TBS, pH 7.5). The sections were in-
ubated in blocking solution (10% normal horse serum

Vector Laboratories Ltd., Peterborough, UK) and 4% bo- 1
ine serum albumin, (BSA; Sigma-Aldrich Ireland Ltd.,
rklow, Ireland), in TBS) for 30 minutes at room temper-

ture and overnight in anti-CD11b primary antibody solu-
ion (1/100 antibody in 2% BSA/TBS; AbD Serotec, Kid-
ington, UK). Negative controls were incubated in 2% BSA
n TBS. The sections were washed, incubated in the sec-
ndary antibody solution (1/200 in 2% BSA/TBS; IgG anti-
ouse biotinylated; Vector Laboratories Ltd., Peterbor-

ugh, UK; 1 hour; room temperature). The sections were
ashed, endogenous peroxidases were blocked by incubat-

ng in 0.3% hydrogen peroxide in TBS for 15 minutes and
ections were washed again and incubated in ABC reagent
2 drops of A/B in 5 mL TBS; Vector Laboratories Ltd.) for

hour at room temperature. Sections were washed, incu-
ated in DAB stain (Dako, USA) for 10 minutes and this
eaction was stopped by washing the slides with double
eionized water. The sections were counterstained by incu-
ating in the presence of methyl green (Sigma-Aldrich Ire-
and Ltd.) for 10 minutes, dehydrated by submerging the
lides in a series of alcohols, cleared in xylene, mounted in
PX (p-xylene-bis-pyridinium bromide) and stored for later

xamination.
To assess CD68 immunohistochemistry, sections were

ermeabilized for 5 minutes with Triton X-100 surfactant,
Sigma-Aldrich Ireland Ltd.) and nonspecific interactions
ere blocked (10% normal goat serum (Vector Laboratories
td.), in PHEM buffer (60 mM PIPES, 25 mM HEPES, 10
M EGTA, 2 mM MgCl2, pH 6.9; Sigma-Aldrich Ireland
td., Arklow, Ireland) containing 1% BSA for 4 hours at

oom temperature. Sections were incubated overnight in
rimary antibody solution (1/200 anti-CD68 antibody raised
n mouse in 1% normal goat serum in PHEM). Negative
ontrols were incubated in 1% normal goat serum in PHEM
lone in the presence of a concentration-matched control
nti-IgG antibody. Sections were rinsed 3 times in PHEM,
ncubated in flourescein isothiocyanate (FITC)-conjugated
econdary antibody for 2 hours at room temperature in the
ark and washed. Slides were mounted with DAPI nucleic
ounterstain enhanced mountant (Vector Laboratories Ltd.)
nd coverslipped. A thin line of nail polish was applied
round the coverslip to further stabilize it, and slides were
tored at 4 °C.

.9. Preparation of cells from young and aged rats and
ow cytometric analysis

In one series of experiments, we used flow cytometry to
ssess age-related changes in expression of MHCII on
D11b� cells as an indicator of microglial activation, and
xpression of CD45 on CD11b� cells as an indicator of

macrophage infiltration. To do so, young rats (4–6 months;
n � 8) and aged rats (24–26 months; n � 6) were transcar-
ially perfused with 200–300 mL saline before tissue was
arvested. In this case, brain tissue was cross-chopped and
nzymatically digested in 5 mL Krebs buffer containing

0% collagenase D and 1% DNase, in a humidified incu-
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bator at 37 °C, 95% air and 5% CO2 for 30 minutes. Tissue
as flushed through a 70-�m cell strainer using Dulbecco’s
odified Eagles medium (DMEM; Gibco, Invitrogen, Ire-

and) supplemented with 10% fetal calf serum (FCS) and
% penicillin/streptomycin (Invitrogen). The resultant sin-
le cell suspension was centrifuged (300g, 5 minutes, room
emperature) and the pellet was resuspended and incubated
or 30 minutes in 5 mL complete DMEM containing 0.5 M
ucrose and 10% wt/vol PEG-1000 (Fluka, UK). Samples
ere centrifuged at 300g for 5 minutes at 4 °C and resus-
ended in flow cytometry buffer (phosphate-buffered saline,
37 mM NaCl, 8.1 mM Na2HPO4, 1.5 mM KH2PO4, 2.7
M KCl; pH 7.4) containing 2% FCS and 0.1% sodium

zide; hereafter referred to as FCM buffer) and washed 3
imes to remove DMEM. Cell suspensions were blocked in
CM buffer containing 50% FCS for 15 minutes at 4 °C,
ashed as before to remove FCM buffer, and stained with
ouse anti-rat CD11b-Alexa Fluor 647 (AbD Serotec), mouse

nti-rat CD45-Alexa Flour 488 (AbD Serotec) and mouse
nti-rat OX6-PerCP (BD Pharmingen, BD Bioscience, Oxford,
K) for 30 minutes at 4 °C in the dark. Cell suspensions were
ashed and the number of CD11b-positive cells expressing
D45 or OX6 (MHCII) was analyzed using a DakoCytoma-

ion (Dublin, Ireland) CyAn ADP flow cytometer and Summit
oftware V4.3.

.10. Statistical analysis

The data were assessed using Student t tests for indepen-
ent means, 1-way analysis of variance (ANOVA) for more
han 2 groups or where time and age were factors a 2-way
NOVA was used. Post hoc Newmann-Keuls tests were
sed to compare means. Correlations were performed and
earson’s r is reported.

3. Results

Analysis of MTT in propofol-anesthetized rats revealed
that it was significantly increased in the hippocampus and
cortex of aged, compared with young, rats (* p � 0.05;
** p � 0.01; Student t test for independent means; Fig. 1a
and c). Similarly, analysis of CTT revealed an age-related
increase in both brain areas (** p � 0.01; *** p � 0.001;
Student t test for independent means; Fig. 1b and d). These
data concur with previous findings indicating a generalized
decrease in cerebral perfusion with age (Mitschelen et al.,
2009), which has been associated with cognitive decline
(Murphy et al., 2008) and with impairment in synaptic
plasticity (Lin et al., 2010). To evaluate whether the changes
in MTT and CTT described here were associated with any
deficits in synaptic plasticity, we assessed LTP in perforant
path-granule cell synapses and show that the mean ampli-
tude of the population spike was significantly decreased
following the tetanic stimulation in aged, compared with
young, rats (p � 0.001; ANOVA; Fig. 2a). Analysis of the

amplitude in the last 10 minutes of the experiment con-
firmed that there was a significant age-related deficit in
synaptic plasticity (*** p � 0.001; ANOVA; Fig. 2b).

Several factors have been associated with decreased
LTP, 1 of which is glial activation which is considered to
significantly contribute to the age-related inflammatory
changes which have been consistently reported (Lynch,
2010). Here we assessed expression of CD11b mRNA,
CD11b immunoreactivity, and the number of CD11b�

OX6� cells prepared from whole brain of young and aged
rats using FCM. CD11b mRNA was significantly higher,
and immunoreactivity for CD11b was markedly greater in
hippocampal (Fig. 3a and b) and cortical (Fig. 3c and d)
tissue prepared from aged, compared with young, rats
(* p � 0.05; *** p � 0.001; Student t test for independent
means). The number of CD11b� OX6� cells, which is
indicative of microglial activation, was also significantly
greater in dissociated cells prepared from the whole brain of
aged, compared with young, rats (*** p � 0.001; Student t
test for independent means; Fig. 1e). The changes in CD11b
mRNA and CD11b immunoreactivity were mirrored by
changes in CD68; CD68 mRNA was significantly greater in
tissue prepared from hippocampus (Fig. 1f) and cortex (Fig.
1h) of aged, compared with young rats (* p � 0.05; ** p �
0.01; Student t test for independent means) and an age-
related increase in CD68 immunoreactivity was similarly
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(c) MTT: Cortex 
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 (d) CTT: Cortex

Fig. 1. Mean transit time (MTT) (a, c) and capillary transit time (CTT) (b,
d) were significantly increased in the hippocampus (a, b) and cortex (c, d)
of aged, compared with young, rats (* p � 0.05; ** p � 0.01; *** p �
.001; Student t test for independent means; n � 8).
observed in hippocampus (Fig. 1g) and cortex (Fig. 1i).
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There was a significant correlation between LTP and hip-
pocampal expression of CD11b mRNA (r � �0.77, p �
.01, n � 11; Fig. 3j) and CD68 mRNA (r � �0.75, p �
.01, n � 11; Fig. 3k).

We used MSME to assess T2 relaxation time, and com-
arison of the sample maps from a young and aged rat
ndicated a generalized decrease throughout the brain with
ge (Fig. 4a). Analysis of the mean data indicated that T2
elaxation time was significantly decreased in cortex and
ippocampus of aged, compared with young, rats (** p �
.01; Student t test for independent means; Fig. 4b and c).

similar, though quantitatively different, age-related
hange was observed when T2 was assessed by the FISP
ethod; in this case the mean values (�standard error of the
ean [SEM]) in hippocampus were 69.85 � 1.02 and

3.08 � 2.14 in young and aged animals respectively (p �
.05) and the mean values in the cortex were 74.37 � 0.78
nd 66.40 � 1.03 in young and aged animals respectively
p � 0.001). There was a significant negative correlation
etween CTT and T2 relaxation in both hippocampus (r �
0.51, p � 0.01; Fig. 4d) and cortex (r � �0.53, p � 0.05;

ig. 4e). Furthermore, T2 relaxation in the hippocampus
ignificantly correlated with LTP (r � 0.78, p � 0.01, n �
1; Fig. 4f) and negatively correlated with hippocampal
D11b (r � �0.72, p � 0.01, n � 11; Fig. 4g) and CD68

r � �0.82, p � 0.01, n � 11; Fig. 4h) mRNA expression.
he data presented were obtained from isoflurane-anesthe-

ized rats and similar data were obtained from propofol-
nesthetized rats (data not shown).

In contrast to the change in T2 relaxation time, analysis
f T1 relaxation time using RARE revealed no significant
ge-related changes in either hippocampus (Fig. 5a) or cor-
ex (Fig. 5c). However previous data indicated that T1
elaxation time was higher in 20-month-old rats than in
ounger animals (Cowley et al., 2010) and it has been
eported by others that T1 relaxation time peaks at middle
ge (Aquino et al., 2009). To further evaluate this, data from
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Contrast-enhanced imaging was performed under propo-
ol anesthesia because it has been reported that isoflurane
pens the BBB (Tétrault et al., 2008). The periventricular
egion, hippocampus, and cortex of young and aged rats
ere analyzed for pre- versus postcontrast signal intensity.
he images presented (Fig. 6a) are exemplary and suggest

hat signal intensity was significantly higher in the brain of
n aged rat compared with a young rat 2 minutes after
njection of contrast agent. Analysis of the periventricular
egion (Fig. 6b) indicated that there was a marked age-
elated and time-associated difference in diffusion and
learance of the contrast agent (p � 0.001; ANOVA; Fig.
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ndicative of an age-related increase in permeability in the
lood-CSF barrier (time � age interaction, p � 0.05; re-
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he interaction between time and age was significant (p �
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oted that an age-related difference in signal enhancement
as evident about 2 minutes following intravenous admin-

stration of the contrast agent in the periventricular area
ompared with about 7 minutes after administration in the
ippocampus. The delay in contrast enhancement in the
ippocampal tissue probably reflects the slower diffusion of
ontrast agent deeper into the tissue, which is particularly
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2008); poor junctional localization of claudin-5 with loss of
integrity of the BBB in the hippocampus have previously
been reported in female middle-aged rats (Bake et al.,
2009). In contrast to the change in hippocampus, there was
no significant age-related change in signal intensity in the
cortex (Fig. 6d). The possibility exists that changes in hip-
ocampal volume may impact on measurement of BBB
ermeability. In this study, there was no evidence of a
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also permit infiltration of cells (Popescu et al., 2009), al-
though this mainly occurs under the influence of chemotac-
tic molecules. Here we show that expression of IP-10 and
MCP-1 which play a significant role in chemotaxis of pe-
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brain; ** p � 0.01; Student t test for independent means;
Fig 7c.

4. Discussion

A key challenge in neuroscience is to understand the
mechanisms underlying the age-related neuroinflammatory
changes which contribute to the characteristic deficit in
neuronal function. The ability to noninvasively detect age-
related changes in vivo to which neuroinflammation may be
contributing, and to link these changes to well-established
ex vivo markers of neuroinflammation has the potential to
provide valuable insights into the mechanisms behind age-
related cognitive decline. In this study, we set out to eval-
uate whether the increase in microglial activation and the
associated deficit in LTP in aged animals was linked with
changes in perfusion or BBB permeability as assessed by
MRI. In addition, we also investigated T1 and T2 relaxation
times because previous findings suggested that these param-
eters are altered in several neuroinflammatory conditions
and changes in these parameters may reflect changes in glial
activation.

The evidence indicates that MTT and CTT were in-
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Fig. 5. T1 relaxation time was similar in hippocampus (a) and cortex (c) of
aged and young rats. However, when data from other studies in which rats of
different ages were assessed, it was evident that T1 relaxation time was
increased in 18-month-old compared with 24-month-old rats in hippocampus
and cortex (p � 0.001; analysis of variance [ANOVA]; n � 12; b and d).
creased in hippocampus and cortex of aged, compared with
young, rats and that these changes were accompanied by
increased BBB permeability. An increase in the number of
CD11b� CD45� cells were observed in the brain of aged
ats and this was associated with upregulation of MCP-1
nd IP-10. Interestingly the data show that there was an
ge-related decrease in T2 relaxation time and this, as pre-
iously reported, was accompanied by evidence of micro-
lial activation (Falangola et al., 2005; Justicia et al., 2008;
eipel et al., 2011). Overall the evidence suggests that
ultiple changes occur in the brain with age which might

ontribute to the deficit in LTP observed here and else-
here.
The data demonstrate an age-related increase in both

TT and CTT in hippocampus and cortex, although similar
hanges were observed in most areas of the brain and also
n a whole brain slice (data not shown). This suggests a
eneralized decrease in cerebral perfusion with age and
oncurs with the observations that cerebral blood flow is
ecreased in rat and humans with age (Mitschelen et al.,
009; van Es et al., 2010) and that cerebral blood flow
hanges in hippocampal subregions are inversely correlated
ith age in nonhuman primates and rats (Small et al., 2004).
he increases in MTT and CTT are probably due to a
ombination of decreased blood flow and altered perfusion
oefficient of the tissue (Kelly et al., 2009). MTT has been
hown to correlate with accumulation of lactate following
troke suggesting that it may provide a marker of ischemia
Cvoro et al., 2009) and, in this context, it is interesting that
here is evidence of oxidative changes in the brain of aged
ats (Kelly et al., 2011; O’Donnell et al., 2000). These

changes cannot be attributed to any age-related difference in
hippocampal volume because, although a decrease in corti-
cal thickness was observed, we found no evidence of any
difference in hippocampal volume in aged, compared with
young, rats. However, analysis using a 9.4 Tesla magnet
revealed an age-dependent decrease in hippocampal volume
of Fisher 344 � Brown Norway hybrid rats (Driscoll et al.,
2006), suggesting that there may be strain differences be-
tween these rats and the Wistar rats used here, or that the
field strength used in this study may not be strong enough to
highlight subtle volumetric differences.

Chronic hypoperfusion has been associated with a de-
crease in cognitive function and neuronal plasticity, specif-
ically LTP (Lin et al., 2010) and similar changes were
observed following ischemia which is also associated with
decreased perfusion (Li et al., 2010). Here we show that the
age-related decrease in MTT and CTT in the hippocampus
is associated with a decrease in LTP, which is reported here
and elsewhere (Cowley et al., 2010; Kelly et al., 2010),
indicating that a relatively modest decrease in cerebral per-
fusion may impact on synaptic function.

Among the several factors which accompany, and prob-
ably contribute to, the age-related decrease in synaptic plas-
ticity is microglial activation (Lynch, 2010), probably be-

cause these cells are the main source of inflammatory
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cytokines in the brain. In this study, CD11b mRNA and
CD11b immunoreactivity were increased in hippocampal
tissue prepared from aged rats and, in addition, the number
of CD11b-positive cells which also stained positively for
OX6 was increased in tissue prepared from aged, compared
with young rats. These changes were mirrored by changes in
CD68 mRNA and immunoreactivity. Moreover, the in-
creased expression of CD11b and CD68 mRNA in hip-
pocampus inversely correlated with the decrease in LTP.
Overall, the data are indicative of microglial activation and
therefore support previous observations which suggested
that the age-related deficit in LTP is coupled with microglial
activation, probably because the production and release of
nflammatory mediators is increased from activated cells.
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of aged, compared with young, rats (c; ** p � 0.01; Student t test for independe
This idea is strengthened by the finding that agents that
decrease microglial activation in aged animals improve their
ability to sustain LTP (Lynch, 2010). In addition to the
changes in hippocampus, both CD11b and CD68 were up-
regulated in cortical tissue prepared from aged, compared
with young, rats. One possibility is that these changes are
triggered by the reduced blood perfusion because microglial
activation can be increased by oxidative changes (Nolan et
l., 2005).

The potential application of inversion-recovery steady-
tate precession imaging (the FISP protocol) to MR relax-
metry is relatively new: Schmitt et al. (2004) first de-

scribed a novel procedure to extract T1, T2, and relative
spin density from the signal time course of the FISP se-
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quence. The main benefit, compared with other techniques,
is the increased speed of data acquisition; however, the
multispin-echo technique is still the gold standard for T2
map calculation where rapid imaging is not required
(Schmitt et al., 2004). There are a number of potential
ources of error in the FISP calculation: first, neither blood
nd CSF flow into the imaging slice nor diffusion effects are
onsidered, and no corrections for these are made (Schmitt
t al., 2004). Second, this technique was validated in phan-
oms and human subjects at a field strength of 1.5 Tesla, and
bsolute values obtained at 7 Tesla in rat brain must be
nterpreted with caution in the absence of validation studies.
dditionally, partial volume effects due to CSF (which has
longer T2) may confound T2 relaxometry. The MSME

equence incorporates an additional inversion pulse to sup-
ress signal from CSF in order to minimize this effect. The
ISP method does not allow for a similar compensatory
echanism, and may therefore overestimate T2 in voxels

djacent to ventricles. Finally, FISP is highly sensitive to
ff-resonance radio waves, resulting in banding artifacts
hich confound image analysis (Schmitt et al., 2004). Da-

asets used in this study were visually inspected for banding
rtifacts and only data without such effects were included in
he analysis. In this study we found that, while absolute
alues obtained by the 2 imaging techniques were not com-
arable (FISP-derived values for T2 relaxation time were
igher), relative changes between groups were comparable.
he most likely explanation for this is a systematic overes-

imation of T2 by FISP.
We report here that T2 relaxation time was markedly

ecreased in hippocampus and cortex of rats aged 20–26
onths old, compared with young rats. However, we re-

orted previously that T2 relaxation time was unchanged in
0–22-month-old rats (Cowley et al., 2010) suggesting a
rogressive change in T2 with age. Interestingly, an age-
elated decrease in T2 relaxation time has been reported in
uman subjects (Siemonsen et al., 2008), although an earlier
tudy in which younger subjects were assessed, suggested
here was no age-related change (Breger et al., 1991) which
lso indicates that changes are age-dependent. Here the
hange in T2 relaxation time accompanies microglial acti-
ation and inversely correlated with mRNA expression of
D11b and CD68 in hippocampus; an inverse relationship
etween decreased T2 relaxation time and microglial acti-
ation has been described previously at least in animal
odels of ischemic stroke (Justicia et al., 2008) and Alz-

eimer’s disease (Falangola et al., 2005; Teipel et al., 2011).
oreover, hippocampal T2 relaxation time correlated with

TP indicating interplay between T2 relaxation times, mi-
roglial activation and the ability to sustain LTP.

T2 relaxation time is affected by several factors; de-
reased T2 relaxations times have been associated with
eposition of amyloid � and deposition of iron (Bartzokis et
l., 2000; Helpern et al., 2004) and with cell shrinkage

O’Shea et al., 2000); whereas increased T2 relaxation time
s associated with edema (Fabene et al., 2003). It has been
uggested that reductions in T2 may also result from re-
uced perfusion and decreased blood oxygenation (Grohn et
l., 2000) and, in the present study, the evidence suggests a
ignificant relationship between CTT and T2 relaxation time
hich broadly supports this proposal.
Astrocytosis, which occurs with age and following acute

schemia, has been coupled with increased T1 relaxation
imes (Cowley et al., 2010; Sibson et al., 2008) although
ncreased T1 values are also associated with axonal loss, at
east in white matter (van Walderveen et al., 1998), edema
Barnes and McDonald, 1988), and the lesions which char-
cterize multiple sclerosis (Parry et al., 2002). The evidence
resented here indicates that the relationship between T1
nd age is not straightforward, with evidence of little change
n older age and an increase in middle age. Interestingly,
hese findings reflect a previous observation which demon-
trated that, in humans, gray matter T1 relaxation times
ere highest in middle age, with both younger and older

ubjects showing lower values (Aquino et al., 2009).
One significant finding in the present study is that BBB

ermeability was increased with age. These data are in
ccord with the findings of others that report age-related
lterations in BBB permeability in the senescent mouse
Pelegrí et al., 2007) and human (Pakulski et al., 2000).
ignificant changes were observed in hippocampus but not

he cortex and this concurs with the observation that the
BB in the hippocampal area may be particularly vulnera-
le in the senescence-accelerated mouse, SAMP8 (Pelegrí et
l., 2007). Evidence from this laboratory (Murray et al.,
npublished), suggests that the BBB of aged rats is more
ermeable to sodium fluorescein than that of young rats in
everal areas including the hippocampus. The BBB plays a
ey role in modulating entry of solutes and ions into the
entral nervous system (CNS) whereas migration of cells
ppears to be controlled to a significant extent by expression
f chemokines and adhesion molecules. Despite this, infil-
ration of circulating cells has been shown to occur when
BB permeability is increased. Thus T cell infiltration has
een found in CNS tissues of patients with Parkinson’s
isease (Stone et al., 2009) and Alzheimer’s disease (Schin-
owski et al., 2007; Togo et al., 2002) and infiltration of
ells has also been reported following ischemic insult and
ith age (Popescu et al., 2009) and bacterial and viral

nfections (Stamatovic et al., 2008). In this study, increased
BB permeability was associated with increased expression
f IP-10 and MCP-1. Infiltration of leukocytes is dependent
n chemotaxis and expression of both IP-10 and MCP-1
ave been identified as important; a role for MCP-1 has also
een described in initiating infiltration of macrophages into
he brain (Babcock et al., 2003). Therefore the infiltration of
D11b� CD45� cells may be a consequence of the change

in BBB permeability but it is also possible that the increased

expression of IP-10 and MCP-1 increase chemotaxis.
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Several factors contribute to the deterioration of synaptic
plasticity with age and 1 of these factors appears to be a
heightened level of activation of microglia, which may
reflect impairment in the homeostatic ability of these cells
with age, or an increase in responsiveness to modulatory
molecules. The evidence presented here indicates that the
age-related decrease in tissue perfusion, together with the
increase in BBB permeability may alter the microenviron-
ment in the brain; this, combined with the proposed age-
related compromised homeostatic capability of microglia,
may be a significant factor in maintaining the neuroinflam-
matory changes which have been described in the aged
brain and which exert a negative impact on synaptic func-
tion.
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