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Minocycline  attenuates  age-related  spatial  learning  deficits.
Treatment  with  minocycline  reduces  the size  of Iba-1  positive  cells.
Minocycline  increases  neuronal  differentiation  of  new  granular  cells  in adults.
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a  b  s  t  r  a  c  t

Age-related  priming  of  microglia  and  release  of  inflammatory  cytokines,  such  as  interleukin-1� (IL-1�)
and  interleuekin-6  (IL-6)  have  been  associated  with  deficits  in cognitive  function.  The present  study
assessed  whether  treatment  with  minocycline  could  improve  spatial  cognition  in  aged  mice,  and  whether
these  improvements  in behavior  were  associated  with  reduced  microglia  activation  and  an  enhancement
in hippocampal  neurogenesis.  Adult  (3 months)  and  aged  (22  months)  male  BALB/c  mice  received  minocy-
cline  in  their  drinking  water  or control  mice  received  distilled  water  for 20  days.  Mice  received  BrdU  to
label  dividing  cells  on  days  8–17.  Spatial  learning  was  measured  using  the  water  maze.  Immunohisto-
chemistry  was conducted  to measure  number  of  BrdU  positive  neurons  and number  and  size of microglia
by detection  of  Iba-1  in  the  dentate  gyrus  molecular  layer.  Further,  hippocampal  samples  were  collected
to  measure  changes  in  IL-1�,  IL-6,  and  CD74  expression.  The  data  show  that aged  mice  have  increased
ging
L-1�
L-6
D74

ba-1 cytokines

hippocampal  expression  of IL-1�,  IL-6, and  CD74  relative  to  adults.  Minocycline  treatment  significantly
improved  acquisition  of  the  water  maze  in  aged  mice  but not  adults.  Minocycline  reduced  the  average
size  of  Iba-1  positive  cells  and  total  Iba-1 counts,  but  did not  affect  hippocampal  cytokine  gene expres-
sion.  Minocycline  increased  neurogenesis  in  adults  but not  aged  mice.  Collectively,  the  data  indicate  that
treatment  with  minocycline  may  recover  some  aspects  of  cognitive  decline  associated  with  aging,  but
the effect  appears  to be  unrelated  to adult  hippocampal  neurogenesis.
. Introduction

Neuroinflammation has been proposed to contribute to the
rogression of neurodegenerative diseases and the occurrence of
ognitive deficits associated with aging [1–4]. This age-related
hange in the inflammatory profile of the brain likely results
rom alterations in the activation status of the brain’s primary
mmune cell, microglia. Research has established that microglia
rom aged animals are primed to express an inflammatory

henotype [5–7]. Additionally, increased basal levels of the pro-

nflammatory cytokines interleukin-1�  (IL-1�) and interleukin-6
IL-6) have been reported in aged animals [8,9]. Together these data

∗ Corresponding author. Tel.: +1 910 962 3494.
E-mail address: kohmanr@uncw.edu (R.A. Kohman).

166-4328/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.bbr.2012.12.032
© 2013 Elsevier B.V. All rights reserved.

confirm that normal aging increases immune activation within the
brain.

Correlational work in humans has shown a connection between
inflammation and cognitive function. For instance, higher serum
levels of IL-6 are associated with an increased risk of cognitive
deficits [2]. A more recent study found that 50% of elderly patients
with mild cognitive impairment had increased microglia activa-
tion compared to age-matched controls [3]. Moreover, individuals
with metabolic syndrome that show increased inflammation have
more pronounced cognitive deficits compared to those that have
low levels of inflammation [1].  Though limited, research with ani-
mal  models has shown similar results. Gemma et al. [6] report that

administration of a caspase-1 inhibitor (prevents cleavage of IL-
1� into mature form) improved contextual memory in aged rats.
Additionally, chronic administration of a selective cycloxygenase-
2 (COX-2) inhibitor, if given around middle-age, improves

dx.doi.org/10.1016/j.bbr.2012.12.032
http://www.sciencedirect.com/science/journal/01664328
http://www.elsevier.com/locate/bbr
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erformance in the water maze [10]. Collectively, these data
rovide evidence that age-related changes in neuroinflammation
ay  contribute to cognitive decline, but additional work is needed

o confirm this link and determine the role microglial cells play in
aintenance of these deficits.
Accompanying age-related cognitive deficits are deficiencies

n measures of neural plasticity such as hippocampal neuro-
enesis. Aged subjects show decreases in both the proliferation
nd survival of new hippocampal cells, which may  contribute
o cognitive decline associated with aging as hippocampal neu-
ogenesis has been suggested to play a role in certain forms
f hippocampus-dependent memory [11–14].  The age-associated
eficits in hippocampal neurogenesis have been proposed to, in
art, result from increased inflammatory signaling in the brain. For

nstance, administration of a caspase-1 inhibitor increased produc-
ion of new hippocampal neurons in aged subjects [15]. Similarly,
achstetter et al. [16] reported that administration of fracta-

akine, a chemokine that inhibits microglia activation, increased
ippocampal neurogenesis in aged rats. Chronic overexpression
f transforming growth factor-� (TGF-�) has been reported to
ecrease hippocampal neurogenesis [17]. Existing data indicate
hat age-related changes in neuroinflammation may  contribute
o the reductions in neurogenesis. Whether there is a direct link
etween inflammation-induced reductions in neurogenesis and
ge-related cognitive decline remains unknown.

The present study investigated whether repeated adminis-
ration of the anti-inflammatory drug minocycline, improves
ognitive function and increases the survival and neural differ-
ntiation of new cells in aged mice. Minocycline is a tetracycline
ntibiotic that has been shown to inhibit microglial cell activa-
ion [18–20].  Therefore the present study tested the hypothesis
hat chronic administration of minocycline would improve spatial
eaning in aged mice by increasing hippocampal neurogenesis and
educing microglial cell activation.

. Methods

.1. Animals

Subjects were adult (3 months, n = 19) and aged male (22 months, n = 16) BALB/c
ice purchased from Charles River Laboratories (Roanoke, IL). Aged mice were

urchased at 7 months old and then aged in the AAALAC approved facility at the
eckman Institute at the University of Illinois. A second group of adult and aged
ale mice (adult n = 12, aged n = 10) were purchased from the National Institute of
ging colony (maintained by Charles River Laboratories) and used in Experiment
.  Mice were given ad libitum access to food and housed under a 12 hr light/dark
ycle. Animals were treated in compliance with the Guide for the Care and Use of
aboratory Animals and the experiments were conducted in accordance with a pro-
ocol approved by the Institutional Animal Care and Use Committee (IACUC) at the
niversity of Illinois at Urbana-Champaign (protocol number 09167 and Animal
elfare Assurance Number A3118-01).

.2. Minocycline treatment

Minocycline was  administered in the animal’s drinking water. Minocycline was
issolved in distilled water at different concentrations for adult and aged mice. Since
ged  mice weigh more than adults they received minocycline at a concentration of
.533 mg/ml  and adult were given minocycline at a concentration of 0.416 mg/ml.
hese different concentrations were used to ensure that mice would receive the
ame dosage based on body weight, for instance if an adult (approximately 25 g) or
n  aged (approximately 32 g) mouse drank 6 ml  within a day they would receive a
ose of 100 mg/kg/day. Control mice received distilled water. All mice were individ-
ally housed in standard mouse cages. Mice received minocycline in their drinking
ater for a total of 20 days. The amount of liquid intake was measured daily.

.3. Experiment 1: effects of minocycline on spatial learning and hippocampus
eurogenesis
Mice were divided within an age group to the minocycline or control group.
ll  mice received daily intraperitoneal injections of 5-Bromodeoxyuridine (BrdU:
0  mg/kg), a thymidine analog that incorporates into dividing cells. Injections began
ne  week after the onset of minocycline or control treatment and continued for ten
onsecutive days.
in Research 242 (2013) 17– 24

2.3.1. Spatial learning
After two weeks of minocycline or control treatment, mice were tested in the

water maze to assess spatial learning. The maze consisted of a circular tub (100 cm
diameter) and a clear mesh plastic square platform (8.5 cm). The platform was sub-
merged 1 cm under the surface of the water. The water was  made opaque with
white tempera paint to conceal the platform. Water temperature was maintained
at  19◦ ± 1◦ C throughout testing. Extra-maze cues were located around the maze.
Mice received three trials (up to 60 s) per day from different start locations for five
consecutive days. If a mouse failed to locate the platform within the 60 s they were
gently guided to the platform. Prior to the first trial of Day 1, all mice were placed on
the platform and remained there for 10 sec. All mice remained on the platform for
10  seconds at the end of each trial. A video tracking system (Topscan, CleverSystems,
Reston, VA) was used to measure distance swam, latency to locate the platform and
swim speed. A single 60 s probe trial was conducted approximately two  hours after
the  subjects last trial on day 5. The platform was  removed and the number of times
the animal crossed the original location of the platform was recorded by the tracking
system.

2.3.2. Perfusions and immunohistochemistry
Mice in Experiment 1 were euthanized by transcardial perfusion with 4%

paraformaldehyde in phosphate buffer solution after 20 days of drug treatment to
assess hippocampal neurogenesis and microglia size and number via immunohisto-
chemistry. Following perfusion, brains were fixed overnight in 4% paraformaldehyde
and  then transferred into 30% sucrose solution. Brains were sectioned at 40 micro-
meters using a cryostat. A one-in-six series was stained for BrdU to identify newly
divided cells. Briefly, free floating sections were rinsed in tissue buffering solution
(TBS) and then treated with 0.6% hydrogen peroxide for 30 min. To denature DNA,
sections were placed in a solution of 50% de-ionized formamide and 10% 20× SCC
buffer for 120 min  at 65 ◦C. Followed by 10% 20× SCC buffer for 15 min, then 2 N
hydrochloric acid for 30 min  at 37 ◦C, then 0.1 M boric acid (pH 8.5) for 10 min. Sec-
tions were blocked with a solution of 0.3% Triton-X and 3% goat serum in TBS (TBS-X
plus) for 30 min, and then incubated with primary rat anti-BrdU antibody (1:200;
AbD Serotec, Raleigh, NC, USA) at a dilution of 1:200 in TBS-X plus for 72 h at 4 ◦C.
After washing with TBS, sections were treated with TBS-X plus for 30 min and then
incubated with a biotinylated goat anti-rat secondary antibody (1:250) in TBS-X
plus for 100 min  at room temperature. Sections were then treated with the ABC sys-
tem (Vector, Burlingame, CA, USA) and stained using a diaminobenzidine kit (DAB;
Sigma, St. Louis, MO,  USA). To measure the number of new cells that differentiated
into new neurons a separate one-in-six series was double-labeled with BrdU and
NeuN (mature neuron marker). Free-floating sections were handled as described
above with the exception of the use of a cocktail of primary antibodies: rat anti-BrdU
(1:200) and mouse anti-neuronal nuclear protein (NeuN; 1:50; Millipore, Billerica,
MA,  USA). Fluorescent markers were conjugated to secondary antibodies, made in
goat, at a dilution of 1:200 and also delivered as a cocktail, anti-rat and anti-mouse.
ABC and DAB steps were omitted.

A separate one-in-six series was  used to measure Iba-1 positive cells in the
hippocampus. Free-floating sections were handled as described above with the
exception of excluding the DNA denaturing step (i.e., incubations in formamide,
SCC buffer, hydrochloric acid, and boric acid) and the use of rabbit anti-mouse Iba-1
(1:500;Wako Chemicals, Richmond VA) as the primary antibody and a biotinylated
goat anti-rabbit (1:250) as the secondary antibody.

2.3.3. Image analysis
2.3.3.1. BrdU positive cells (DAB). The entire granule layer (bilateral), from a one-
in-six series, was imaged by an individual blind to the experimental conditions by
systematically advancing the field of view of a Zeiss brightfield light microscope,
and taking multiple photographs, via axiocam interfaced to computer, under 10×
(total 100×) magnification. Images were analyzed by ImageJ software. For each
image, the granule layer was outlined, and BrdU-positive nuclei were automati-
cally  counted by setting a fixed threshold to remove the background. The threshold
selected was validated by comparing automated counts to hands counts. In addi-
tion, the area (pixels) within the trace was  recorded. We reported the total number
of  BrdU positive cells counted in the granular cell layer rather than density due to
differential tissue shrinkage between aged and adult animals. Our objective was  to
assess relative differences between treatment groups which would be influenced
by differences in tissue shrinkage across groups. Though precautions were taken to
eliminate bias in counts, by using the automated counting software ImageJ and an
individual blinded to the treatment conditions the cell counts were not confirmed
by  unbiased stereology.

2.3.3.2. Iba positive cells (DAB). We opted to analyze the molecular layer of the hip-
pocampus for changes in the number and size of Iba-1 positive cells since it would
provide a larger number of cells than the granular layer and changes in the molec-
ular layer would likely influence the environment in the granule cell layer given its
proximity. The molecular layer (bilateral), from a one-in-six series, was imaged by

an  individual blind to the experimental conditions by systematically advancing the
field of view of a Zeiss brightfield light microscope, and taking multiple photographs,
via axiocam interfaced to computer, under 10× (total 100×) magnification. Similar
to  the BrdU analysis, Iba-positive cells were automatically counted with a fixed
threshold. The total number of Iba-1 positive cells counted and the density of Iba-1
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ositive cells are expressed by per cubic micrometer molecular layer sampled. In
ddition, average size of individual cells stained with Iba-1 within the trace was
ecorded. The average cell size is automatically calculated by ImageJ by dividing the
otal area occupied by Iba-1 staining, as determined by the background setting, by
he number of cells. Importantly, the average size of the area imaged was not dif-
erent between groups (data not shown). Therefore the difference in Iba-1 staining
annot be attributed to measuring a larger or smaller area.

.3.3.3. Double labeled BrdU and NeuN cells. BrdU-positive cells in the dentate gyrus
ere micro-analyzed by an individual blinded to the treatment condition by con-

ocal microscopy to estimate the proportion of BrdU positive cells that co-express
euN (neuronal nuclear marker). Number of new neurons per cubic micrometer
er  mouse was  calculated as number of BrdU cells per cubic micrometer (from
bove) multiplied by average proportion of BrdU cells co-expressing NeuN for a
iven experimental group.

.3.3.4. Experiment 2.4: effects of minocycline on hippocampal expression of IL-1�,
L-6, and CD74. Adult (n = 12) and aged (n = 10) male mice were divided within an
ge  group to the minocycline or control group. Consistent with Experiment 1, mice
eceived distilled water or minocycline in their drinking water for a total of 20 days.

.4. qRT-PCR

Mice in Experiment 2 were sacrificed by rapid decapitation without anesthe-
ia  after the 20 days of minocycline or control treatment. Hippocampal samples
ere dissected on a chilled glass dish and immediately placed into RNAlater solu-

ion (Qiagen, Valencia, CA) and stored at −20 ◦C until RNA isolation. Hippocampal
amples were homogenized and RNA purified by the RNeasy Mini kit (Qiagen,
alencia, CA), then quantified and assessed for purity using a NanoDrop ND-1000
pectrophotometer (NanoDrop Technologies, Wilmington, DE). The average RNA
ield  was 903 ng/�l per hippocampus sample with a 260/280 purity ratio of 1.9 or
igher. Conversion of RNA into cDNA was completed by following the instructions of
he  High-capacity cDNA reverse transcription kit that included an RNase inhibitor
tep (Applied Biosystems, Foster City, CA) using the following cycling conditions:
0  min  at 25 ◦C, 120 min  at 37 ◦C and 5 min  at 85 ◦C. After reverse transcription,
DNA was  held at 2–8 ◦C in a refrigerator overnight before conducting two-step
uantitative real-time reverse-transcription polymerase chain reaction (qRT-PCR)
o  determine the amount of specific mRNA transcript present in each hippocam-
al  sample. Hippocampal samples were analyzed for expression levels of IL-1�
Mm00434228 m1), IL-6 (Mm00446190 m1), and CD74 (invariant polypeptide of

HC  II, Mm00658576 m1). �-actin (Mm00607939 s1) served as the endogenous
ontrol gene. Levels of �-actin expression did not differ across age or treatment
roups. Each sample was run in triplicate for each gene in a 10 �l reaction that con-
ained 80 ng of cDNA and 0.5 �l of a 20× probe/primer mix  in one 384 well plate. The
mount of specific mRNA present was determined by utilizing TaqManTM probe and
rimer chemistry (Applied Biosystems, Foster City, CA) specifically designed to bind
o  reverse-transcribed cDNA of the genes of interest using an Applied Biosystems
900HT PCR instrument (Applied Biosystems, Foster City, CA) using the following
ycle parameters: 2 min  at 50 ◦C, 10 min  at 95◦ , followed by 40 cycles of 15 s at 95 ◦C
nd 1 min  at 60 ◦C. The amplification efficiency was  equal across all wells for a given
ene. Florescence data (�Rn) was exported from the Applied Biosystems SDS soft-
are and analyzed by DART (Data Analysis for RT-PCR) [21]. Gene expression data
ere normalized by dividing the Ro values of the target genes by the Ro values of

he  endogenous control gene �-actin.

.5. Statistical analyses

All data met  the basic requirements to perform an ANOVA analysis with the
xception of the number of BrdU cells and IL-6 gene expression data. The BrdU
ell  counts required a power transformation to normalize the distribution and one
utlier was removed from the IL-6 data to comply with the ANOVA requirements.
he  number of BrdU and Iba-1 positive cells, the number of BrdU cells that co-
abeled with NeuN, and RT-PCR gene expression data were analyzed by ANOVA

ith Age (adult or aged) and Treatment (minocycline or control) as the between-
ubjects factors. Body weight, consumption of minocycline/water and water maze
ata were analyzed by repeated measures ANOVA with Age and Treatment as the
etween-subjects variables and Day as the within-subjects (i.e., repeated-measures)
ariable. When the overall F was significant Fisher’s LSD was used to perform post
oc comparisons when appropriate. Correlations between Iba-1 staining intensities
r  cell counts and average path length across the five days of testing were conducted
sing Pearon’s r. An alpha level of p < 0.05 was considered statistically significant.

. Results
.1. Body weight

As expected, aged mice (28.9 grams) in Experiment 1 weighted
ignificantly more than adults (23.23 g), as shown by a main effect
in Research 242 (2013) 17– 24 19

of Age (F(1,31) = 177.92;p < 0.0001; see Fig. 1A). A significant main
effect of Treatment condition showed that minocycline treated
mice weighed more than control mice (F(1,31) = 8.67; p < 0.01). A
significant Age × Day interaction showed that aged mice tended
to lose weight across the 20 days, regardless of their treatment
condition, and adult mice tended to gain weight (F(3,93) = 24.92;
p < 0.0001). Overall, aged mice lost an average of 0.87 grams and
adult mice gained an average of 0.60 grams. No significant interac-
tion between minocycline treatment and age was observed.

In agreement, aged mice in Experiment 2 weighed more than
adults, as shown by a main effect of Age (F(1,18) = 64.91; p < 0.0001;
data not shown). Additionally, aged mice lost weight over the
20 days whereas adult mice gained weight, regardless of their
treatment condition, as shown by a significant Age × Day inter-
action (F(3,54) = 3.21; p < 0.05). No significant interaction between
minocycline treatment and age was observed.

3.2. Consumption of minocycline and water

Overall adult mice in Experiment 1 drank more than aged mice
regardless of the animal’s treatment condition, as shown by a sig-
nificant main effect of Age (F(1,31) = 23.00; p < 0.0001; see Fig. 1B).
On average adult mice drank 5.2 ml/day which translates to an
average daily minocycline dose of 86.50 mg/kg/day and aged mice
drank 4 ml/day which averages out to a daily minocycline dose of
73.55 mg/kg/day with an average body weight of approximately 29
grams. No significant main effect or interaction with minocycline
treatment was  observed.

In Experiment 2, there was  a similar trend for adult mice to
drink more than aged mice regardless of the treatment condition,
as shown by a significant main effect of Age (F(1,18) = 4.92; p < 0.05;
data not shown). On average adult mice drank 5.81 ml/day and aged
mice drank 5.03 ml/day. No significant main effect or interaction
with minocycline treatment was  observed.

3.3. Effects of minocycline on spatial learning

Analysis of distance swam (path length) to the platform showed
that all of the mice acquired the task as distance swam decreased
across the five days of testing (F(4,124) = 44.50; p < 0.0001; see
Fig. 2A). Additionally there was  a significant main effect of Age
and a significant Age × Treatment × Day interaction (F(1,31) = 7.37;
p < 0.01; F(4,124) = 4.17; p < 0.005, respectively). Adult mice overall
swam a shorter distance to locate the platform than aged mice.
On day 2 of testing, aged mice administered minocycline swam
a shorter distance than aged control mice (p < 0.05; see Fig. 2A).
Minocycline administration did not significantly alter the distance
adult mice swam to the platform. Minimal effects of minocy-
cline administration were observed on swim speed. Adult mice
given minocycline swam faster than adult controls, particularly
on Day 1 of testing, as shown by a significant Age × Treatment
interaction (F(1,31) = 3.93; p < 0.05; see Fig. 2B). Additionally, swim
speed decreased across the five days of testing (F(4,124) = 38.79;
p < 0.0001; see Fig. 2B). For the probe trial, a significant main effect
of Age showed that adult mice crossed that original platform loca-
tion more often than the aged mice (F(1,31) = 15.34; p < 0.0005; see
Fig. 2C). No significant main effect or interaction with minocycline
treatment was  observed.

3.4. Effect of minocycline on new cell survival and neuronal
differentiation
As expected, aged mice showed significantly fewer BrdU pos-
itive cells in the granular layer of the hippocampus compared
to adults, as shown by a main effect of Age (F(1,31) = 72.27;
p < 0.0001; see Fig. 3A). No significant main effect or interaction
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ig. 1. Body weight and consumption. Aged mice weighed more than adult mice (A
ice  drank less than adult mice (B). Minocycline-treated adults drank significantly m

roup.  + indicates a significant difference from treatment-matched adult mice. Bars

ith minocycline was observed. Additionally, assessment of the
stimated number of BrdU-positive cells co-expressing NeuN (i.e.,
ew neurons) in the granular cell layer showed significant main
ffects of Age and Treatment and a significant Age x Treatment
nteraction (F(1,31) = 339.83; p < 0.0001; (F(1,31) = 9.08; p < 0.05;
F(1,31) = 8.91; p < 0.05, respectively, see Fig. 3C). Aged mice had
ignificantly fewer new neurons than adults. Administration of
inocycline increased the number of new neurons in adult mice

ompared to controls (p < 0.05) but not in aged mice (see Fig. 3C).

.5. Effect of minocycline on Iba-1 positive cells

Assessment of the of Iba-1 positive cells in the molecular layer of
he dentate gyrus showed that minocycline administration did not
lter the density of Iba-1 positive cells (F(1,31) = 3.12; p < 0.08 ns).
owever, there was a significant main effect of Treatment for the

otal number of Iba-1 positive cells counted (F(1,31) = 5.73; p < 0.05,
ee Fig. 4C), that showed minocycline treatment decreased the
otal number of cells counted in the molecular layer. Additionally,

inocycline administration significantly decreased the average
ize of Iba-1 positive cell compared to control mice, regardless of
ge (F(1,31) = 5.11; p < 0.05, see Fig. 4A). No significant interaction
etween minocycline treatment and age was observed.

.6. Effect of minocycline on hippocampal gene expression

Analysis of the endogenous control gene, �-actin, showed no

ignificant changes in expression across the age or treatment
roups. Aged mice showed a significant increase in hippocam-
al expression of IL-1�, IL-6 and CD74 compared to adults
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p < 0.0001, respectively; see Fig. 5A–C). However, no significant
main effects or interactions with minocycline treatment were
observed for any of the genes measured.

3.7. Correlations between performance in the water maze and
Iba-1 cells

The average distance swam across the five days of testing (i.e.,
path length) was calculated for each individual mouse in Experi-
ment 1 and correlated with their corresponding measurements of
Iba-1 positive cells. For aged mice, there was a significant positive
correlation between average path length and total Iba-1 staining
in the molecular layer of the hippocampus (r = 0.52, p < 0.05 see
Fig. 6A), in which higher levels of Iba-1 staining were associated
with longer path lengths in aged mice. Additionally, aged mice
showed a significant positive correlation between the average path
length and the number of Iba-1 positive cells (r = 0.52, p < 0.05, see
Fig. 6B), indicating that higher cell counts were associated with
longer path lengths. Adult mice showed no correlation between
path length and Iba-1 staining or total Iba-1 positive cell counts
(see Fig. 6C and D, respectively).

4. Discussion

The present data indicate that repeated treatment with minocy-
cline improves spatial learning in aged mice. To the best of our

knowledge this is the first report that shows minocycline treatment
can attenuate age-related cognitive deficits. Minocycline treatment
also reduced the average size of Iba-1 positive cells which cor-
related with the distance swam in the water maze, potentially
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Fig. 3. Hippocampal neurogenesis. Aged mice showed decrease new cell survival as indicated by reduction in the number of BrdU positive cells in the granular layer compared
to  adults. Minocycline treatment had no effect on the number of BrdU positive cells in adult or aged mice (A). Representative hippocampal sections double labeled with
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ice,  but had no effect in aged mice (C). + indicates a significant difference from trea

roup.  Bars represent mean number of cell ± SEMs. (For interpretation of the refere

ndicating a link between the improvements in spatial learning and
icroglial cell activity.
Performance of the aged mice treated with minocycline in the

ater maze was comparable to the adult mice during the initial
ays of testing, as minocycline treatment lead to faster acquisi-
ion compared to the aged controls. These findings complement
rior reports that have shown minocycline improves cognitive
erformance in animal models of Alzheimer’s disease [22,23].
or instance, spatial memory impairments induced by transgenic
verexpression of the human �-amyloid precursor protein are
ttenuated by minocycline treatment [24]. Similarly, minocycline
educed the number of working and reference memory errors in
he radial arm water maze in the Ts65Dn mouse model of down-
yndrome that show increased microglia activation relative to
ild-type mice [23]. These studies indicate that minocycline atten-
ates cognitive deficits in animal models of neurodegenerative
iseases. The present data extend this existing work by demon-
trating that minocycline treatment can attenuate learning deficits
hat develop with normal aging in the absence of a disease state or
amage.

The minocycline-induced learning improvements in the age
ice may  be related to inhibition of microglial cells. We  observed

 significant reduction in the average the size and total number of
ba-1 positive cells in the molecular layer of the dentate gyrus fol-
owing minocycline treatment. The reduction in size may  indicate
educed activation as alterations in the morphological features are

ssociated with changes in microglia activation, though changes
n morphology alone are insufficient to determine the phenotype
he cells are expressing [25]. Additionally, significant correlations
n the aged, but not adult, mice revealed that higher levels of Iba-1
 aged mice (B). Minocycline treatment increased neuronal differentiation in adult
t-matched adult mice. * indicates a significant difference from age-matched control

 color in this figure legend, the reader is referred to the web version of the article.)

staining and higher numbers of Iba-1 positive cells were associ-
ated with increased path length in the water maze. Assessment
of hippocampal expression of the proinflammatory cytokines IL-
1� and IL-6 and expression of CD74 confirmed that aged mice
showed increased basal expression of these inflammatory genes
compared to adults in agreement with prior reports that show aging
primes microglial cells [8,9]. As shown in Fig. 5, we  saw a mod-
est, but non-significant, reduction in IL-1� expression in the aged
minocycline-treated mice compared to aged controls. Whether
minocycline treatment reduced protein levels of these proinflam-
matory cytokines was not assessed in the present study, leaving the
possibility that post-translation effects of minocycline may  occur.
An additional possibility is that assessment of microglia expres-
sion levels of proinflammatory cytokines rather than expression in
the entire hippocampus would have resulted in different findings
given that other cells in the hippocampus may  be releasing inflam-
matory cytokines as well [26]. Even in the absence of alterations
in cytokine expression, our data indicate that minocycline is influ-
encing microglia as shown by a reduction in the number and cell
size.

An alternative possibility is that minocycline treatment is
improving cognitive function independent of its anti-inflammatory
effects. Minocycline has also been shown to have anti-apoptotic
effects through inhibition of capases and to inhibit several enzymes
including matrix metalloproteinases (MMPs) which play a role in
neural plasticity and intracellular signaling [27,28]. Animal models

of Fragile-x syndrome have indicated that minocycline, through
inhibition of MMP-9, improves cognitive function and promotes
maturation of dendritic spines in vivo and in vitro [28]. Recent
work by Lee et al. [29] has shown that MMP-9 levels are elevated
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Fig. 4. Iba-1 positive cells. (A) Regardless of age minocycline treatment significantly reduced the average size of Iba-1 positive cells. (B) Sample images of Iba-1 labeled
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n the brain of aged mice compared to adults. Though currently
nknown, the age-related increase in MMP-9 may  contribute to
ognitive deficits that may  be attenuated by minocycline treatment.
urther minocycline may  influence cognitive function by enhanc-
ng protein translation. Prior work has shown that minocycline can
educe phosphorylation of eukaryotic initiation translation factor
� (eIF2�) [30]. Phosphorylation of eIF2� reduces protein produc-
ion by preventing eIF2� from forming a pre-initiating complex
hat is required to initiate translation. Increased phosphorylation of
IF2� is associated with impairments in memory consolidation and
ynaptic plasticity [31,32]. Normal aging increases the phospho-

ylated form of eIF2� [31]. Potentially, minocycline may  improve
ognitive performance in aged animals by attenuating eIF2� phos-
horylation, but additional work is needed to test this possibility.
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Prior reports have implicated neurogenesis in hippocampal-
dependent cognitive performance [12–14].  Aging is associated with
a substantial decline in the production of new cells relative to
adults [11], as confirmed in the current study, potentially indicating
that age-related reductions in neurogenesis contribute to cogni-
tive decline. Therefore we  wanted to assess whether improvements
in spatial learning were associated with increases in neurogene-
sis. Prior reports have shown that reducing production of IL-1� or
increasing levels of fractalakine, a neuroimmune modulatory pro-
tein, in aged subjects increases neurogenesis [15,16]. In the current
report, we found that minocycline had no effect on new cell num-

bers or neural differentiation of new granular cells in aged mice.
The divergence from prior reports may  result the differences in
the compounds, the route of administration, and duration of the
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n  adult mice. Individual graphs list the Pearson’s correlation coefficient (i.e., r valu

reatments. The inability of minocycline to restore levels of neuro-
enesis in the aged mice is not completely unexpected, as although
ge-related increases in neuroinflammation may  contribute to the
ecline in neurogenesis several other factors, such as an age-related
ecline in the of number viable stem cells and slowing of the cell
ycle, likely play a larger role in suppressing neurogenesis in aged
ubjects compared to inflammation [33,34]. The data indicate that
he minocycline-induced improvements in spatial learning in the
ged subjects were independent of alterations in neurogenesis. In
dult mice, minocycline had no effect on survival of BrdU positive
ells, but interestingly, we observed an increase in the proportion
f new cells that differentiated into neurons in the adult subjects
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osis of new neurons or potentially microglia may encourage new
ells to differentiate into astrocytes and that minocycline treatment
locks this bias. Further studies will need to determine whether
hese or other mechanisms of minocycline mediate the increase in
ew neurons in adult mice.

In summary, these findings indicate that prolonged treatment
ith minocycline improves acquisition of a spatial learning task

n aged animals. One possibility is that the age-related changes
n microglia activation contribute to the development of cognitive
eficits, as performance of aged mice in the water maze was corre-

ated with Iba-1 staining levels and cell counts, as lower counts
nd staining levels were associated with a shorter overall path
ength to locate the platform. However, minocycline may  improve
ognition through inflammation independent mechanisms such as
nhibition of MMP  and/or improving translation. Further work is

eeded to elucidate the primary pathways through which minocy-
line enhances cognitive performance in aged subjects, as such
nowledge will facilitate the development of novel treatments to
nsure the preservation of cognitive function though the lifespan.
aze testing and Iba-1 staining. There are significant positive correlations between
d mice. Path length did not correlate with Iba-1 staining (C) or Iba-1 cell counts (D)

 p value.
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