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Abstract

Effect of age and ladostigil treatment (1 mg/kg/day), given for 6 months to 16 month old rats, was investigated on microglial
morphology in brain regions associated with control of spatial learning. This was assessed in the Morris water maze (MWM).
Microglial morphology was assessed with diaminobenzidine and fluorescent staining with Ibal and CD11b in these brain regions.
Aging did not change the number of microglia in the parietal cortex (PC) or hippocampal CA1 region (CA1-HC), but decreased
microglial process tips in the CA1-HC, increased the area fraction stained by CD11b and number of bulbs on processes in PC and
CA1-HC and thickness of microglial processes in corpus callosum (CC) and fornix (Fx). Performance in MWM (distance swam to
escape platform) was negatively correlated with number of bulbs in PC and thickness of process in CC, and positively correlated
with number of process tips in CA1-HC. Aging increased expression of MHC class II genes and others associated with motility and
membrane adhesion in the PC and hippocampus, but Adora2a (Adenosine A2a receptor), only in hippocampus. Age-related
increase in the number of bulbs and expression of inflammatory genes was prevented by ladostigil in PC. In the CA1-HC, ladostigil
increased the number of process tips and prevented the increase in expression of Adora2a and genes regulating ion channels.
Ladostigil also decreased thickening of the processes in CC and Fx. The data show brain region-specific relations induced by age in
spatial learning, microglial morphology and associated genes and their response to ladostigil treatment.
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Abbreviations Introduction
CAIl-HC hippocampal CA1 region
CcC corpus callosum An age-related decline in cognitive function, including spatial
DAB diaminobenzidine learning and memory (Light and Zelinsky 1983; Pezdek 1983;
FPKM Fragments per kilobase million Petersen et al. 1992; Gallagher and Nicolle 1993; Ingram et al.
Fx fornix 1994) is common to all species studied. Such deficits in spatial
HC hippocampus learning and memory are associated with cell damage that re-
Ibal Ionized calcium binding adaptor molecule 1 sults from oxidative stress, prolonged microglial activation and
protein release of pro-inflammatory cytokines (Bickford et al. 2017).
MWM Morris water maze Microglia of aged rodents and humans have a lower threshold
PC parietal cortex for activation (Perry et al. 2010) and a higher expression than

that found in younger ones of genes of inflammatory markers
of the major histocompatibility complex (MHC class II) im-
mune response pathway and pro-inflammatory cytokines like
04 Marta Weinstock TNF-o and IL-13 (Wong 2013).
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(Bettcher et al. 2014; Li et al. 2014). Disruption in the function
of any of these regions can impair spatial memory (Vann et al.
2011; Albasser et al. 2013; Conejo et al. 2013). However,
most studies that investigated a relation between memory im-
pairment and alterations in microglial activity and/or morphol-
ogy in aged rats were confined to the HC (Jacobson et al.
2008; VanGuilder et al. 2011; Lana et al. 2016;). Although
an increase was found in the expression of neuro-
inflammatory signaling transcripts and Ibal protein in hippo-
campal sub-regions in 24 month old Fischer rats, the expres-
sion of these transcripts did not differ between those with
impaired and intact memory (Van Guilder et al., 2011).
Moreover, in the HC, there do not appear to be any reports
of a relation between the magnitude of a change in microglial
morphology or activity and that in spatial memory.

Relatively few studies have been reported on spatial
learning and memory in male rats of different ages.
Like that cited above, most of them were performed in
inbred strains like Fisher 344 and its hybrids. The
Fisher344/Brown Norway F1 hybrid was developed by
the National Institute on Aging (NIA) as a genetically
defined rat model with an improved health profile at
older ages. They have a longer lifespan and a delayed
onset of age-associated pathologies (Spangler et al.,
1994; Turturro et al. 1999), but these may not be typ-
ical of age related changes in other strains. Even in this
hybrid strain, the onset of spatial memory impairment is
very variable and may be as early as 18, or as late as
31 months of age (Hebda-Bauer et al. 1999; McQuail
and Nicholl 2015). In Sprague Dawley and Wistar
Kyoto rat strains, spatial learning in the Morris water
maze (MWM) is largely intact until 18 months of age,
and at this age, rats appear to use a different strategy to
find the escape platform (Wyss et al. 2000).

Wistar rats have a significant increase in the expression of
genes that denote neuroinflammation (CD86, CD40 and
ICAM), together with that of pro-inflammatory cytokines,
IL-13, IFNy and IL-18 at 15 months of age (Griffin et al.
2006). These rats also show a reduction in hippocampal
LTP, indicating that inflammation precedes and probably con-
tributes to spatial memory impairment. However, we are un-
aware of reports of spatial learning or measures of microglial
morphology in the HC or other brain regions that were
assessed in 15 month old rats.

In previous studies we reported that ladostigil (1 mg/kg/
day), a compound with anti-oxidant (Maruyama et al. 2003)
and anti-inflammatory activity (Moradov et al. 2015),
prevented the development of learning and memory deficits
in aging male Wistar rats (Weinstock et al. 2011 2013). Its
effect was associated with a reduction in microglial activation
in the PC, CC and Fx, but not in the hippocampal CA1 region
(CA1-HC). Microglial activation was assessed as the increase
in per cent area of immunoreactivity measured with an
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antibody to CD11b (Weinstock, et al. 2013). Drug treatment
was initiated at the age of 16 months, while the object recog-
nition memory of the rats was slightly impaired and continued
for 6 months until the majority of untreated rats showed clear
spatial learning deficits in the MWM. Earlier unpublished
findings in our laboratory confirmed those of others (Wyss
et al. 2000) that spatial learning in the MWM of 16 month
old rats, as measured by path length to escape platform, did
not differ significantly from that of 6 month old adults.
However, we found that it took six months of treatment with
ladostigil (1 mg/kg/day) in 16 month old rats to restore their
object recognition ability to that in young adults (Weinstock
et al. 2013).

The microenvironment in different brain regions shows
considerable diversity in its metabolism, neurotransmitter pro-
file and in the microglial transcriptome (Olah et al. 2011;
Eggen et al. 2013; Grabert et al. 2016). This may explain the
differences in the morphology of microglia in grey matter,
which have radially extending processes, from those in white
matter, which have a bipolar arborization (Lawson et al.
1990). After activation, microglia in grey matter have a higher
expression of CD11b and CD45, retracted processes and may
assume an amoeboid appearance in some brain regions (Eyo
and Wu 2013). In white matter, injury and aging result in
thickening of microglial processes (Hanlon et al. 2017).

The aim of the current study was to see how aging
affected detailed microglial morphology in brain regions
associated with the integration of learning and memory
and to determine which changes in microglial structure
in each region correlated best with the learning deficits.
We also made a comprehensive analysis of the expres-
sion profiles of immune and inflammation related genes
in the adult (4-5 months old) and aged (22 months old)
HC and PC by means of transcriptome RNA-seq, and
determined the effect of chronic treatment with
ladostigil on glial morphology and associated changes
in gene expression. Previous studies in brains of humans and
rodents reported an age related increase in expression of genes
in the HC associated with inflammatory processes. These in-
cluded genes related to complement and MHC class II (Cribbs
etal. 2012; Masser et al. 2014; Ivanov et al., 2017; Pardo et al.
2017). We were unable to find reports of such changes in the
PC.

Materials and Methods

Animals and their Treatment

Males of the Wistar strain aged 4-5, or 22 months of age were
used. Half of the latter were treated with ladostigil (1 mg/kg/

day) for 6 months from the age of 16 months and the remain-
der with drinking fluid according to the guidelines of the
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Animal Ethics Committee of the Hebrew University # MD-
13-13,808-2 and as described in (Weinstock et al. 2013).

Assessment of Spatial Memory

Spatial memory in 12 adult (aged 4-5 months), 14 aged, un-
treated and 14 aged rats treated with ladostigil (aged
22 months) was assessed in the Morris water maze (MWM)
as described in (Weinstock et al. 2011). To begin each trial the
rat was placed into the water facing the maze wall from one of
four start positions, evenly spaced around the pool (N, S, E
and W). These were chosen randomly for all rats at the begin-
ning of each day. If the rats failed to find the escape platform
within 120 s it was placed on it for 20 s and then removed
from the pool. The rats were given two trials a day for 4 days
between 9:00 and 13:00 h with an inter-trial interval of
15 min. Each trial was recorded by a digital camera connected
to a tracking system. The swim speed, latency to reach escape
platform and distance swam was measured by means of an
automated video-tracking system (HVS, UK Ltd).

Histology

Four days after the completion of the spatial memory test, six
adult controls, and eight each of untreated aged and those
given ladostigil were anesthetized with sodium pentobarbi-
tone, perfused transcardially with 0.02 M phosphate buffer
saline, pH 7.4 at room temperature, followed by ice-cold 4%
paraformaldehyde and 4% sucrose in 0.1 M phosphate buff-
ered saline pH 7.4. For immuno-histochemical staining, coro-
nal brain blocks were cut on a cryostat and sections 30 um
thick were collected floating as previously described (Shoham
etal. 2007). Microglia were stained by incubation with mouse
anti CD11b subunit of complement receptor-3 (CR3) (clone
0X42 from Chemicon, USA) as described in Weinstock et al.,
(2011), and with rabbit anti-ionized calcium binding adaptor
molecule 1 protein (Ibal). Sections were stained either singly
with diaminobenzidine (DAB) or doubly, by fluorescent anti-
bodies (Table 1).

Selection of Histological Variables to Correlate
with Behavior

We determined whether aging alters the microglial structural
substrate for potential interaction with neuronal elements in
the PC (Weinstock et al. 2013) and CA1-HC (Min et al. 2009;
Woodward et al. 2017). Such interaction is mediated by the
tips of microglial processes (Tremblay et al. 2010). Studies
with transgenic mice expressing a green fluorescent reporter
protein demonstrated that microglial tips present either as
“stick like” shapes in which their diameter is the same as the
process stem, or as “bulbs”, in which the process thickens to
2-4 times that of the stem and forms a rounded shape remi-
niscent of a light bulb (Tremblay 2010). In senescence accel-
erated mice, immunohistochemical staining with anti Ibal
showed a reduction in the number of microglial tips in hippo-
campus that preceded the emergence of learning deficits. This
suggested a relation between the number of such tips and
learning (Hasegawa-Ishii et al. 2011) that might also apply
in normal aging in rats. The number of bulbs in microglial
processes has been shown to be influenced by neuronal activ-
ity in an in vivo fish larvae model (Li et al. 2012) that depends
on complement 3 protein expression (reviewed in Tremblay
etal. 2010). We therefore used immunohistochemical staining
of complement 3 receptor in order to visualize bulbs in our
study. We sought a correlation between each tip subtype and
spatial learning in the MWM. The data from these analyses
were compared to the regional area fraction of immunoreac-
tivity as described in Weinstock et al., (2013). In a pilot im-
munohistochemical study in rats aged 16 months we observed
a mild increase in the area fraction (percent area immunoreac-
tivity) of microglial complement 3 receptor (cd11b) in CAl-
HC which together with the data of Griffin et al., (2006),
provides support for some change in microglial morphology
at this age even though it is probably less than at 22 months at
which learning deficits are clearly seen.

We also performed a morphological analysis of microglial
processes in the white matter (CC and Fx) in which microglia
may not modulate information processing by contact with
neuronal circuitry but are in a position to respond to diffusible

Table 1 Immunohistochemistry in a set of sections employing different fluorophores or diaminobenzidine as the final color product (bright field
imaging)
Primary antibody ~ Source Dilution Secondary antibody  Dilution Source Strept- Avidin/ Extravidin = Source
Fluorescence
Rabbit x Iba 1 Wako Japan 1:4000  Donk. x Rabbit biotin 1:400 Millipore AP182B DyLight 488, green Jackson 016480084
Mouse x CD11b  Millipore 1:1000 Gt x Mouse biotin 1:400 Sigma B0529 Cy3 Red, Sigma S6402
Diaminobenzidine Sigma D5637
Rabbit x Iba 1 Wako Japan 1:4000  Donk. x Rabbit biotin 1:400 Millipore AP182B  Extravidin peroxidase Sigma E2886
Mouse x CD11b Millipore 1:1000  Goat x Mouse biotin ~ 1:400 Sigma B0529 Extravidin peroxidase Sigma E2886
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substances such as ATP released from myelinated axons
(reviewed in Fields 2008). These, together with adenosine,
have been shown to modulate microglial activity (Haynes
et al. 2006; Gyoneva et al. 2009). Our preliminary microscop-
ic examination revealed that microglia do not appear with their
entire outline in white matter but only as processes. Therefore,
we measured thickness of microglial processes which has pre-
viously been shown to be associated with their activation
(Jonas et al. 2012) and determined its relation to spatial
learning.

Sampling Methods and Quantification of Microglia

Coronal sections were from anterior-posterior range of P2.3 to
P3.3 mm from the bregma (Paxinos and Watson 1986) for PC
and P3.14 to P3.8 mm from the bregma for dorsal HC. To
quantify the spatial density of microglia, images of Ibal-
DAB positive cells were acquired using Olympus 61 bright
field microscope and 10x objective. Six fields were obtained
from each PC and HC of every rat. In the HC, microglia were
only counted in the CA1 stratum radiatum, in which we pre-
viously found age related changes (Weinstock, et al. 2011).
The area of each field was 0.6 square mm. The number of
microglia was determined by means of ImageJ particle analy-
sis plugin and averaged across six fields for each rat.

To quantify spatial distribution of CD11b, both DAB-
stained and fluorescent-stained sections were sampled. DAB
images were acquired as described above for cell counts.
Fluorescent confocal images were acquired by the Olympus
FV-1000 confocal microscope (Olympus, Japan). The images
were converted to gray scale and the threshold adjusted so that
only specific staining was detected by the ImageJ analysis
software. To obtain percent area of immunoreactivity, the total
area above threshold was calculated and divided by the total
area of the sampled field. To quantify morphological vari-
ables, images were obtained from Ibal-DAB and CD11b-

Fig. 1 Microglia in hippocampal
CAL region and parietal cortex
(PC) stained with fluorescent
antibodies and DAB to CD11b
and Ibal. PC = Parietal cortex,
CA1-HC = hippocampal CA1
region. Fluorescent double
immunohistochemistry: CD11b,
red; Ibal, green. Bright field DAB
stain of CD11b and Ibal.
Horizontal arrows indicate bulbs;
vertical arrows indicate process
tips. Calibration bar: 20 pM

CA1-HC

PC
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Merged

DAB stained sections using Olympus 61 bright field micro-
scope and 40x objective. Five fields were sampled from each
region (PC, CA1-HC, CC and Fx) of each rat. Each field
measured 219 x 219 um. From each grey matter field, five
microglial cells were chosen for analysis. Microglia were se-
lected if they had a visible soma in the plane of focus and a
dendritic tree that contained at least three major branches aris-
ing from the soma. A total of 25 cells were analyzed from each
rat for each grey matter region. For white matter, fields were
sampled from the midline laterally to the dorsal horn of the
lateral ventricle. Images were processed using ImagelJ to ob-
tain percent area immunoreactivity and to measure the thick-
ness of microglial processes.

Morphological Analyses in Microglia of Grey Matter

In the PC, images were captured from layers 4-5 and in the
CA1-HC, from the stratum radiatum. The number of tips on
the processes for each microglial cell was measured using
Imagel. Since Ibal was expressed in the entire dendritic tree,
it was used to count the total number of process tips, while
CDl11b, which was expressed most reliably in the bulbs, was
used to count them.

Fluorescence Microscopy

Three additional sections were sampled for fluorescent double
staining of CD11b and Ibal. By the use of a combination of a
fluorescent antibody to CD11b and Ibal in the grey matter
areas, we were able to choose the optimal quantification meth-
od. We used a DAB stain for each antibody to quantify
microglial process tips and bulbs since this was more reliable
than with the fluorescent stains (Fig. 1). All assessments were
made by an observer blind to the age and treatment of the rats.

Iba1
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Generation of Calibration Bars for Histological Figures

Confocal fluorescent or diaminobenzidine (DAB) images
with a known size (e.g. 219 x 219 um) were imported into a
Power point composite figure. The Power point intrinsic ruler
enabled determination of the length of ruler units that
corresponded to the length in pwm in the image. A line was
drawn adjacent to the ruler to denote the length in pm.

Tissue Extraction and RNA Preparation

Six rats of each group were sacrificed three days after the
spatial memory assessment, the whole brain was dissected
and placed into chilled Hanks basal salt solution for less than
three minutes. The HC and PC were dissected, weighed and
placed in RNase-free labeled tubes that were immediately
flash frozen and stored at —80 °C. RN A was isolated following
the manufacturer’s instructions (Qiagen, CA, USA). Qiagen
RNeasy kit was used for tissue lysis. The reagent was added to
the frozen tissue prior to homogenization. Approximately
500-800 ng of high-quality RNA was isolated per sample
and tested for its purity.

Next Generation Sequencing

Transcriptome profile was determined for each animal and
each sample of a brain area (HC and PC) by next generation
sequencing pipeline (Trapnell et al. 2009). A RNA-seq library
was prepared using a TruSeq RNA Sample Prep kit (Illumina,
CA, USA). The sequencing was performed based on Illumina
NextSeq550 platform with a 150 bp paired-end reads mode.
On average, each sample produced 30-35 million reads. The
sequencing protocol included sequence quality, removal of
adaptor sequences (using FASTX- trim adaptor protocol)
and removal of duplicated reads for minimized PCR amplifi-
cation biases. Accepted fragments passed the FASTQ thresh-
old and had <2 mismatch. The reads were aligned to the Rat
genome (RGSC Rnor 6.0, 2014) using TopHat2. We used
Cufflinks assembler that estimates gene abundances by
FPKM (Fragments per Kilobase Million), and tests the differ-
ential expression in RNA-Seq sample groups. Based on
Cufflinks toolkit (version 2.2.1) the relative abundances of
the transcripts were estimated according to FPKM support.
For statistical assessment of the counts, we applied DESeq2
functions. A minimal fold change threshold of 1.25, and a
corrected mean p value of <0.05 were required for each
pairs of groups. Total of 122 genes from HC and 196
from PC met the statistical criteria for ladostigil treated
animals and their matched aged group (p value <0.05).
Setting a threshold of FPKM = 20 for these gene sets resulted
in 170 and 106 genes for PC and HC, respectively which were
further analyzed.

Bioinformatic Analysis

Functional enrichment of gene lists was performed using
the DAVID (Huang et al. 2007) platform based on annotations
extracted from Gene Ontology (GO), UniProt and KEGG
pathways. Statistical enrichment of gene lists was performed
with respect to the gene expressed in the relevant brain area as
reference sets. The number of identified expressed genes re-
vealed by the RNA-seq protocol was 13,923 and 14,110 genes
for HC and PC, respectively.

Statistics

Average daily path lengths swum by rats in the MWM during
4 days were analyzed by repeated Analysis of Variance
(ANOVA); measures of microglial morphology were ana-
lyzed by ANOVA followed by Tukey’s post hoc test.
Significance of the correlations between performance in the
MWM test and measures of microglial morphology was de-
termined by student’s t test. Data represent the means and
standard error of the mean (SEM) for path length and mean
and standard deviation (STD) for microglial analyses. A p
value of <0.05 was considered to be significant.

Results
Spatial Learning

Since we found that the aged rats swam more slowly than the
adult ones in this study we measured the differences in path
length swam by the rats to reach the escape platform rather
than latency as previously reported (Panarsky et al. 2012). In
order to have a single number to correlate with different mea-
sures in microglia, we averaged path length over the last two
days of the test for each rat. This was significantly greater for
aged untreated than young adults. Ladostigil reduced the av-
erage path swam by the rats during the 3rd and 4th days
(Fig. 2). The mean values obtained for the three groups were:
young adults, 3.92+0.44 m; aged untreated 13.06 £0.86 m
(p <0.0001, cf. adult controls); aged + ladostigil, 6.20 £
0.86 m (p <0.00025, cf. aged controls).

Analyses of Microglia in Different Brain Regions

As shown by others (Mouton et al. 2002; VanGuilder et al.
2011), the number of microglia in the CA1-HC and PC of
aged rats did not differ from those in adult animals
(Table 2). However, the area fraction occupied by microglia
was significantly higher in aged than in adult rats in the PC,
CA1-HC, CC and Fx (Fig. 3). Ladostigil treatment selectively
reduced the area fraction in the PC (p <0.01), CC (p <0.05)
but not in the CA1-HC or Fx (Fig. 3). There were significant

@ Springer
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Fig. 2 Effect of ladostigil treatment on reference memory in the Morris 5 i
water maze. Data show the mean+SEM of path length to reach the 0
escape platform as the average of two daily trials on four successive Adults Aged  Aged +
Ladostigil

days in adult rats aged 4-5 months, aged rats aged 22 months, with and
without ladostigil. Repeated measures ANOVA showed a significant
effect of trial (p <0.0001) and of group, (p <0.05). Significantly
different from adult control rats, * p <0.05; ** p<0.01); significantly
different from untreated aged rats * p < 0.05; *# p <0.01)

correlations between path length to escape platform and area
fraction in the PC, r=0.52, p<0.02; CC, r=0.59, p<0.01
and Fx, r=0.63, p <0.005, but not in the CA1-HC.

In the CA1-HC of adult controls, CD11b expression was
seen in bulbs found on some microglial processes, while Ibal
expression was apparent in the entire microglial outline except
for bulbs (Fig. 4a). Bulbs stained for CD11b in 22 month aged
rats were seen at the tips of many processes and also along
their length. The number of bulbs was higher, and the number
of processes lower than in adults (Fig. 4a, b). Ladostigil in-
creased the number of bulbs and processes (Fig. 4a, b). A
significant negative correlation was found between path
length to escape platform (shorter distance) and the number
of process tips in the CA1-HC, r=0.654 p <0.005 (Fig. 4c),
but there was no significant correlation with the number of
bulbs (»=0.317) indicating that performance in spatial learn-
ing was increased in proportion to the number of processes.

Table 2 Microglia spatial distribution (DAB, Ibal)

Treatment Group PC CA1-HC
Young Adults 250.0+26.3 2242+19.8
Aged, untreated 255.4+23 2274+12.8
Aged + Ladostigil 237.4+9.7 221.5+14.0
ANOVA NS NS

Entries are mean numbers of microglial cells per square millimeters and
the respective standard deviations

PC = parietal cortex, CA1-HC = hippocampal CA1 region, stratum
radiatum

ANOVA for microglial spatial density was; PC: F,19=0.29, p <0.75;
CAI1-HC: F,19=1.63,p<0.22

@ Springer

Fig. 3 Quantification of area fraction occupied by microglia in different
brain regions. PC = Parietal cortex, CA1-HC = hippocampal CA1 region;
CC = corpus callosum; Fx = fornix. ANOVA for area fraction was; PC: F'
218=10.00, p<0.001; CA1-HC: F ,15=1.14, p=0.34; CC: F 5 13=
3.40, p<0.05; Fx: F 5,5=9.93, p<0.001. Significantly different from
adult control rats, * p<0.05; ** p<0.01; significantly different from
untreated aged rats ¥ p<0.05; * p<0.01. Area fraction was
significantly increased in the PC, CC and Fx of aged rats. Ladostigil
reduced the area fraction significantly in the PC and CC

In the PC, aging increased the number of bulbs (p» <0.01)
and process tips (p < 0.05). In contrast to its action in the CA1-
HC, ladostigil reduced the number of bulbs (p <0.01), but
increased the number of processes (p<0.01) (Fig. 5a, b). A
significant positive correlation was found between path length
to escape platform and the number of bulbs in the PC, = 0.66,
p<0.005 (Fig. 5¢) but not with the number of process tips
(r=0.102), indicating that the larger the number of bulbs the
less effective was their spatial learning.

In the CC of adult rats, most expression of CD11b and Ibal
was in the microglial processes. The area fraction of CD11b
staining was significantly increased by aging (Table 3), as was
the thickness of the processes (Fig. 6a, b). As in adult controls,
CDl11b, expression in aged rats was seen mainly in the pro-
cesses but these were thicker. Some cell bodies in the CC were
also more densely stained. Ladostigil prevented the increase in
thickness of the processes in the CC (p <0.0001) (Fig. 6 a, b).
A significant positive correlation was found between path
length to escape platform and thickness of the processes in
the CC, r=0.755 p<0.0001 (Fig. 6¢).

Expression of Microglial Associated Genes

In the gene analysis we focused on the effect of aging on
differential expression of a number of microglial genes in
the HC and PC because of their importance for microglial
morphology and migration by activating membranous



J Neuroimmune Pharmacol (2019) 14:251-262

257

CD11b

Iba1

b) [ Bulbs [@ Process tips
__ 50
] H
© 40
.S sk
D 304 v
o
S
Q20
E
S 10
P4
0
Adults Aged Aged +
Ladostigil
c)
35, O Adults O Aged ® Aged + Ladostigil
2 "
= 30 [u}
g o‘) L L]
S 25{Cpom o
< . oo o
o o
G 20 = [u]
4
15 T + )
0 10 20 30

MWM Pathlength (m)

Fig. 4 Microglia in hippocampal CA1 (CA1-HC) region stained with
CD11b and Ibal. a DAB stain used for quantification of bulbs and
processes. Calibration bar: 20 pM. b Quantification of bulbs and
process tips in CA1-HC. ANOVA for number of process tips/microglial
cell, F 551 =5.64; p<0.02, and for number of bulbs, F ,,;=14.24,
p<0.0002. Significantly different from adult control rats, ** p <0.01;
significantly different from untreated aged rats, * p <0.05, * p<0.01.
(c) Relation between number of processes in microglial cells in the CA1-
HC and path length to escape platform, »=-0.65, p <0.005. Aging
increased the number of bulbs/cell in CA1-HC and decreased the
number of processes. Ladostigil increased the number of bulbs and
processes

signaling (de Monasterio-Schrader et al. 2013; Hickman et al.
2013; Safaiyan et al. 2016; Galatro et al. 2017). Many repre-
sentative MHC class II genes that are membrane recognition
markers and are considered hallmarks of microglia in the aging
rodent brain (Beutner et al. 2013; Grabert et al. 2016) were
overexpressed in the HC of aging rats, compared to only four
such genes in the PC (Table 3). Aging also significantly in-
creased the expression of two purinergic receptors,
AssR(Adora2a) and P2rx7R (a ligand gated ion channel) by
10 and 2 fold, respectively (p < 0.0001) in the HC, but not in the
PC. Additionally, an age-induced enrichment in the expression
of voltage-dependent K* channel (Kentl and Kenfl), Ca”
channel (Cacna2d2) and Na* channel (Scn4b) genes was ob-
served in the HC but not in the PC (Table 4).
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Fig. 5 Microglia in parietal cortex (PC) stained with CD11b and Ibal. a
DAB stain used for quantification of bulbs and process tips. Calibration
bar: 20 M. b Quantification of bulbs and process tips in PC, ANOVA for
number of process tips/microglial cell was F'5 5; = 5.64; p < 0.02; number
of bulbs, F ,,,=14.24, p<0.0002. Significantly different from
adult control rats * p <0.05; ** p <0.01; significantly different from
untreated aged rats, ™ p <0.01. Aging increased the numbers of bulbs/
cell and processes. Ladostigil decreased the number of bulbs in the PC
and increased the number of process tips. ¢ Relation between number of
microglial bulbs in PC and path length to escape platform, »=0.62,
p<0.005

In the PC, ladostigil significantly reduced the expression of
the genes of the MHC class II that were up-regulated by aging
(Table 3) and several of those associated with membrane lipid
signaling which were unaffected by aging (Fig. 7). In the HC,
the expression of only 4 of 16 MHC class II genes up regu-
lated by aging were significantly altered by ladostigil; three
were further increase and one, decreased. Ladostigil also
completely prevented the increase in A, R expression
(p <4e'), but not that of P2rx7. Ladostigil had no effect on
the expression of either purinergic receptor in the PC.
Ladostigil reduced the expression of all genes associated with
ion channels that were up-regulated by aging in the HC
(Table 4). In the PC, ladostigil treatment significantly reduced
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Table 3 Effect of aging and
ladostigil treatment on expression
of genes involved in immune

Relative Expression

activation in the parietal cortex Gene Gene name Adult Aged Ladostigil
and hippocampus
Hippocampus
RT1-Al RT1 class Ia 10.6%* 15.9 229
RT1-A2 RT1 class la 16.5%%% 25.9 33.8
RT1-A3 RT1 class I 5.8%% 8.2 14.6
RT1-Ba RT1 class I 2. 8wk 9.5 22.6*
RT1-Bb RTI class 1T 1.0%* 2.5 13.5%#:%
RTI-CEl RTI class | R e 9.6 104
RT1-CE10 RTI class | 6.9 9.7 14.7
RTI1-CE2 RTI class | 5.4% 8.6 11.6
RT1-CE3 RTI class | 4.4% 7.6 9.1
RT1-CE5 RTI class | 14.47%% 21.2 272
RT1-CE7 RTI class | 8. 4% 15.5 20.9
RT1-Da RTI class 1T 4.7k 21.8 44.1*
RT1-Dbl RT1 class 11 2.9tk 11.6 20.0
RT1-M6-1 RT1 class I 6.9% 9.9 13.1
RT1-N2 RT1 class Ib 12.6 10.2 5.3%*
RT1-S3 RT1 class Ib 6.9 14.3 20.5
Parietal cortex

Ttr transthyretin(Ttr) 15.3%%% 220.2 54.7%%*
RT1-Dbl RTI class II, locus Db1(RT1-Dbl) 0.7%%* 9.1 4.0%
RT1-Da RT1 class II, locus Da(RT1-Da) 2.3k 20.2 9.0%*
Cd74 CD74 molecule(Cd74) 6.8:%%% 63.4 31.3%*

Significantly different from aged, *p < 0.05; **p < 0.005; ***p < 0.0005

the expression of several K*, Ca** and Na* channels even
though they were unaffected by aging (Table 5).

Discussion

A novel feature of the current study was that it examined the
effect of aging on the morphology of microglia in four different
regions in the rat brain that are associated with control of spatial
memory and found that this differed in each region. In the CA1-
HC, we confirmed that aging caused retraction and thickening of
the processes (Flanary et al. 2007; VanGuilder et al. 2011), re-
duced the number of their branches, as reported by others (von
Bernhardi et al. 2010; Hasegawa-Ishii et al. 2011) but increased
the number of bulbs. However, in the PC, aging increased the
number of process tips, the area fraction stained for CD11b, a
marker of microglial activation (Eggen et al. 2013) and the
number of bulbs. In white matter regions of the Fx and CC,
microglia are aligned horizontally along the white matter tracts
and their branches are not all visible in each cell. Aging in-
creased the thickness of the processes, enlarged their soma and
the area stained by CD11b, testifying to increased activation.

@ Springer

Treatment from the age of 16 months for 6 months with
ladostigil (1 mg/kg/day) also influenced microglial morphol-
ogy in an area-specific manner. In the CA1-HC and PC,
ladostigil significantly increased the number of process tips,
but in the CA1-HC it increased the number of bulbs while
reducing them in the PC. Ladostigil also reduced the thickness
of processes in the white matter regions. In the CA1-HC, the
distance to escape platform was inversely correlated with the
number of processes, but showed no correlation positive or
negative with the number of bulbs. In the PC, the distance to
escape platform was positively correlated with the number of
bulbs and in the CC and Fx, with the thickness of processes.

VanGuilder et al., (2011) failed to find a relation between
memory and the total increase in Ibal protein in the different rat
hippocampal regions because this measure reflects microglial
cellular hypertrophy, which occurred in all aged rats
irrespective of their cognitive ability. Furthermore, they were
also unable to relate cognition to percent of activated microglia
in different sub regions of the HC. On the other hand, Hovens
et al., (2015) found an increase in the ratio of cell body to cell
size in the dentate gyrus and CA3 HC region in aged rats,
which also indicates retraction of processes. However, unlike
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Fig. 6 Microglia in the corpus callosum (CC) stained with antibody to
CD11b and Ibal. a DAB stain of processes in white matter regions (CC
and Fx). Vertical arrow indicates thickened process in aged rat. Horizontal
arrow indicates enlarged soma. Calibration bar: 20 M. b Quantification of
processes in CC and Fx. ANOVA for thickness of microglial processes in the
CC, F 519=12.41, p<0.0005 and Fx, F ;19=19:61, p<0.0005.
Significantly different from adult control rats ** p <0.01; significantly
different from untreated aged rats ™ p <0.01. Ladostigil prevented the
thickening of the processes induced by aging. ¢) Relation between thickness
of processes in CC and path length to escape platform, »=0.75, p <0.0001

in the current study, this measure was significantly correlated
with memory retention but not with learning in the MWM.

Like the differential effect of aging on microglial morphol-
ogy in the HC and PC there were also differences in expression
of different classes of genes in these brain areas. Aging caused a
significant increase in the expression of 14 genes of the MHC
class IT in the HC, which are associated with microglial priming
(Norden and Godbout 2013) but only of four such genes in the
PC. There was also a selective 10-fold increase in the HC in the
expression of A,AR and a moderate increase in expression of
P2Y,R (30%, p = 0.05) but not in the PC. Brain inflammation
and neuronal injury release ATP that activates microglia caus-
ing them either to retract their processes adopting an amoeboid
morphology, or to extend them depending on the receptor acti-
vated (Orr et al. 2009). Stimulation of the A,5 R by extracel-
lular adenosine results in process retraction (Haynes et al.
2006). Although we did not measure the length of processes
in the CA1-HC, it can clearly be seen that microglia in this
brain area, but not in the PC, have shorter processes in the aged
rat (Fig. 4), together with a decrease in their number. Thus, our
findings of an increased expression of A,AR and reduction in
the number of processes in CA1-HC results in an impairment in
their ability to survey the micro environment and respond to
changes in neuronal activity. They also indicate that in this area
the potential for surveying the neuronal environment consti-
tutes the significant limiting factor on spatial performance rath-
er than the state of activation.

There was also a significant increase in the expression of
several ion channel genes in the aged HC which did not occur
in the PC. The expression of ion channels in microglia deter-
mines their functions like migration (Schwab et al. 2012), mor-
phology, activation and secretion of proinflammatory cytokines
(Visentin et al. 1995; Stebbing et al. 2015). Thus, it has been
shown that exposure of microglia to amyloid peptide results in
translocation of intracellular CI” and Ca®* activated K* chan-
nels, while blocking the CI” channel increases protection from
neurotoxicity caused by oxidative stress (Skaper 2011).

Ladostigil treatment had a differential effect on gene ex-
pression in the two brain areas. In keeping with the increase in
the number of processes in the HC, which also appeared to be
longer in ladostigil treated rats, the expression of A,4R was
significantly reduced (4.2 fold, p=3.75 '*). This suggests

Table 4 Effect of aging and
ladostigil treatment on the gene
expression of ion channels in the

Relative Expression

hippocampus Conducting ion Gene id Function Adult Aged Ladostigil
Potassium Kentl Calcium activated 11.62%%%* 22.28 13.20%%*
Potassium Kenfl Modifier/silencer 13.13* 17.43 12.13*
Sodium Scndb Beta unit-type 4 11.82%%%* 21.16 16.52*
Calcium Cacna2d2 Alpha2-delta unit 5.51%%* 12.34 7.70%
Chloride Glra2 Glycine gated 6.40%* 9.30 6.08*
Cation Trpm3 Transient potential 10.97*** 21.88 16.26%%*

Significantly different from aged, *p < 0.05; **p < 0.005; ***p < 0.0005
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Fig. 7 Effect of age and ladostigil treatment on gene expression in the
parietal cortex as quantified by RNA-Seq. Each group composed of an
average of RNA-Seq data collected from >3 animals and normalized by
FPKM (Fragments per kilobase million). Data show expression of genes
in PC of adult, aged untreated, and aged rats given ladostigil.
Significantly different from untreated aged rats, * p < 0.05, ™ p < 0.01

that together with its effects on purinergic receptors in the HC,
ladostigil may improve contact between microglia and neuro-
nal elements. On the other hand, ladostigil further increased
the expression of 3 genes involved in immune activation, in
contrast to its effect in the PC in which their expression was
reduced. This finding is in keeping with the increase in the
number of bulbs in the CA1-HC but a decrease in the PC. Also
in the PC, ladostigil treatment decreased the expression of
several genes associated with ion channels and genes that
control microglial morphology and migration by activating
membranous signaling, even though these genes were not
significantly altered by aging. The latter genes include, Plp
that codes for the proteolipid protein, which is a major mem-
brane protein component in myelin; Pls1 (also called Plscrl),
that participates in migration of phospholipids upon binding
calcium ions and plays a role in recognition of apoptotic and

activity between microglia and neuronal elements in the PC.

Increase in microglial thickness in white matter has also
been reported in the aging brain of primates in which adjacent
microglia engulf myelin debris (Peters et al. 2010). Microglial
activation may contribute to myelin damage by exacerbating
oxidative and nitrative stress (Smith et al. 1999). Further sup-
port for a role of inflammation in myelin damage is found in
thickened processes in the CC after head injury, which also
results in spatial memory impairment and can be prevented by
treatment with the anti-inflammatory agent, minocycline
(Hanlon et al. 2017). In the CC and Fx ladostigil prevented
the microglial alteration and process thickening, which was
inversely correlated to spatial learning.

At the descriptive level, the present results suggest that
local signals may modulate features of microglial morphology
that differ according to the brain region. Only some of the
features correlate with spatial learning and these appear to be
area specific. Likewise, while ladostigil causes significant al-
terations in microglial morphology in all areas examined, its
effect on gene expression associated with microglial activa-
tion is also area specific.

Conclusions
The study shows for the first time that morphological alter-

ations in microglia induced by age and chronic treatment with
ladostigil, differ in several brain areas involved in the

Table 5 Effect of aging and
ladostigil treatment on the gene
expression of ion channels in the

Relative Expression

parietal cortex Conducting ion Gene _id Function Adult Aged Ladostigil
Potassium Kene2 Delayed rectifier 47.09 53.13 38.37%
Potassium Keng5l Delayed rectifier 43.65 47.78 29.73%
Potassium Kencl Delayed rectifier 42.19 49.52 28.88*
Potassium Kcnal Delayed rectifier 40.06 40.88 23.30%
Potassium Kcnab3 Beta subunit 28.92 26.68 11.3 1%
Potassium Kensl Modifier/silencer 25.16 23.09 7.7
Potassium Kcenh?7 Inwardly-rectifying 17.59 19.69 11.48%
Potassium Ketd8 Tetramerisation domain 1191 10.54 5.71%
Potassium Kenh5 Outward-rectifying 9.58 9.35 4.92%
Sodium Scnla Type 1 75.88 74.32 39.67*
Sodium Scnlb Type 2 563.8 560.3 289.3%*
Sodium Scn4b Beta unit-type 4 73.26 71.65 23.30%**

There was no significant differences in gene expression of any channels between adult and aged rats. Significantly
different from aged, *p < 0.05; **p <0.005; ***p < 0.0005

@ Springer



J Neuroimmune Pharmacol (2019) 14:251-262

261

mediation of spatial learning in rats. We also show a signifi-
cant correlation between spatial learning, age and drug-
induced alterations in microglial morphology that are seen in
a given brain area. The specific alterations in glial morphology
in the CA1-HC and PC are supported by changes in region
dependent gene expression.
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