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We investigated whether the morphology of microglia in the molecular layer of the dentate gyrus
(DG-Mol) or in the lacunosum molecular layer of CA1 (CA1-LMol) was correlated with spatial learning
and memory in the capuchin monkey (Cebus apella). Learning and memory was tested in 4 monkeys with
visuo-spatial, paired associated learning (PAL) tasks from the Cambridge battery of neuropsychological
tests. After testing, monkeys were sacrificed, and hippocampi were sectioned. We specifically
immunolabeled microglia with an antibody against the adapter binding, ionized calcium protein.
Microglia were selected from the middle and outer thirds of the DG-Mol (n =268) and the CA1-LMol
(n=185) for three-dimensional reconstructions created with Neurolucida and Neuroexplorer software.
Cluster and discriminant analyses, based on microglial morphometric parameters, identified two major
morphological microglia phenotypes (types I and II) found in both the CA1-LMol and DG-Mol of all
individuals. Compared to type II, type I microglia were significantly smaller, thinner, more tortuous and
ramified, and less complex (lower fractal dimensions). PAL performance was both linearly and non-
linearly correlated with type I microglial morphological features from the rostral and caudal DG-Mol, but
not with microglia from the CA1-LMol. These differences in microglial morphology and correlations with
PAL performance were consistent with previous proposals of hippocampal regional contributions for
spatial learning and memory. Our results suggested that at least two morphological microglial
phenotypes provided distinct physiological roles to learning-associated activity in the rostral and caudal
DG-Mol of the monkey brain.
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Introduction

Recent reports showed that the dynamics of microglial
processes are regulated by sensory experience and neuronal
activity (Wake et al, 2009; Tremblay et al, 2010). Indeed,
Parkhurst et al. (2013) compared microglial-depleted and control
mice and found that microglia seemed to be essential for a series of
behavioral tasks, including novel object recognition; moreover, the
learning-induced formation of glutamatergic synapses was
mediated by a microglial-derived, neurotrophic factor (BDNF).
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In addition, when adult rats were trained to remember the spatial
location of an object, synapse remodeling was evident six hours
later, in the molecular layer of the dorsal dentate gyrus (DG-Mol)
(Scully et al, 2012), and that remodeling was a microglia
dependent event (Lim et al., 2013; Zabel and Kirsch, 2013). Thus,
microglia-dependent remodeling seems to be a morphological
expression of spatial learning consolidation (Scully et al., 2012).
Taken together, those results raised important questions
related to microglial cells and cognition. For example, could
microglial cell morphology in the hippocampus and dentate gyrus
be correlated with performance in object identity tasks and spatial
learning and memory tests? Based on observations that synaptic
morphological changes seemed to be higher in the target layers of
the entorhinal-to-dentate gyrus projections (Scully et al., 2012),
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and that synaptic remodeling was microglia-dependent (Ketten-
mann et al., 2013; Wake et al., 2013; Zabel and Kirsch, 2013;
Gomez-Nicola and Perry, 2014), we hypothesized that significant
microglial morphological changes may be apparent in the DG-Mol
layer after spatial learning memory consolidation. Typically,
microglia have been classified into two main morphological types:
the first is a ramified morphology, found in microglia in the
homeostatic healthy brain; the second is an amoeboid morpholo-
gy, representative of activated microglia found at sites of brain
injury. However, these morphologies are only extreme examples of
a dynamic process; microglial morphology may change in
association with neuroprotective, proinflammatory, cytotoxic,
immunoregulatory, and repair functions (Hanisch and Ketten-
mann, 2007; Benarroch, 2013; Miyamoto et al., 2013; Gomez-
Nicola and Perry, 2014). Therefore, it is necessary to quantify the
subtleties of microglial morphology to gain insight into functional
variability (Karperien et al., 2013).

In the present report, we investigated the morphological
variability of microglia in the external and middle thirds of the
DG-Mol and in the lacunosum molecular layer of CA1 (Guerreiro-
Diniz et al., 2010), and analyzed correlations between morphology
and results from the paired associates learning and memory (PAL)
test, in Cebus apella, a New World monkey with remarkable
cognitive capacities (Tavares and Tomaz, 2002; Resende et al.,
2003; Dufour et al., 2006; VanMarle et al., 2006; Spinozzi et al.,
2007). We used the PAL test from the Cambridge neuropsycholog-
ical test battery (CANTAB), previously used in both human (Facal
et al., 2009; Skolimowska et al., 2011) and nonhuman primates
(Spinelli et al., 2004; Nagahara et al., 2010; Rodriguez et al., 2011).
We measured microglial morphometric features from the external
and middle thirds of the DG-Mol layers and from the lacunosum
molecular layer of CA1l, and subjected them to cluster and
discriminant analysis. The morphological variables that contrib-
uted to cluster formation were analyzed for correlations to PAL
performance.

Methods

Due to ethical considerations, the use of Cebus apella is sparing, and results are
very valuable (Lynch Alfaro et al., 2014). Therefore, we optimized the study design
to use the tissue as efficiently as possible. Four sexually immature Cebus apella
(Wirz and Riviello, 2008), 3 + 0.57 years old, 2 females (S and M, two years old) and 2
males (FandJ, 4 years olds), were donated by the Brazilian Institute of the Environment
(IBAMA), a federal institution that regulates the use of wild animals in scientific
research. These animals had been previously used in other behavioral studies to
measure object recognition. The animals remained in an enriched animal house, under
12-h natural daylight cycles, with food and water ad libitum, until the day of
euthanasia. All procedures were carried out under the approval of the Institutional
Ethics Committee for Animal Experimentation of the Federal University of Para, in
accordance with NIH and Brazilian regulations for scientific procedures on animals. All
efforts were made to minimize the number and suffering of the animals.

Behavioral modeling and analysis

All subjects were assessed individually. A touch screen monitor (Monitor Touch
LCD, color, 17 inches, Elo/Tyco 1715L, Elo Touch Systems) was used to present all
visuospatial stimuli for PAL testing. The monitor was controlled with CANTAB
battery software (Cambridge Cognition, Cambridge, UK) run on a computer. An
automated reward food dispenser (Med Associates Inc., USA) delivered food for
correct answers; this system was used to maintain motivation throughout all
sessions. Because Cebus apella naturally explore new environments and objects, it
was relatively easy to motivate individuals to explore a marble training box
(50 x 50 x 50 cm), which contained the touch screen monitor on one wall. This
training box was placed at the end of a short tunnel that linked individual cages to
the apparatus; this design was used to avoid contact between monkeys and the
investigator and to reduce stress during the training period. All tests were recorded
with a webcam. Progressive modeling procedures were adopted to ensure that, at
the end of the study period, only correct answers were rewarded. We started with a
motor screening task (MOT) that introduced the CANTAB touchscreen to the
subjects. MOT provides a general assay that tests whether sensorimotor or other
difficulties limit collecting valid data from each subject. Each animal was modeled
throughout three different stages. In the first stage, when the animal paid attention
to the stimuli on the screen, a reward was delivered; in the second stage, the animal

was required to pay attention and touch the visual stimulus, independent of
pressure on the screen, to receive a reward; and in the third stage, the animal was
required to touch the stimuli with precision and adequate pressure to receive a
reward. After 28 days, all animals were well adapted to the touch screen system,
and they were moved to the reversion rule test. This test intended to train subjects
to follow and reverse a rule. First, subjects must touch the smaller of two displayed
circles; then, after 20 trials, subjects must touch the larger circle for 20 more trials.
Although animals had different learning rates, after 90 days, all subjects had
completed this task, and were moved to the PAL test. In the PAL test, six boxes are
displayed on the screen, and they are opened in a randomized order to show the
contents. One of the boxes will contain a pattern. The pattern inside is then
displayed in the middle of the screen, and the subjects must touch the box where
the pattern was originally located. If the subject makes an error, the patterns are re-
presented to remind the subject of their locations. Each subject is given 10 trials to
touch the correct box. After 10 trials, if no correct answer is obtained, the test is
terminated. In the present work, only the first two steps of the first stage of the PAL
test were completed successfully by all subjects. This stage required the subjects to
recognize the spatial location of only one object.

Perfusion, histology, and immunohistochemistry

Animals were euthanized with an overdose of a mixture of xylazine (10 mg/kg)
and ketamine (100 mg/kg). Then, brain tissues were perfused through the
cardiovascular system with heparinized saline, followed by aldehyde fixative
(4% paraformaldehyde, 0.1 M phosphate buffer, pH 7.2-7.4). The complete
hippocampus and dentate gyrus were removed, and then, a vibratome was used
to section the tissues in the coronal plane to generate 10 series of 100-pwm thick
sections. One series of sections (1:10) was immunolabeled with a polyclonal
antibody against ionized calcium binding adapter molecule 1 (anti-IBA1, #019-
19741; Wako Pure Chemical Industries Ltd., Osaka, Japan), which could detect
microglia and/or macrophages. For immunolabeling, sections were pre-treated by
free-floating them in 0.2 M boric acid (pH 9) at 65-70 °C for 60 min to improve
antigen retrieval. Next, sections were washed in 5% Triton in PBS, and incubated in
methanol with 3% H202. Sections were then immersed for 20 min in 10% normal
horse serum, and transferred to the primary antibody solution for three days in the
refrigerator (4-8 °C) with gentle, continuous agitation. Washed sections were then
incubated overnight in the secondary antibody (horse anti-mouse, 1:200 in PBS),
followed by immersion in ABC solution (1:100 in 0.1 M PO4 buffer pH 7.2-7.4), for
60 min as recommended by the suppliers (Vector Laboratories, Burlingame, CA,
USA). Sections were then washed and visualized by reacting with horseradish
peroxidase (HRP), enhanced with the glucoseoxidase-DAB-nickel method (Shu
et al., 1988). All reacted sections were mounted on glass slides coated with an
aqueous solution of gelatin (4.5%) and chromium potassium sulfate 4.0%. The slides
were air-dried at room temperature, dehydrated, and cleared in an alcohol and
xylene series. The brains of all subjects were processed for immunohistochemistry
with the same procedures, and all three-dimensional (3-D) reconstructions were
performed with the same equipment and software. The specificity of the
immunohistochemical pattern was confirmed in control slides, treated identically,
but without primary antibody (Saper and Sawchenko, 2003). These negative
controls displayed no immunolabeling in any structures.

Microglial Cell 3-D reconstruction and quantitative morphology

To analyze brain sections, we used a NIKON Eclipse 80i microscope (Nikon,
Japan), equipped with a motorized stage (MAC6000, Ludl Electronic Products,
Hawthorne, NY, USA). Microglia from different regions of interest were analyzed
under oil immersion, with a high-resolution, 100 x oil immersion, plan fluoride
objective (Nikon, NA 1.3, DF = 0.19 wm). Images were acquired with Neurolucida
software (MBF Bioscience Inc., Frederick, MD, USA). Although shrinkage in the z-
axis is not a linear event, the software used in the present study corrected the
shrinkage in the z-axis, based on previous evidence of 75% shrinkage (Carlo and
Stevens, 2011). Without correction, this shrinkage would significantly distort the
length measurements along this axis. Only cells with dendritic trees that were
unequivocally complete were included for 3D analysis (cells were discarded when
dendrite branches appeared artificially cut or not fully immunolabeled). Terminal
branches were typically thin. Although many morphological features were
analyzed, here, we described only those that were significantly different between
subjects. We estimated and compared 22 microglial morphological parameters; 10
related to the soma and 12 to the microglial branches, as follows: (1) branch length
(im); (2) total tree length (pum) (3) surface area (pm?); (4) branch volume (um?®);
(5) segments/mm; (6) tortuosity; (7) fractal dimensions (k-dim); (8) base diameter
of the primary branch (wm); (9) total number of segments; (10) number of
varicosities; (11) planar angle; (12) number of trees; (13) soma area (um?); (14)
soma perimeter; (15) ferret minimum diameter; (16) ferret maximum diameter
(maximum diameter in a shape); (17) compactness; (18) form factor; (19) solidity;
(20) roundness; (21) aspect ratio; and (22) convexity. Thus, all microglia of each
area or lamina of interest were measured multiple times, and dedicated software
(Neuroexplorer, MicroBright Field Inc.) was used to process data obtained with
Neurolucida. These morphological parameters (defined in Table 1) were used to
investigate possible features shared by the microglia found in the regions and layers of
interest. For detailed information and definitions please see: http://mbfbioscience.
com/technical-support-center.
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Table 1

Definitions of the morphological parameters used to quantify and compare dentate gyrus and CA1 microglial features in the Cebus apella.

Branched structure analysis

Segment

Segment length
Segments (mmO
Branch length
Total tree length
Tortuosity

Surface area

Branch volume

Base diameter of primary
branch

Planar angle

K-dim

No of varicosities, segments,

Any portion of microglial branched structure with endings that are either nodes or terminations with no
intermediate nodes

Total length of the traced segment

Number of segments/total length of the segments expressed in millimeters

Total length of the line segments used to trace the branch of interest

Total length for all branches in the tree mean=[length]/[number of branches]

=[Actual length of the segment]/[distance between the endpoints of the segment]. The smallest value is 1; this
represents a straight segment. Tortuosity allows segments of different lengths to be compared in terms of the
complexity of the paths they take

Computed by modeling each branch as a frustum (truncated right circular cone)

Computed by modeling each piece of each branch as a frustum

Diameter at the start of the 1st segment

Computed based on the endpoints of the segments. It refers to the change in direction of a segment relative to
the previous segment

The “k-dim” of the fractal analysis, describes how the structure of interest fills space. Significant statistical
differences in K-dim suggest morphological dissimilarities

Refer to the total number of varicosities, segments and trees found in a single microglial cell

trees
Cell body
Area Refers to the 2-dimensional cross-sectional area contained within the boundary of the cell body
Perimeter Length of the contour representing the cell body

Feret max/min

Largest and smallest dimensions of the cell body as if a caliper was used to measure across the contour.

The two measurements are independent of one another and not necessarily at right angles to each other

Aspect ratio
erange of values is 0-1
ea circle has an aspect ratio of 1

Aspect ratio=[min diameter]/[max diameter] indicates the degree of flatness of the cell body:

Compactness Compactness = (+/(4/7) x area)/max diam

ethe range of values is 0 to 1

ea circle is the most compact shape (compactness=1)
Convexity Convexity =[convex perimeter]/[perimeter]

ea completely convex object does not have indentations, and has a convexity value of 1 (e.g., circles, ellipses, and squares)
econcave objects have convexity values less than 1
econtours with low convexity have a large boundary between inside and outside areas

Form factor Form factor = 41 x area/perimeter2

eAs the contour shape approaches that of a perfect circle, this value approaches a maximum of 1.0
eAs the contour shape flattens out, this value approaches 0

Roundness Roundness = [compactness]? use to differentiate objects that have small compactness values
Solidity Solidity = [area]/[convex area] the area enclosed by a ‘rubber band’ stretched around a contour is called the convex area
ecircles, squares, and ellipses have a solidity of 1
eindentations in the contour take area away from the convex area, decreasing the actual area within the contour
Photomicrography Subjects had to achieve L > 0.5 in three consecutive sessions to complete the PAL

For photomicrographs, we used a digital camera (Axiocan - HRC, Zeiss, Gottingen,
Germany), coupled to a NIKON Eclipse 80i microscope. Digital photomicrographs
were processed with Adobe Photoshop software; scaling and adjustments to the
brightness and contrast were applied to the whole image. To illustrate the different
microglia types, we selected 3-D reconstructions of microglia with morphometric
values closest to the mean of the corresponding morphological features for each
individual type in each target area and layer of interest.

Statistical analysis

Paired associates learning test—PAL

We estimated the learning index of each subject as a function of the number of
training sessions required to achieve the criteria for completing PAL. The learning
index (L) was estimated as follows: L = (An — En)/(An + En), where En and An are the
number of adjusted errors and attempts to the success, respectively, in the same
session. Errors are made in PAL when the subject selects a box that does not contain
the target stimulus. Important to consider that subjects failing at any stage of the
test have had less opportunity to make errors than subjects who complete the test.
Adjusted errors measure attempts to compensate for this. Adjusted errors for 1
shape measure the total number of errors made at the two 1-pattern stages (when
there is a stimulus in one of the 6 boxes), with an adjustment added for those who
have not completed the first stage. Subjects not reaching the second one-pattern
stage are allocated the score 18 (one for each error made and an adjustment of 8).
The maximum value for this measure (if the subject makes all possible responses
incorrectly) is 19. The number of attempts to success is estimated by calculating the
total number of trials required (maximum score = 10 trials per stage) to locate all
the patterns correctly in all stages attempted, and dividing the result by the number
of successfully completed stages. For detailed information and definitions, see
http://www.cambridgecognition.com/tests/paired-associates-learning-pal.

task. Because L is expected to increase as a function of the number of training
sessions, we weighted L by the number of sessions necessary to reach the criteria,
which gave the ratio L/S, where L is the learning index and S is the number of
sessions. The L/S ratio was used to investigate potential correlations between PAL
performance and microglial features.

Microglial morphometry

We first investigated the presence of morphological features shared by the
microglia found in each area and layer of interest in our sample. Because medial and
lateral perforant pathways transmit spatial and non-spatial information to the
dentate gyrus, (Witter et al., 1989; Witter and Amaral, 1991) and the entorhinal
cortex projects to the CA1-LMol layer too (Witter and Amaral, 1991; Dolorfo and
Amaral, 1998), we selected our microglial sample for 3D reconstructions from those
layers. We submitted all morphometric quantitative variables to an initial cluster
analysis (tree clustering method, Euclidean distances, and complete linkage), which
included all subjects. Cluster analysis or clustering is the task of grouping a set of
objects of interest in such a way that objects in the same group (called a cluster) are
more similar to each other than to those in other groups (clusters). Cluster analysis
encompasses a number of different classification algorithms applied to a wide
variety of research problems (Steele and Weller, 1995; Schweitzer and Renehan,
1997; Gomes-Leal et al., 2002; Rocha et al., 2007); they are mostly used when one
does not have an a priori hypothesis about which objects belong to a specific cluster
group. We applied this multivariate statistical procedure to our sample of microglia
to search for potential microglial classes. The microglial classes suggested by cluster
analysis were further assessed with a forward stepwise discriminant function
analysis, performed with Statistica 7.0 (Statsoft, Tulsa, OK). Discriminant function
analysis is used to determine which variables discriminate between two or more
naturally occurring groups. The idea underlying this procedure is to determine
whether groups differ with regard to the mean of a variable, and then to use that
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variable to predict group membership. In the present study, we used this software
to perform comparisons between a matrix of total variances and covariances. These
matrices were compared via multivariate F tests to determine whether there were
any significant differences (with regard to all variables) between groups. In the
step-forward discriminant function analysis, the program builds a model of
discrimination step-by-step. In this model, at each step, all variables are reviewed
and evaluated to determine which variable contributes most to the discrimination
between groups. We applied this procedure to determine morphometric variables
that provided the best separation between the microglial classes suggested by the
cluster analysis. In addition, the arithmetic mean and standard deviation were
calculated for the variables chosen as the best predictors for the microglia groups.
Parametric statistical analyses with t-tests were applied to compare microglial
groups between individuals; one-way ANOVAs were used to compare the average
of each morphometric feature between animals.

Results

Fig. 1 illustrates the learning rates for each subject in the first
stage of the PAL task. Note the significant differences in learning
rates between subjects. M and S completed the task at the 3rd and
5th training sessions, respectively, and J and F performed best at
the 14th and 19th training sessions, respectively. There were
significant individual differences in the capacity for sustained
acquisition of the recognition of spatial location of objects over
three consecutive sessions. Nevertheless, all subjects showed the
ability to learn within each trial, and their performances improved
with repeated stimulus location presentations (not illustrated). In
this within-trial learning, all subjects achieved stage 2 of the PAL
test, where they were required to recognize the spatial locations of
two distinct objects.

After testing, the monkeys were sacrificed, and brains were
sectioned for morphological analyses of the hippocampus. A series
of rostral to caudal sections from the hippocampus and dentate
gyrus regions is illustrated in Fig. 2A. Fig. 2B is a low power
photomicrography from a rostral section to illustrate areas and
layers of interest.

To select microglia from the target areas for 3-D reconstruc-
tions, we referred to a previous architectonical study of the
hippocampus and dentate gyrus of Cebus apella (Guerreiro-Diniz
et al., 2010). Microglia from Cebus apella were selected from the
external and middle DG-Mol and from the lacunosum molecular
layer of CA1 (CA1-LMol). In the selected sections, the margins of
the DG-Mol and of the CA1-LMol could be clearly distinguished
under Nissl counterstaining. A total of 266 microglial cells were
digitally reconstructed in three dimensions from dentate gyrus
sections of Cebus apella. We selected microglia from external and
middle thirds of the DG-Mol and from the CA1-LMol (Fig. 2B).

We analyzed 268 microglia from the dentate gyrus of all
subjects (F, n=72; M, n=73; S, n=58; and J, n=65). Microglia
were reconstructed from both rostral (172) and caudal (96) regions
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Fig. 1. Learning rates for each subject in the first stage of the PAL task. A normalized
scale expresses the learning rate in percentage values as a function of the number of
sessions. An arbitrary value of 60% was set as the minimum learning rate value to be
achieved by each subject, before the behavioral assessment ended. Individual
monkeys are designated F, J, M, and S.

of the DG-Mol. We performed a cluster analysis (tree clustering
method) based on measurements of 22 morphometric features.
The results suggested that our sample comprised two main classes
of microglia, designated types I and II (Fig. 3). On average,
compared to type II, type I microglia showed, shorter, thinner
branches, smaller surface areas, smaller planar angles, less
tortuosity, a higher density of branches, and less complexity
(lower k-dim; Fig. 3). To determine which variables best
discriminated between types I and II microglia, we performed a
forward stepwise discriminant analysis. The discriminant model
included the following parameters: tolerance (0.01); F to enter
(1.00); F to remove (0.00); number of steps (22) at each step. After
12 steps, the classification algorithm retained the following
variables: number of segments/mm (p < 10~°), length of segments
(p=0.00001), fractal dimension (p = 0.000173), base diameter of
the primary branches (p = 0.000588), planar angle (p = 0.002532),
surface area (p = 0.012866), and branch volume (p = 0.032625), as
the best predictors of class membership.

Similar cluster and discriminant analyses were applied to
compare microglial morphology from the rostral and caudal
regions of the dentate gyrus. In both cases, the results showed that
the sampled microglia from those regions also comprised two
main classes of microglia. To determine which variables best
discriminated between microglia types I and II in the rostral and
caudal regions, we performed another forward stepwise discrimi-
nant analysis. For the rostral region, after 14 steps, the classifica-
tion algorithm retained the following variables: number of
segments/mm (p < 107°), length of segments (p=0.000769),
fractal dimension (p =0.000029), base diameter of the primary
branches (p=0.000004), planar angle (p=0.025154), branch
volume (p=0.050539), tortuosity (p=0.003223), and solidity
(p=0.045904) as the best predictors of class membership. For
the caudal region, after 7 steps, the classification algorithm
retained the following variables: number of segments/mm
(p=0.000001), length of segments (p = 0.000019), fractal dimen-
sion (p=0.008549), base diameter of the primary branches
(p=0.000098), varicosities (p=0.024209), and solidity
(p=0.032092). Although these two regions shared five predictive
morphological variables (segments/mm, base diameter of primary
branch, branch length, fractal dimension, and solidity), we found
that significant linear correlations between PAL performance and
microglial morphology were mainly limited to the rostral region.
Indeed, the rostral region showed six distinct morphological
correlations with PAL performance, one morphological feature
from the branches (base diameter of the primary branches), and
five from the cell soma (soma perimeter, soma area, aspect ratio,
and the minimum and maximum Feret diameters) whereas the
caudal region showed only one soma feature (Feret min); see
Table 2 for details.

In the rostral region of the dentate gyrus, we found that,
compared to type Il microglia, type I microglia were, on average,
significantly smaller, with thinner branches, less tortuosity, more
ramified, and less complex (lower k-dim). When the average DG-
Mol microglia of each monkey were compared with Types I and II,
we found that F and ] monkeys showed more similarity to type II
microglia, and M and S monkeys showed more similarity with type
I microglia. Furthermore, F samples were dominated by features of
type II, and J microglial samples did not show any morphological
predominance (Tables 3 and 4). On average, the M and S microglial
samples displayed 17 and 14 morphological similarities, respec-
tively, with type I microglia (Table 3); and Fand J showed 18 and 11
morphological similarities, respectively, with type II (Table 4).

The rostral samples were also subjected to a separate cluster
analysis. This analysis showed that, among the samples from M and
S monkeys, 80.5% (33 in 41) and 92.7% (38 in 41), respectively, of
the reconstructed microglia were classified as type I; in microglial
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Fig. 2. (A). Low-power pictures of a series of IBA1-immunolabeled, rostro-caudal coronal sections from the hippocampus and dentate gyrus of Cebus apella. (A) Lowpower
images (A)-(F) show serial sections that progress from the rostral (top) to the caudal (bottom) regions of the hippocampus, at 1.0 mm intervals. GD indicates the dentate
gyrus. (B) Medium power pictures of areas and layers of interest in one of the serial sections used for selecting microglia for three-dimensional reconstructions. CA1-
LMol = lacunosum molecular layer of CA1; Gr = dentate gyrus granular layer; Pol = polymorphic layer of dentate gyrus; DG-Mol = molecular layer of dentate gyrus; i, m,
e =internal, middle, and external thirds of DG-Mol. Scale bars for both low and medium power images: 500 wm.

samples from F and J, the numbers of type I microglia corresponded
to 31.4% (16 in 51) and 66.7% (26 in 39), respectively.

Next, we performed a discriminant analysis of the variables
that significantly contributed to cluster formation in the caudal
(Fig. 4A), rostral (Fig. 4B), and global (Fig. 4C) regions of the DG.
Among the caudal and global microglial samples, the subjects

that performed better (S and M) on the PAL-test were not well
distinguished from those that performed worse (F and J). In
contrast, in the rostral sample (4B), the subjects with best
performance were mostly grouped to the left and those with
worst performance were grouped to the right of the ordinate
axis.
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TREE DIAGRAM FOR 268 CASES
COMPLETE LINKAGE
EUCLIDEAN DISTANCE

Fig. 3. Dendrogram of cluster analysis results (tree clustering method) and corresponding representative three-dimensional reconstructions. (Top) dendrogram groupings of
268 dentate gyrus microglia from all four subjects indicated 2 main microglial types (I and II). Microglia were reconstructed from both rostral (172) and caudal (96) regions of
dentate gyrus, and cluster analysis was based on 22 microglia morphometric features. (Middle) microglial reconstructions represent the average values of morphologic
features for types I and Il microglia. (Bottom) microglial reconstructions represent the average values of morphologic features for S, M, F and ] monkeys. Note close similarity
between S and M average microglia with type I and between F average microglia with type II. J average microglia seems to be in an intermediate position.

In the lacunosum molecular of CA1 we analyzed 189 microglia
(FF, n=51; M, n=50; S, n=38; and J, n=50) and no simple
correlations were found between PAL performance and the
microglial morphological features in the CA1-LMol. Many mor-
phological features of microglia from the rostral regions of the
CA1- LMol and DG-Mol were remarkably similar in F and J subjects.
Indeed, 20 of 21 morphological features were similar between the
CA1-LMol and DG-Mol in the F monkey, and 16 of 21 were similar

Table 2

between regions in the /] monkey (two-tail t-test p > 0.05). In
contrast, microglia from these regions were quite different in M
and S monkeys. Indeed, 15 and 12 of the total 21 morphological
features were significantly different between the rostral CA1-LMol
and DG-Mol regions in M and S subjects, respectively (two-tail t-
test p < 0.05).

Fig. 5 illustrates serial microglial photomicrographs in different
focus planes placed at 2 pm intervals and their correspondent

Linear correlations between performances on paired associates learning task and microglial morphological features from rostral and caudal regions of dentate gyrus. The best
performance (M) was considered 100%, and the others (S, F and J) were proportionally estimated as a function of the learning rate of each one. R? and p values correspond to the
coefficient of determination and the level of statistical significance of the correlation analysis. No correlations were found between type Il microglia and PAL performances.

Rostral type |

M S F J R’ p

Learnig rate 100% 80% 14% 16%

Base diameter media (m) 0.737 0.727 1.048 0.968 93.09% 0.035
Soma perimeter (jm) 26.49 27.267 30.775 32.137 93.24% 0.034
Soma area (um?) 41.56 41.57 50.361 48.657 95.46% 0.023
Feret max (.m) 9.272 9.861 11.285 11.47 98.50% 0.007
Feret min (m) 6.076 6.064 6.42 6.5 92.00% 0.04
Aspect ratio 1.544 1.665 1.771 1.794 92.02% 0.04

Caudal type I

Feret min (pm) 6.073 5.987

6.791 6.725 92.71% 0.037
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Fig. 4. Graphical representations of discriminant analysis, based on variables that significantly contributed to cluster formation. Average morphometric measures (Y-axis) and
the correlated PAL performance (X-axis) are shown for microglia from the (A) caudal, (B) rostral, (C) and global regions of the dentate gyrus. Each symbol represents one
microglial morphometric feature, and different colors and shapes indicate the different subjects.

three-dimensional reconstructions of a microglia with morphologi-
cal features closer to the microglial mean values of each monkey. As
compared to Fand ] (rows Cand D), S and M microglia (rows A and B)
show on average, more similarity with type I microglia.

Fig. 6 are graphic representations of mean values and
correspondent standard errors of type I and type Il microglial
morphological features from rostral (A-F), caudal (G, H) or global
sample (I-L). We selected morphometric features that exhibited
linear and/or non-linear correlations with PAL performance. Note
that as compared to caudal region the rostral region of DG-Mol
showed the highest number of variables correlated with spatial
learning. Indeed we found 6 morphometrical features correlated
with PAL scores in the rostral region and only 2 in caudal. When
correlation analysis is done with the global sample (rostral plus
caudal) we found significant correlation with 4 parameters. Also,
the morphological features of types I and Il microglia showed
similar values in different regions of interest. On average,
compared to type II, type [ microglia showed smaller primary
branch diameters, smaller branch planar angles, lower complexity
(smaller K-dim), smaller soma areas and perimeters, and smaller
Feret maximum and minimum diameters.

Discussion

Four capuchin-monkeys (Cebus apella) were submitted to
stage 1 of paired associates learning test of the CANTAB battery
and an index of their performances on spatial learning and
memory was estimated. Two subjects (M and S) complete the
task after three and four training sessions and two others (J and F)
only after 13 and 19 sessions respectively. After behavioral tests
animals were euthanized and three-dimensional reconstructions
of microglia from outer and middle thirds of the molecular layer
of the dentate gyrus and from CA1 lacunosum molecular layer
were performed. Using cluster and discriminant analysis on
morphometric features we identified the occurrence of at least
two large and distinct groups of microglial morphologies
designated types I and II. In a search for possible correlations
between PAL performances and morphological features of
microglia we mainly found significant correlations with type I
from DG-Mol rostral region, a few correlations with type II of
caudal region and no correlations with CA1 microglial morphol-
ogy. The results seem to be coherent with previous proposed
regional specializations for rostral and caudal regions of monkey

Fig. 5. Serial microglial photomicrographs in different focus planes placed at 2 pm intervals and correspondent three-dimensional reconstructions of microglia from rostral
region of dentate gyrus of each subject. Microglia examples from F, M, S and J subjects are illustrated in (A), (B), (C) and (D) rows, respectively. Scale bar = 10 pm.
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Fig. 6. Differences in morphological features between types I and II microglia. Morphological variables were selected from type I microglia that exhibited significant
correlations with PAL performances. Types I and Il microglia from two regions of the DG-Mol were compared for (A-(F) six rostral variables, (G), (H) two caudal variables, and
(I)-(L) four global (rostral plus caudal) variables. * Indicates significant differences between types I and Il microglia. Bars and whiskers represent the mean and standard error,

respectively.

dentate gyrus and suggest that type I microglia from rostral
region may be associated with spatial learning and memory
consolidation in the Cebus apella.

Spatial learning and memory in Cebus apella

The present report using the paired associates learning task
from CANTAB battery confirmed previous findings that the Cebus
apella meets all the behavioral substrates required for the use of
visuo-spatial memory to search for objects of interest (Garber and
Paciulli, 1997; Janson, 1998; Poti et al., 2010; Pan et al., 2011),
including the small scale, touch-sensitive computer screen. PAL
tasks have been used to investigate the role of the hippocampus in
incrementally encoding associations between different stimuli
(Blackwell et al., 2004; Skolimowska et al., 2011; Junkkila et al.,
2012; Sanchez-Ramos et al., 2012). Our findings provided a basis
for new comparisons between New and Old World primates (Taffe
et al., 2002; Spinelli et al., 2004) and with human performance
(Nagahara et al., 2010). Despite significant individual differences in
capability in the acquisition of the recognition memory aspects of
the PAL task, all Cebus monkeys evidenced the ability to learn
within trial, completing stages 1 to 3. However, as compared to
Macaca mulatta, which completed stage 3 (three stimulus, three
locations) in all sessions (Taffe et al., 2002; Von Huben et al., 2006),
Cebus apella performances between sessions were sustained only
for stage 1 (one stimulus, one location). Healthy humans typically
complete all stages (1-6) of the PAL task (Robbins et al., 1994; Lee
et al., 2013).

It is also important to discuss possible reasons to explain why
are the performances of monkeys M and S so different from that of F
and J in the PAL-task? In a previous report investigating spatial
working memory in non-human primates, Macaca fascicularis adult
females performed better than their adult male counterparts and
cage-bred subjects performed better than island-bred (natural
environment) individuals (Darusman et al., 2014). In the present
report all subjects were maintained in captivity and females
revealed better performances than males. Since females were 2
and males were 4 years old, and on average, Cebus monkeys reach
sexual maturity at 5 years old, and live on average 40 years in
captivity, both males and females used in the present study were
sexually immature and infants (Wirz and Riviello, 2008). Thus, our
sample and that of Macaca fascicularis, do not allow direct
comparisons postponing possible generalizations about gender,
species or age influences on spatial memory task performances in
the Cebus apella.

Hippocampus, microglial cells and episodic-like memory

Episodic-like memory allows an unambiguous distinction
between new and familiar objects; see (Eichenbaum et al.,
2012) for recent review. To cope with these tasks the brain needs
to accentuate the differences between the old and new experiences
before coding occurs, so you can distinguish those (Schmidt et al.,
2012). For that purpose, medial and lateral perforant pathways
transmit to dentate gyrus, spatial and non-spatial information that
would be necessary to recognize object placement (Where?),
identity (What?) and timing (When?). Lateral portions of the
entorhinal cortex project to caudal levels of the dentate gyrus and
hippocampus, whereas medial portions of the entorhinal cortex
project to rostral levels (Witter et al., 1989; Witter and Amaral,
1991). It has also been demonstrated that entorhinal cortex of
Rhesus monkey and rat also projects to the lacunosum molecular
layer of CA1 (Witter and Amaral, 1991; Dolorfo and Amaral, 1998)
and those synapses, at least in rats, exhibit synaptic plasticity
associated with allocentric spatial learning and memory
(Remondes and Schuman, 2002; Remondes and Schuman, 2003;
Remondes and Schuman, 2002, 2003 and 2004; Langston et al.,
2010).

Although this study is explicitly correlational, it raises the
opportunity to provide hypotheses about the relationships
between microglial morphology and spatial learning. Is it possible
that these findings can be attributed to individual differences in
the subjects, i.e., the quick-learning monkeys already had Type |
microglia and the slower monkeys already had Type II microglia,
influencing their success? Because microglial Types I and II in the
DG rostral samples were asymmetrically distributed with a higher
proportion of Type I among the samples from M (80.5%) and S
(92.7%) as compared with the samples from F (31.4%) and J (66.7%)
monkeys and M and S show the best performances it would be
possible that learning-dependent synapse formation may be
enhanced by type I microglia. One possibility to test this
hypothesis would be to investigate learning-dependent synaptic
formation combining electronic microscopy and stereological
analysis in quick and slow-learning monkeys.

Another possibility would be that the degree of neuronal
signaling during learning and memory consolidation could be one
of the reasons to explain microglial morphology so distinct in
monkeys that learned quickly. In line with this possibility recent
findings revealed that microglia is associated with important
physiological functions in learning and memory by promoting
learning-related synapse formation through BDNF signaling
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(Parkhurst et al., 2013). Indeed, after training to learn and
remember the spatial location of an object, synapse remodeling
in the dorsal DG is already evident 6 h later in DG-Mol layer and
that remodeling is microglia-dependent (Scully et al., 2012). In
addition it has been described that the functional microglial status
is associated with a combination of extracellular changes in
neuronal activity (Tremblay et al., 2010, 2011; Wake et al., 2011,
2013), chemokine signaling (Liang et al., 2009) and purinergic
signaling (Davalos et al., 2005; Dibaj et al., 2010; Fontainhas et al.,
2011; Ohsawa and Kohsaka, 2011). Among these influences
neuronal activity would be a good candidate to regulate of
microglial physiology as among microglial functions are the
maintenance of synapses and release of trophic factors (Wong
et al, 2011). Synchronized with the levels of neural activity which
increases glutamatergic ionotropic neurotransmission, distinct
microglial morphological changes could be associated with
distinct GABA activity through the release of extracellular ATP
(Fontainhas et al., 2011; Wong et al.,, 2011). This control of
microglial morphology by different forms of neurotransmission
occurs within minutes and seem to depend on mutual communi-
cation between neurons and microglia. In line with these
observations it has been demonstrated that interleukin1f, a
pro-inflammatory cytokine produced by microglia during learning
and memory tasks, seem to be necessary at physiological levels for
hippocampus-dependent tasks, whereas concentrations that are
either too low or too high impair memory (Schneider et al., 1998;
Ross et al., 2003; Goshen et al., 2007).

Thus, it may be possible that type I microglia may be more
sensitive to neuronal signaling and start synapse remodeling
earlier than type II microglia and in doing so, quick-learning
individuals with a higher proportion of type I microglia
starts learning and memory consolidation before slow-learning
monkeys.

PAL tests have been used as an episodic memory test in humans
(Robbins et al., 1994; de Jager et al., 2002; Juncos-Rabadan et al.,
2014) and episodic-like memory test in non-human primates
(Spinelli et al., 2004, 2006; Nagahara et al., 2010; Rodriguez et al.,
2011).

In the present report M and S monkeys were able to learn and
remember objects spatial location and completed PAL task in three
and five training sessions respectively, whereas F and J subjects
were able to do so only after 15 and 19 sessions. Because PAL
performances of these monkeys were correlated with type I
microglia from rostral DG-Mol but not with type Il we suggest that
type I microglia in the molecular layer of dentate gyrus may be
important for spatial learning and memory consolidation. Since
microglial type I morphological features from rostral and caudal
DG-Mol but not from CA1-LMol were correlated with PAL

Table 5

performances we speculate that in both rostral (higher proportion)
and caudal (lower proportion) regions of DG-Mol in Cebus apella
may be occurring microglia-dependent synapse remodeling and
that this event could be associated with spatial learning and
memory (Scully et al., 2012).

In the present study, we found marked differences in the
morphology of microglia in both the hippocampus and dentate
gyrus finding a strong linear correlation between PAL perfor-
mances and morphometric parameters of microglia from the
molecular layer of the dentate gyrus of Cebus apella. In particular,
some morphological features of type I microglia from rostral region
of dentate gyrus exhibited coefficient of determinations (R? values)
above 90% and significant p values (p < 0.05) for soma (area,
perimeter, form factor and Feret max) and branches (base diameter
of primary branch, fractal dimension, and planar angle) morpho-
logical parameters (Table 5). These findings seem consistent with
evidence that the morphology of microglia can be used to
characterize changes in their functional status (Karperien et al.,
2013).

Another relevant point to be considered is that the outer and
middle thirds of the molecular layer of the rostral and caudal
dentate gyrus receive their inputs from the medial and lateral
perforant pathways. Those axon terminals converge on the
dendrites of the granule cells where their synapses seem to
compete and cooperate as a function of the different distances that
separate those from the soma of granular neurons (Hayashi and
Nonaka, 2011). In the present report we described significant
correlations between Cebus apella performances in PAL task and
the morphology of microglia from the molecular layer of the
dentate gyrus where presumably the activity of the perforant
pathway would be more intense during visuospatial learning
training sessions. We speculate that increased neurotransmission
in those layers may contribute to change microglial morphology
and that those microglial morphological changes may be necessary
to the spatial learning and memory associated synaptic physiology.
Coherently with this view the animals that showed better
performance in PAL test showed on average, microglial morpho-
logical features quite distinct from those with lower performances.
Although these findings constitute an indirect evidence they are
consistent with the regional specialization of the hippocampal
formation of Cebus apella (Guerreiro-Diniz et al., 2010) in all very
much similar to that of Old World monkeys (Amaral and Lavenex,
2007) and humans (Clark and Squire, 2013).

Technical limitations

In the present report multivariate statistical analysis using
morphometric parameters of microglia revealed at least two

Linear correlations between performances on paired associates learning task and type I microglial morphological features from rostral and caudal regions of dentate gyrus.
The best performance (M) was considered 100% e the others (S, Fand J) were proportionally estimated as a function of the learning rate of each one. R? and p values correspond
to the coefficient of determination and statistical significance of the correlation analysis.

Rostral type 1

M S F J R? (%) p

Learnig rate100% 80% 14% 16%

Base diameter media (pm) 0.64 0.72 0.87 0.90 97.20 0.0141
Fractal dimension 1.07 1.06 1.04 1.03 92.22 0.0397
Planar angle 45.44 45.47 47.61 47.77 95.86 0.0209
Soma perimeter (pm) 26.04 27.28 31.44 29.87 95.30 0.0238
Soma area (m?) 40.03 41.53 46.70 45.69 99.34 0.0036
Form factor 0.73 0.70 0.62 0.64 98.65 0.0068
Feret max (m) 9.07 9.86 11.10 10.49 90.33 0.0495

Caudal type I

Fractal dimension 1.05 1.04 1.03 1.03 93.20% 0.0346
Compactness 0.74 0.74 0.71 0.70 94.00% 0.0304
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morphologically distinct groups of microglia in the molecular layer
of the dentate gyrus and in the lacunosum molecular of CA1 in all
animals and type I but not type II revealed significant correlations
with Cebus monkey performances in PAL test. Although the
evidence in the present report is indirect we suggest that the
functional contribution of each of these morphological groups of
microglia might be different.

Microscopic, 3D reconstructions may be affected by mechanical
factors associated with the vibratome sectioning and the
dehydration procedure, which can induce non-uniform shrinkage
in the z-axis of the sections (Hosseini-Sharifabad and Nyengaard,
2007). Thus, estimates of modifications in the x/y dimensions
during tissue processing cannot be linearly extrapolated to the z
dimension. These methodological constraints imposed limitations
that must be taken into consideration when interpreting the
results of the present study. However it must be emphasized that a
reliable indication of severe shrinkage in z axis is the curling of
branches, signifying that individual processes did not shrink at the
same rate as the slice in which they are located. These effects tend
to be of higher amplitude at the surface, decreasing in depth in the
z-axis. This pattern, however, was not observed in microglia
elected to be reconstructed in this study and our sample was taken
from the middle region of the z-axis, where the impact of these
changes are minor. More recently it has been demonstrated that in
the z-axis (perpendicular to the cutting surface) sections shrink to
approximately 25% of the cut thickness after dehydration and
clearing (Carlo and Stevens, 2011). Based on those findings all
microglial reconstructions of the present report were corrected for
z-axis shrinkage in 75%. No corrections were applied to X/Y axes
that did not change after histological dehydration and clearing.

Another limitation is related to the fact that no stereological
procedures were performed to estimate the total number of each
type of microglia in the target areas. However because the criteria
to select microglia for three-dimensional reconstructions were
systematically blind and random in all subjects, and the number of
elements selected for reconstruction was rather wide (453 in total,
188 in the lacunosum molecular of CA1 and 268 in the outer and
middle thirds of the molecular layer of the dentate gyrus) it is
reasonable to suppose that no a priori sample bias was induced by
the choice of objects of interest among subjects.

Regarding the correlations between behavior and morphomet-
ric variables of microglia found in this study it is important to keep
in mind that although the coefficient of determination (R?) or the
coefficient of Pearson between behavioral tests and many of the
morphometric variables were highly significant it only refers to a
numerical relationship between the tested variables, not neces-
sarily implying a cause-effect relationship. In the case of non-linear
correlations the results of R? should be taken with caution because
of the difficulty in complying with certain underlying assumptions
to that coefficient (Ma et al., 2011).
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