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Abstract

Microglia are found throughout the central nervous system, respond rapidly to pathology and are
involved in several components of the neuroinflammatory response. Ibal is a marker for microglial
cells and previous immunocytochemical studies have utilized this and other microglial-specific
antibodies to demonstrate the morphological features of microglial cells at the light microscopic
level. However, there is a paucity of studies that have used microglial-specific antibodies to describe
the ultrastructural features of microglial cells and their processes. The goal of the present study is to
use Ibal immuno-electron microscopy to elucidate the fine structural features of microglial cells and
their processes in the hilar region of the dentate gyrus of adult Sprague-Dawley rats. Ibal-labeled
cell bodies were observed adjacent to neurons and capillaries, as well as dispersed in the neuropil.
The nuclei of these cells had dense heterochromatin next to the nuclear envelope and lighter
chromatin in their center. Ibal-immunolabeling was found within the thin shell of perikaryal
cytoplasm that contained the usual organelles, including mitochondria, cisternae of endoplasmic
reticulum and Golgi complex. Ibal-labeled cell bodies also commonly displayed an inclusion body.
Ibal-labeled cell bodies gave rise to processes that often had a small side branch arise within 5 um
of the microglial cell body. These data showing “resting” Iba-1 labeled microglial cells in the normal
adult rat dentate gyrus provide a basis for comparison with the morphology of microglial cells in
disease and injury models where they are activated or phagocytotic.
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1. Introduction

Microglia are the smallest of the glial cell types in the central nervous system. Several studies
have shown that microglial cell bodies are only 2-5 um in diameter and that their processes

are relatively short compared to those of astrocytes (Peters et al., 1991). In the central nervous
system microglia respond rapidly to pathology and are involved in several components of the
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neuroinflammatory response. These include antigen recognition and presentation, as well as
cytotoxic and phagocytotic responses (Gehrmann et al., 1995). The microglial cells are also
closely associated with neurons and astrocytes in neurodegeneration and regeneration (Aarum
et al., 2003, Borges et al., 2003, Ziv et al., 2006).

An interesting feature of these cells is that their diverse functions can be observed and defined
using morphological criteria. For example, microglial cells in the normal brain exist in a
quiescent state, where they have a round cell body and thin processes with simple ramifications
that constantly monitor the physiological environment (Nimmerjahn et al., 2005). Following
CNS insult such as traumatic brain injury, ischemia or seizures (Wiessner et al., 1993; Fujita
etal., 1998; Shapiro et al., 2008), microglial cells rapidly proliferate to increase their numbers
(Niquetetal., 1994; Huttmann et al., 2003) and undergo morphological alterations (Gehrmann,
1995; Davalos et al., 2005). In their initial state of activation, the cell bodies of the microglial
cells enlarge and their processes retract and become thickened (Kreutzberg, 1996). As they
progress onto their pleomorphic and phagocytic forms, they typically take on an amoeboid
shape (Thomas, 1992). This shape most likely reflects the cells’ active movement while in the
process of clearing necrotic areas (Nakajima and Kohsaka, 1993). If the necrosis is incomplete,
or the neuroinflammation is chronic, their cell bodies will remain elongated or rod-like.
However, if phagocytosis is complete, the microglial cells appear as compound granular
corpuscles, also known as Gitter cells (Das, 1976). Thus, it is essential to define the complex
morphological features of these cells to understand how they react to various types of
neuropathology.

lonized calcium binding adaptor molecule 1 (Ibal) is a marker for microglial cells and previous
immunocytochemical studies have utilized Ibal-specific antibodies to demonstrate the
morphological features of microglial cells at the light and confocal microscopic levels (Ito et
al., 1998; Okere and Kaba, 2000; Hirayama et al., 2001; Shapiro et al. 2008). In contrast with
other microglial markers like CR3 complement receptor that is only present in ramified
microglia or ED2 that is exclusive of perivascular microglia or MUC 101 and MUC 102 that
are present, respectively, in white or gray matter microglia, 1bal is expressed by all these
microglial cell subpopulations (lIto et al., 1998). However, there is a paucity of studies that
have described the ultrastructural features of microglial cells and their processes using this
unique microglial marker (Sasaki et al., 2008). Therefore, the goal of the present study is to
elucidate the fine structural features of microglial cells and their processes. This analysis was
performed in the hippocampal dentate gyrus of adult Sprague-Dawley rats to show their normal
distribution and their association with capillaries, neurons and astrocytes.

2.1. Light and confocal microscopy

Ibal-immunolabeled cells were examined at the light and confocal microscopic level to
determine their distribution in the rat dentate gyrus. Consistent with previous reports of the
distribution of microglial cells using other markers (Dalmau et al., 1998; Moga et al., 2005),
Ibal-labeled microglial cells were found throughout the hilus, at the border of the hilus and
granule cell layer and in the molecular layer (Fig. 1A-B). Ibal-labeled cells in the granule cell
layer were relatively infrequent. The spacing between the Ibal-labeled cell bodies in the hilus
was relatively constant, and the quantitative data obtained for numbers of Ibal-labeled cell
bodies per 10,000 um? of hilar area were consistent with that observation (2.05 per unit area;
N=250 cells). The processes arising from these Ibal-labeled cell bodies appeared to be
uniformly distributed in the hilus, such that each microglial cell with its processes had its own
domain that rarely overlapped with adjacent microglial cells (Fig. 1). A concentration of Ibal-
labeled cells was found at the border between the hilus and the granule cell layer, i.e., the
subgranular zone (Fig. 1). The cells at this location had a more flattened cell body as compared
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to those in the deep hilus which had round cell bodies. The molecular layer had a relatively
even distribution of Ibal labeled microglial cells (Fig. 1). However, some of them were
concentrated at the granule cell layer border with the molecular layer and these cells had
processes extending into the granule cell layer (Fig. 1). The percentage of Ibal-labeled cells
with cell bodies apposed to a NeuN-labeled neuronal soma was 31% (N = 82 cells; range, 25—
40%), which is approximately 1 of 3 Ibal-labeled cells in the hilus.

2.2. Electron microscopy

Ultrastructurally, Ibal-immunolabeled cell bodies in the dentate gyrus were identified by
having electron-dense, immunoreaction product within their perikaryal cytoplasm (Figs. 2 —
6). This distribution of immunoreaction product was consistent with that observed in confocal
image stacks used to form a movie (see Supplemental Material ). The Ibal-labeled microglial
cell bodies generally had elongated nuclei but some nuclei had either round or triangular shaped
nuclei (Fig. 2). Labeled cell bodies had nuclei with electron dense heterochromatin adjacent
to their nuclear envelopes while the center of these nuclei had lighter chromatin. The extent of
electron dense heterochromatin varied because patches could also be found in the central
portion of the nuclei. Despite the dense immunoreaction product in the perikaryal cytoplasm
of these cells, organelles were identified, and they included mitochondria, cisternae of
endoplasmic reticulum, Golgi complexes, and inclusion bodies which appeared to be either
lysosomes or lipid globules. The Ibal-labeled cell bodies that were fusiform generally had a
length of about 6 um and a width of about 3-4 um.

Ibal-labeled cell bodies were observed adjacent to neurons (consistent with the light
microscopic data) and capillaries as well as dispersed in the neuropil. Peri-neuronal Ibal-
labeled cell bodies were located adjacent to large somata in the hilus (Fig. 2A and B) and to
granule cells in the granule cell layer (not shown). The Ibal-labeled cell bodies either apposed
these neuronal somata and/or were separated from these somata by a thin astrocytic process.
No axon terminals were found between the cell bodies of these peri-neuronal Ibal-labeled
microglial cells and the cell bodies of neurons they apposed (Fig. 3). However, the neuronal
cell bodies displayed remnants of postsynaptic densities at these sites of apposition (Fig. 3).
The peri-capillary Ibal-labeled cell bodies were located within 1.0 um from the basal lamina
of capillary walls (Fig. 4). The perikaryal cytoplasmic rim on the side apposed to the capillary
was thinner than the rim on the other side of the Ibal-labeled cell body (Fig. 4A). Peri-capillary
Ibal-labeled cell bodies were sometimes separated from the basal lamina of capillary walls by
only a thin process of an astrocyte (Fig. 4C). The Ibal-labeled cell bodies in the neuropil were
often apposed by thin processes of astrocytes. They had shapes that were round, fusiform,
cuboidal or triangular (Figs. 2C, 2D, 3A, 5A and 6A). Both myelinated axons (Fig. 5) and
mossy fibers (Fig. 6) were found in the neuropil adjacent to Iba-1 labeled microglial cell bodies.

Processes were observed to arise from Ibal-labeled cell bodies and these often had a small side
branch arise within 5 um of their cell body (Fig. 5). Often, these processes were separated from
their cell body of origin by neuropil in any given thin section (Figs. 2C and 6A). However,
they could be traced back to the parent cell body in adjacent serial sections. Ibal-labeled
processes in the hilus were apposed to mossy fibers that had atypical morphology with clear
zones in their centers (Fig. 6C).

Another interesting observation for these Ibal-labeled cells was the unusual space observed
around the cell bodies. Thus, a gap in the adjacent neuropil appeared around the Ibal-labeled
cell bodies (Fig. 2D) and processes (Fig. 6C). This clear area commonly displayed vesicles
that were larger than synaptic vesicles and are referred to as exosomes. The common frequency
of this clear zone suggested that it was not an artifact of fixation but could have been caused
by the removal of reaction product from the tissue block during thin sectioning.
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3. Discussion

Microglial cells are the macrophages in the brain and play a diverse role in the growth,
maintenance and degeneration of the central nervous system. Del Rio Hortega (1932) was the
first to perform detailed analyses of these cells using a modified silver staining technique. Since
then, numerous studies have used light, confocal, and electron microscopic techniques to
elucidate the morphological features of microglial cells. However, detailed ultrastructural
analysis of their processes is lacking. Here, Ibal immunocytochemistry was combined with
electron microscopy to elucidate the fine structural morphology of the cell bodies and processes
of microglial cells in the hilus of the dentate gyrus of normal adult rats. The data show that
these cells have an affinity for lying adjacent to cell bodies or capillaries. It is unknown if the
microglial cells at these two sites have functional differences from those found in the neuropil,
where they presumably provide surveillance of the neuropil for changes that may require
activation (Kreutzberg, 1996; Nimmerjahn et al., 2005). It is thought that the microglial cell
processes are involved with this surveillance function, although the precise manner in which
they do this has not yet been fully elaborated (Nimmerjahn, 2005).

The functional relationship between the processes of the microglial cells and neurons is not
well-understood. It has been suggested that microglial cells secrete growth factors (Batchelor,
1999). It is possible that peri-neuronal processes might be monitoring the “health” of the
neuron, such that it can release specific quantities of needed growth factors on demand. It is
also possible that in the event that the neuron becomes denervated, or in other ways sick beyond
repair, that the microglial cell is rapidly signaled to eliminate the ailing neuron before it can
infect neighboring cells. In situations such as these, it has also been hypothesized that the
microglial cells, true to their macrophage origin, become antigen presenting cells (Ford et al.,
1995). In this case, other macrophages in the brain can be primed to detect and respond rapidly
to dysfunctional or dystrophic neurons (Biber et al., 2007).

The peri-neuronal Ibal-labeled cell bodies in the present study were apposed to the surface of
a neuronal cell body and there were no axon terminals forming axo-somatic synapses. This
observation suggests one of two possible scenarios. The first is that the microglial cells displace
or remove some of the axo-somatic synapses to gain direct juxtapositioning to the neuronal
cell bodies. This possibility is supported by the fact that most neuronal cell bodies in the hilus
of the dentate gyrus have a random distribution of axo-somatic synapses along their surface
(Ribak and Shapiro, 2007) and these synapses are missing or denuded at the site of microglial/
neuronal juxtaposition. The presence of remnants of postsynaptic densities in the neuronal cell
body at these sites of juxtaposition is another indication of this suggested removal or
displacement of axo-somatic terminals by microglial cells (Kelley et al., 2007). A second
possibility is that the denervation precedes the direct microglial/neuronal apposition and this
relationship occurs only after the axo-somatic terminals have been lost. Future studies will be
needed to determine if the microglial cells are actively involved in the removal of the axo-
somatic synapses, or, if denervation of these synapses precedes the direct neuronal/microglial
cell apposition.

Similar to the peri-neuronal microglial cells, the peri-capillary microglial cells might also be

monitoring the environment proximal to the blood brain barrier. It is well known that following
many types of brain insult, the blood brain barrier is breached and rapid microglial activation
occurs (Gehrmann, 1995; Davalos et al., 2005). It has also been demonstrated that peripheral
macrophages infiltrate the central nervous system and this infiltration has been postulated to

be increased following brain insult (Persson, 1976; Giulian et al., 1989; Chen et al., 2003). It
is unclear how these macrophages may or may not differ morphologically or functionally from
the endogenous population of microglial cells and if they respond differently than the resident
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microglial cells. Future studies are needed to further elucidate the functional significance of
this ubiquitous cell type in the brain.

4. Experimental procedures

4.1. Animals

Adult (150-2509) male Sprague-Dawley rats (N = 24) were used for this study. All protocols
and experiments were carried out in accordance with the Institutional Animal Care and Use
Committee at the University of California, Irvine. The rats were deeply anesthetized with
euthasol (1ml/kg) and transcardial perfusions were carried out using 250 ml of 0.9% sterile
saline, followed by 4.0% paraformaldehyde in 0.1M phosphate buffer. The brains were allowed
to post-fix in the skull for 24 hr, after which they were dissected out and placed in 4.0%
paraformaldehyde for 24 hr. The brains were then transferred to phosphate-buffered saline
(PBS) and 50 pum sections were cut using a vibratome.

4.2. Ibal and NeuN immunocytochemistry for confocal microscopy

Sections used for immunocytochemistry were incubated in 0.5% H,O, for 30 min, followed
by 60 min in 1% H»0,, and then again for 30 min in 0.5% H,0O,. Sections were then rinsed
with PBS and incubated free-floating in Ibal or Ibal and NeuN antibody (Iba11:1000, Wako,
Osaka, Japan; NeuN 1:500, Chemicon), with 3% normal goat serum, 0.05% Triton-X in PBS,
for 24-48 hrs rotating at 4°C. The tissue was then rinsed 3 times for 5 min in PBS and incubated
for 1 hr in fluorescent-labeled anti-rabbit 1gG (Ibal, 1:200, Alexa Fluor 488, Milipore Inc.,
CA, USA)) and fluorescent-labeled anti-mouse 1gG (NeuN 1:200, Alexa Fluor 567, Milipore
Inc., CA, USA), rotating free-floating at RT.

4.3. Ibal-immuno-electron microscopy

Sections used for immunocytochemistry were incubated in 0.5% H,0O, for 30 min, followed
by 60 min in 1% H,0,, and then again for 30 min in 0.5% H,0O,. Sections were then rinsed
with PBS and incubated free-floating in Ibal antibody (1:1000, Wako, Osaka, Japan), with 3%
normal goat serum, 0.05% Triton-X in PBS, for 24 hrs rotating at room temperature (RT). The
tissue was then rinsed 3 times for 5 min in PBS and incubated for 1 hr in biotinylated anti-
rabbit 1gG (1:200, Vector Labs, Burlingame, CA, USA), rotating at RT. The tissue was then
rinsed in PBS 3 times for 5 min each rinse, and incubated for 1 hr in ABC (Vector Labs)
solution, rotating at RT. Following incubation, sections were rinsed with PBS for 20 min and
were developed by incubating in 0.025% diamino-benzidine (DAB) and 0.002% hydrogen
peroxide, in PBS. The DAB reaction was halted using PBS, followed by three 10 min PBS
rinses.

Sections from the hippocampus were processed for electron microscopy using a previously
described method (Shapiro & Ribak, 2006). Briefly, hippocampal sections were post-fixed in
1% glutaraldehyde for 1 hr, then rinsed in PBS and placed in 1% osmium tetroxide for 20-60
min, and dehydrated by ethanol and propylene oxide immersion. A flat-embedding procedure
was used after which each tissue block was trimmed using a single-edged razor blade under a
dissecting microscope. A short series of ultrathin (60-80 nm) sections containing the dentate
gyrus from each block was cut with an ultramicrotome (UltraCut E, Reichert-Jung, Wetzlar,
Germany), and sequential sections were collected on mesh and formvar-coated slot grids. The
sections were stained with uranyl acetate and lead citrate to enhance contrast. Sections
containing the granule cell layer and hilus were examined with a Philips CM-10 transmission
electron microscope. Images of Ibal-immunolabeled microglial cells were captured with a
Gatan Ultrascan digital camera.
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4.4. Quantification of Ibal-labeled cells apposed to hilar neurons

To determine the percentage of Ibal-labeled cells that apposed hilar neurons, the hilus was

traced (Fig. 1B) to exclude the area directly adjacent to the granule cell layer (the subgranular
zone). The area of the region traced was calculated and the total number of Ibal-labeled cells
that fell within this area was counted in four animals. In addition, the number of 1bal-labeled
cellsthat had their cell body within 4 um of the soma of a NeuN-labeled neuron was determined.
These data are reported as a percentage of the total number of 1bal-labeled cells in the hilus.
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Fig. 1.

Confocal Z-stack merged images depicting Ibal-immunolabeled cells and Neu-N labeled
neurons found in the dentate gyrus. A depicts Ibal-immunolabeled cells located at the border
of the hilus and granule cell layer (GL), in the molecular layer (ML) and in the hilus. Note the
relatively even spacing and uniform distribution between the Ibal-immunolabeled cell bodies
in the hilus. Many Ibal-labeled cells are concentrated at the border between the hilus and GL,
i.e., the subgranular zone (arrows). Other cells with processes extending into the granule cell
layer have their cell bodies (arrowhead) in the ML. Ibal-labeled cells in the GL (red arrows)
are relatively infrequent. B shows both Ibal-immunolabeled cells and Neu-N labeled neuronal
somata located within the dentate gyrus. The hilar region was traced (red line) in order to
determine the frequency of Ibal-immunolabeled cell bodies apposed to Neu-N neuronal
somata, and examples of this apposition are indicated (white arrows). Scale bar = 20 um for
A and B.
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Fig. 2.

Electron micrographs of microglial cell bodies found in the hilus of the dentate gyrus. A shows
a peri-neuronal Ibal-labeled cell body, with the Nissl body (large arrow) of a nearby neuron
(N) located close to this microglial cell’s plasma membrane. B is an enlargement of the
microglial cell body. Note the inclusion bodies (asterisks) and a prominent centrosome (white
arrow) within its perikaryon. In C, a dark band of Ibal immunoreaction product (white arrows)
is observed surrounding the cell nucleus (N) of another microglial cell. Most of the dense
heterochromatin within the nucleus is found near the nuclear envelope. Two Ibal-labeled
profiles (black arrows) appear in the neuropil. D is an Ibal-labeled cell body with a boot-shaped
nucleus (N), a triangular-shaped cell body, and multiple inclusion bodies (asterisks). Scale bars
=2 um for Aand 1 um for B-D.

Brain Res. Author manuscript; available in PMC 2010 April 17.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuely Joyiny vd-HIN

Shapiro et al.

Fig. 3.

Electron micrographs of a peri-neuronal 1bal-labeled microglial cell found in the hilus of the
dentate gyrus. A shows the nucleus (N) of this Ibal-labeled microglial cell that apposes a
neuronal cell body (CB). Note that the immuno-reaction product is limited to the perikaryal
cytoplasm of the microglial cell and its electron density is increased at the site of apposition
to the neuronal cell body. Some of the cellular organelles observed within the neuronal cell
body include the Golgi apparatus (G) and granular endoplasmic reticulum (ER). B is an
enlargement of the same Ibal-labeled microglial cell and neuronal cell body found in A. Note
the typical chromatin pattern for the nucleus (N) of this microglial cell with heterochromatin
mainly concentrated adjacent to the nuclear envelope. C is an enlargement of the box in B.
Thin astrocytic processes (open arrows) separate small portions of the apposition between the
microglial cell and the neuronal cell body while a direct apposition is found at just one site
(large arrow). Several postsynaptic densities (arrowheads) are found in the neuronal cell body
at this apposition while others are involved in a synapse with an axon terminal (T). Several
exosomes (small arrows) are located in the extracellular space surrounding the Ibal-labeled
microglial cell body. Scale bars =2 um for A and 0.5 um for B and C.
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Fig. 4.

Electron micrographs of peri-capillary Ibal-labeled microglial cell bodies found in the hilus.
A shows an Ibal-labeled microglial cell body near a blood vessel (V) with its characteristic
nucleus (N) and immunoreaction product (white arrows) in its perikaryal cytoplasm. Note the
myelinated axons (M) in the adjacent neuropil. B is an enlargement of an adjacent serial section
showing the peri-capillary cell found in A. One of the myelinated axons (M) is shown as well
as the immunoreaction product (white arrows). The microglial cell’s plasma membrane and
the basal lamina of the endothelial cell lining this capillary (V) are only separated by about 0.5
um. C demonstrates another example of a peri-capillary, Ibal-labeled cell body with the typical
morphology of its nucleus (N). Also, this cell’s plasma membrane and the basal lamina of the
endothelial cell are separated by only 0.16 pm. Scale bars = 1 ym for A and 0.5 pm for B and
C.
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Fig. 5.

Electron micrographs of an Ibal-labeled microglial cell body with a labeled process found in
the adjacent neuropil. A shows the labeled cell body and a few inclusion bodies (asterisks)
found within its cytoplasm. The proximal part of its process (arrows) is shown in A while panel
B shows a more distal portion of this process. Note that this Ibal-labeled process (arrows)
extends into the neuropil where several myelinated axons (M) are found. A pedunculated side
branch (arrowheads) arises from this labeled process. Scale bars = 1 um for A and B.
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Fig. 6.

Electron micrographs of an Ibal-labeled microglial cell with Ibal-labeled processes in the hilus
of the dentate gyrus. A shows an Ibal-labeled cell body with four cross-sectioned Ibal-labeled
processes found approximately 4.6 um (P4) and 11 um (P1-P3) away from the cell’s nucleus
(N). Mossy fibers (arrows) can also be seen scattered throughout the neuropil. B is an
enlargement of the Ibal-labeled cell found in A and shows an inclusion body (asterisk) located
its perikaryon. One of the Ibal-labeled processes (P4) is also shown. C is an enlargement of
the three cross-sectioned Ibal-labeled processes (P1-P3). Note the arrangement of the cross-
sectioned processes, demonstrating what appears to be a central process (P2) with two side
branches (P1, P3). Scale bars = 2 ym for A—C.
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