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A B S T R A C T

Expanded polyglutamine-containing proteins in neurons intrinsically contributes to neuronal dysfunctions and
neuronal cell death in polyglutamine (polyQ) diseases. In addition, an expanded polyQ-containing protein in
microglia also leads to apoptosis of neurons. However, detailed morphological analysis of neurons exposed to
conditioned medium (CM) derived from polyQ-containing microglia has not been essentially carried out. Here, we
introduced aggregated peptide with 69 glutamine repeat (69Q) into BV2 microglial cells. The 69Q-containing BV2
cells showed shorter branches. The CM from 69Q-containing microglia (69Q-CM) induced neurite retraction and
fewer number of branch point of neurites of differentiated PC12 cells. Likewise, the 69Q-CM induces disturbed
differentiation of PC12 cells with shorter total length of neurites and fewer number of branch point of neurites.
Thus, the factor(s) released from polyQ-containing microglia affect both differentiation and degeneration of
neuron-like cells.
1. Introduction

The symptoms of patients with polyglutamine (polyQ) diseases
include motor dysfunction such as ataxia and cognitive impairment that
result in compromised daily living capacity [1, 2]. The neurological
symptoms are brought by degeneration of neurons in various regions of
the central nervous system (CNS) such as the cerebellum, basal ganglia,
cerebral cortex, and brainstem as well as the spinal cord [3]. So far, no
effective treatments have been presented for reversing the symptoms of
polyQ diseases. The pathogenesis of the polyQ disease is expansions of
CAG trinucleotide repeats in the causative genes that encode expanded
polyQ tracts in the causative proteins [4, 5, 6].

Although polyQ in neurons plays a pivotal role in neurodegeneration,
recent findings suggest non-negligible contribution of microglia, the
ramified brain-resident phagocytes, to neuronal dysfunctions in polyQ
diseases [7, 8]. In addition to phagocytosis, microglia plays vital roles in
homeostasis of CNS by perpetually scanning the CNS [9, 10]. Dysregu-
lation of the sentinel can give rise to neurological disease [10]. Multiple
types of spinocerebellar ataxia (SCA) are inherited and belong to polyQ
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diseases [11, 12, 13]. SCA type 1 (SCA1)-model mice revealed that
microglia are activated very early in the absence of neuronal death even
when mutant ataxin 1 (ATXN1) expression was restricted to cerebellar
Purkinje neurons, indicating microglial activation stimulated by signals
from dysfunctional neurons in non-cell autonomous manner.

Huntington's disease (HD) is also a polyQ disease which brings a
plethora of neuropsychiatric behavior [14]. Huntingtin protein (HTT) is
the causative molecule of HD and is expressed in both neurons and
various non neuronal cells [15]. Notably, nuclear mutant HTT inclusions
were found in microglia in the frontal cortex of adult-onset HD and in the
frontal cortex and striatum of juvenile-onset HD [16].

An influence of polyQ-containingmicroglia on neurons was studied in
mice. Addition of mutant Htt knock-in microglia (Q175/Q175) induced
apoptosis of embryonic stem cell-derived neurons cultured on a substrate
of wild type primary astrocytes [17]. However, the apoptosis was not
essentially observed in a case of wild type (Q7/Q7) microglia [17]. Even
in vivo experiment, mice expressing mutant HTT specifically in microglia
using Cx3cr1-driven Cre recombinase resulted in higher incidence of
neuron death under sterile inflammation condition than the control
.jp (K. Nakamura).
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littermates [17]. These observations suggest that HTT having expanded
polyQ in microglia leads to neuron death.

Given the findings, we sought to study detailed morphological
changes of neuron-like cells by expanded polyQ-containing microglia
because neuronal dysfunctions occur prior to neuronal cell death. In this
study, we prepared a synthetic polyQ peptide with 69 glutamine repeats
(69Q) without flanking sequences of any causative proteins as an
expanded polyQ. We also used 15Q as a non-expanded polyQ. These
peptides were introduced into microglial cells and conditioned medium
(CM) of the cells was collected. Then, the CMwas added to differentiated
neuron-like PC12 cells and retraction of neurites was analyzed. We also
did same experiments using PC12 cells before differentiation to see
neurite elongation in the presence of the CM.

2. Materials and methods

2.1. PolyQ peptides

TAMRA-labeled synthetic 15Q and 69Q were purchased from Bio-
Synthesis Inc. (Lewisville, TX). The sequences of 15Q and 69Q are 5,6-
TAMRA-KKQQQQQQQQQQQQQQQKK-CONH2 and 5,6-TAMRA-
KKQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQ-
QQQQQQQQQQQQQQQQQQQQQQQQQQQQKK-CONH2, respectively.
The purity of these peptides were more than 95%

2.2. Collection of CM

BV2 microglial cell was kindly provided by Dr. Choi (Korea Univer-
sity) and SH-SY5Y cell was purchased from ATCC. The two cells were
cultured in DMEM containing 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin solution at 37 �C with 5% CO2. BV2 cells were
plated on micro cover glass coated with laminin (30 μg/ml) (WAKO,
Osaka, Japan) in 6-well plates, while SH-SY5Y cells were plated in 24-
well plates without cover glass.

Vehicle, LPS (5 μg/ml), 15Q (10 μg/ml) or 69Q (10 μg/ml) was added
to these cells in DMEM containing 1% FBS and cultured for 3 days. After
the 3 days culture, these cells were washed in PBS and were cultured in
the medium without vehicle, polyQ or LPS. Two days later, CM from BV2
and SH-SY5Y cells were collected (Figure 2E).

2.3. PC12 cell culture

PC12 cells were purchased from RIKEN BRC. PC12 cells were first
plated on laminin-coated (30 μg/ml) micro cover glass (density of
1.0�104) in 24 well plates. When CM from BV2 or SH-SY5Y cells was
added to PC12 cells after differentiation, PC12 cells were differentiated
in DMEM containing 1% FBS, 0.25% BSA and 50 ng/ml NGF for 6 days
followed by replacement of the medium into CM (1% FBS) with 0.25%
BSA and 50 ng/ml NGF. Then, PC12 cells were further cultured for 4 days
for morphological analysis. When CM was added to PC12 cells at the
onset of differentiation, the cells were cultured in CM (1% FBS) with
0.25% BSA and 50 ng/ml NGF for 4 days. The protocol of PC12 cell
culture is almost same as our previous paper [18]. In the previous paper,
we had to place PC12 cells in room temperature without 5% CO2 for 30
min for irradiation of free electron laser. In contrast, we could keep the
cells in 37 �C with 5% CO2 in this study. Therefore, the neurite length is
1.5 times longer in this study than that in the previous study.

2.4. Quantification of cultured cells

The visible and fluorescence signals were observed with a fluores-
cence microscope (Keyence, Osaka, Japan) or a confocal microscope,
LSM880 (ZEISS, Oberkochen
Germany).

For BV2 cells, quantification of the area of cells was carried out by
measuring the area of cell body but not branches. Total length of
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branches was calculated by adding length of long axis of an individual
branch. The thickness of the proximal branch is the length of short axis at
the base of a branch. For PC12 cells, number of branch point of the
neurites were also measured. When a primary neurite branches multiple
times, all branch points were counted. The measurement of the area of
the cell body and total length of neurites were essentially same as those
for BV2 cells. The quantification was done using Image J software by two
observers. Because 1.0 μm proved the shortest limit to detect using Image
J software, the branches longer than 1.0 μm were selected.

2.5. Immunofluorescence staining

Immunofluorescence staining was done essentially according to a
previous literature [18] using Iba1 (GeneTex, Irvine, CA) and tyrosine
hydroxylase (TH) (Merck Millipore, Burlington, MA) antibodies. Nuclear
staining with DAPI was also included. The fluorescence signals were
detected with a confocal microscope, LSM880 (ZEISS, Oberkochen
Germany).

2.6. Statistical analysis

The data were expressed as the mean (SE). Statistical analysis was
done using ANOVA followed by Games-Howell post hoc test. P values
smaller than 0. 05 were assumed as statistically significant.

3. Results

3.1. PolyQ-induced morphological changes of BV2 microglial cells

We sought to investigate polyQ-induced morphological changes of
BV2 microglia. RAW264.7 macrophage cells given with LPS and IFN-γ
can be changed into M1-type with larger cell size [19]. Therefore, we
quantified the area of cell body. Likewise, an observation that
galectin-3-knockdown microglia had short and long thick branches [20]
motivated us to measure the total length of branches and thickness of
proximal branches of BV2 microglial cells.

We have previously shown that fluorescence-labeled 69Q forms ag-
gregation in aqueous solution [21] and internalization of 69Q into
SH-SY5Y cells is observed [18]. We checked if that is also the case in BV2
cells. 69Q were added to the medium of BV2microglial cells and the cells
were stained with Iba1 antibody, a marker of microglia, and DAPI. The
fluorescence z-stack images were taken at every 1 μm (Figure 1A) and the
ortho image of the z-stacks with YZ-axis cross section verified presence of
the 69Q signals between the Iba1 signals (Figure 1B). The result suggests
that 69Q in the culture medium was taken up by BV2 cells. Large 69Q
aggregates were found inside the cells in approximately 30% of the cells.
However, small 69Q aggregates that cannot be detected by fluorescence
microscope might also be present in some of the remaining 70% of the
cells.

Since LPS induces microglia having amoeboid shape, which is char-
acterized by the expansion of the cell body and a loss of ramifications
[22], we first compared the morphology between vehicle-treated BV2
cells and LPS-treated BV2 cells. BV2 cells were exposed to vehicle or LPS
for 3 days. Then, the cells were further cultured for 2 days without
vehicle or LPS and the morphological analysis was employed. ANOVA
with posthoc test verified larger area of cell body, shorter total length of
branches and thicker proximal branches in LPS-treated BV2 cells
(Figure 2A, B).

Using same morphological parameters, we then assessed morphology
of polyQ-treated BV2 cells. The area of cell body was larger in 69Q-
treated BV2 cells compared to vehicle-treated cells (Figure 2A, C).
Furthermore, the area of cell body in 69Q-treated BV2 cells was larger
than 15Q-treated BV2 cells. Likewise, total length of branches was
significantly shorter in both 15Q-treated and 69Q-treated BV2 cells than
vehicle-treated cells (Figure 2A, C). Proximal branches were also thicker
in 69Q-treated BV2 cells than both vehicle-treated and 15Q-treated cells



Figure 1. 69Q spontaneously enter BV2 cells. (A) Fluorescence z-stack images of 69Q-treated BV2 microglial cells (Iba1, green; 69Q, red; DAPI, blue) taken at every
1 μm using confocal laser scanning microscopy. (B) Ortho image of z-stacks taken at every 1 μm using confocal laser scanning microscopy. The left panel shows a cell
with the view of XY-axis plane and the right panel is the magnified YZ-axis cross section image along the red line in the left panel. Scale bar, 20 μm.
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(Figure 2A, C). Those of 15Q-treated cells was also significantly thicker
than vehicle-treated cells (Figure 2A, C).

We then distinguished BV2 cells with visible 69Q aggregates from the
cells without the visible aggregates in 69Q-treated cells (Figure 2D). The
area of cell body was significantly larger in cells having visible 69Q ag-
gregates than the cells without visible aggregates. Likewise, total length
of branches and thickness of proximal branches were significantly shorter
and thicker in cells having visible 69Q aggregates, respectively.

3.2. CM derived from polyQ-treated BV2 microglia induces neurite
retraction in differentiated PC12 cell

The shorter branches of polyQ-treated microglia partly reflect the
morphological character of activated amoeboid microglia. Thus, the
factor(s) released from polyQ-treated microglia might have toxic or
beneficial effects on the structure of neurites of neuron-like cells. PolyQ-
treated BV2 cells were cultured for 3 days. After exclusion of polyQ from
the medium, CM was collected 2 days later (Figure 2E). Majority of the
phenotypes and morphological abnormalities of neurons seen in polyQ
diseases become apparent after aging in both patients andmodel animals.
As a model of mature neurons in vitro, PC12 cells were fully differenti-
ated into neuron-like cells characterized by the presence of neurites by an
addition of NGF [18]. To determine the time point when PC12 cells are
fully differentiated, we initially checked area, length of neurite and
number of branch point of PC12 cells on Day 6 and Day 10 in culture, and
found that all the parameters were not different between the two time
3

points (data not shown). Thus, we set the time point for full differenti-
ation on Day 6.

We recently reported that 69Q directly introduced into differentiated
PC12 cells induces neurite retraction of PC12 cells as exemplified by
shorter total length of neurites [18]. We applied total length of neurites
as an index of neurite retraction by the effect of BV2 CM on PC12 cells. In
addition, we used number of branch point of neurites as an another
morphological index because NGF-stimulated PC12 cells showed an in-
crease in branch point of neurites by active Rac [23].

As an initial experiment, CM from BV2 cells treated with vehicle or
LPS were added to PC12 cells on day 6 and morphological analysis was
done 4 days later (Figure 3A). As shown in Figure 3B, C, shorter total
length of neurites and fewer number of branch point of neurites were
seen in LPS-CM-treated PC12 cells compared to vehicle-CM-treated cells.
However, area of cell body was not different between the two groups
(Figure 3B, C).

Then, we assessed the effects of polyQ-CM on PC12 cells. Total length
of neurites was significantly shorter by addition of 69Q-treated CM than
that of vehicle-treated CM (Figure 3B, D). However, 15Q-treated CM was
ineffective, indicating that the effect of polyQ CM is repeat-length
dependent. Likewise, number of branch point of the neurites was also
significantly fewer in 69Q-treated CM but not in 15Q-treated CM
(Figure 3B, D).

To further confirm the retraction of neurites by polyQ-CM, we
excluded NGF on day 6, and then cultured PC12 cells for 4 days in the
presence of CM. Both total length of neurites and number of branch point



Figure 2. Morphological changes of BV2 microglia by addition of polyQ. (A, B, C) Quantification of the area of cell body, total length of branches and thickness of
proximal branches of BV2 microglia with vehicle (A, B, C), LPS (A, B), 15Q (A, C) or 69Q (A, C) (n ¼ 99 cells, each from 4 experiments). Representative images are
shown in (A). (D) Comparison of the area of cell body, total length of branches and thickness of proximal branches between BV2 cells with visible 69Q aggregates (n ¼
60 cells from 4 experiments) and the cells without the visible aggregates (n ¼ 60 cells from 4 experiments) in 69Q-treated cells. (E) Time schedule of addition of
vehicle, LPS, 15Q or 69Q to BV2 cells and collection of CM. Error bars represent SE. ANOVA, *p < 0.05; **p < 0.01. Scale bar, 20 μm.
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were significantly different in 69Q-CM treatment compared to vehicle-
CM group (Figure 3E, F). The total length of neurite was also signifi-
cantly shorter in 69Q-CM-treated PC12 cells than in 15Q-CM-treated
PC12 cells (Figure 3E, F).
4

To rule out the possibility that small amount of polyQ in CM rather
than factor(s) released from polyQ-treated microglia might directly affect
PC12 cells, we carried out same experiment using CM from polyQ-treated
SH-SY5Y cell, a non-microglial cell. There were no significant differences



Figure 3. The morphological effects of CM derived from BV2 cells treated with polyQ on PC12 cell after differentiation. (A) Time schedule of differentiation of
PC12 cells and treatment with CM from BV2 cells treated with vehicle, LPS, 15Q or 69Q. (B, C, D) Quantification of the area of cell body, total length of neurites and/or
number of branch point of the neurites of PC12 cells after differentiation in the presence of CM from BV2 cells treated with vehicle (B, C, D), LPS (B, C), 15Q (B, D) or
69Q (B, D) (n ¼ 99 cells, each from 3 experiments). Representative images of PC12 cells are shown in (B). (E, F) Quantification of total length of neurites and number
of branch point of the neurites of PC12 cells after differentiation without NGF. NGF was excluded on day 6, and then PC12 cells were cultured for 4 days in the
presence of CM from BV2 cells treated with vehicle, 15Q or 69Q (n ¼ 75 cells, each from 3 experiments). TH-stained representative images of PC12 cells are shown in
(E). Error bars represent SE. ANOVA, **p < 0.01. Scale bars, 20 μm.
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in all the parameters examined by addition of either 15Q-treated CM or
69Q-treated CM (Figure 4). Thus, the neurite retraction of PC12 cells
depends on the factor(s) released from polyQ-treated microglia.

3.3. CM derived from polyQ-treated BV2 microglia inhibits neurite
outgrowth of differentiating PC12 cell

Although expanded polyQ leads to defects in aged neurons, a few
reports suggest its role during the stage of neural development [24]. We
next focused on the stage of neural development to test the effects of
polyQ-treated CM. The CM was added to PC12 cells at the onset of dif-
ferentiation with NGF, and the cells were cultured for 4 days (Figure 5A).
As shown in Figure 5B, C, the total length of neurites is shorter and the
number of branch point of the neurites were fewer in LPS-treated CM
than in vehicle-treated CM (Figure 5B, C). However, area of the cell body
was not different between the two groups (Figure 5B, C).

We next measured total length of neurites and the number of branch
point in polyQ-CM groups because these two parameters were changed in
Figure 4. The morphological effects of CM derived from SH-SY5Y cells treated
entiation of PC12 cells and treatment with CM from SH-SY5Y cells treated with vehic
total length of neurites and/or number of branch point of neurites of PC12 cells after d
95 cells) (B, C, D), LPS (n ¼ 89 cells) (B, C), 15Q (n ¼ 89 cells) (B, D) or 69Q (n ¼ 75
shown in (B). Error bars represent SE. Scale bars, 20 μm.
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LPS-CM group. Both total length of neurites and the number of branch
point were significantly different from vehicle-treated CM group in 69Q-
treated CM group but not in 15Q-treated CM group (Figure 5B, D). In
addition, total length of neurites in 69Q-treated CM group was signifi-
cantly shorter than 15Q-treated CM group (Figure 5B, D). Again, addition
of either 15Q-treated CM or 69Q-treated CM from SH-SY5Y cells did not
have any effects on the differentiation of PC12 cells (Figure 6). Taken
together, the factor(s) released from polyQ-treated microglia disturbed
neurite extension of PC12 cells.

4. Discussion

Microglia is a resident immune cell in the brain. The cells maintain
homeostasis and also contribute to normal brain functions (reviewed in
[25]). Under pathological conditions such as injuries and diseases,
microglia is activated. Indeed, activated microglial cells were detected
close to lesion sites in neurodegenerative disorders such as Alzheimer's
disease, multiple sclerosis, Parkinson's disease and muscular
with polyQ on PC12 cell after differentiation. (A) Time schedule of differ-
le, LPS, 15Q or 69Q as Figure 3. (B, C, D) Quantification of the area of cell body,
ifferentiation in the presence of CM from SH-SY5Y cells treated with vehicle (n ¼
cells) (B, D) (each from 3 experiments). Representative images of PC12 cells are



Figure 5. The morphological effect of CM derived from BV2 cells treated with polyQ on PC12 cell during differentiation. (A) Time schedule of differentiation
of PC12 cells and treatment with CM from BV2 cells treated with vehicle, LPS, 15Q or 69Q during differentiation. (B, C, D) Quantification of the area of cell body, total
length of neurites and/or number of branch point of the neurites of PC12 cells during differentiation in the presence of CM from BV2 cells treated with vehicle (n ¼ 99
cells) (B, C, D), LPS (n ¼ 70 cells) (B, C), 15Q (n ¼ 99 cells) (B, D) or 69Q (n ¼ 99 cells) (B, D) (each from 3 experiments). Representative images of PC12 cells are
shown in (B). Error bars represent SE. ANOVA, **p < 0.01. Scale bar, 20 μm.
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amyotrophic lateral sclerosis [26]. The activated microglial cells occa-
sionally secret anti-inflammatory neuroprotective factors for tissue repair
and wound healing (reviewed in [25]). The neuroprotective aspect of
microglia in a neurodegenerative disorder is closely correlated with a
motor dysfunction in an inducible model mouse for amyotrophic lateral
7

sclerosis [27]. In the mice, reactive microglia selectively cleared
neuronal TDP-43 and blockade of microgliosis during the early recovery
phase failed to regain full motor function. In contrast, over activated
microglia may exacerbate some neurodegenerative diseases by secretion
of proinflammatory factors that lead to cytotoxicity [26].



Figure 6. The morphological effects of CM derived from SH-SY5Y cells treated with polyQ on PC12 cell during differentiation. (A) Time schedule of dif-
ferentiation of PC12 cells and treatment with CM from SH-SY5Y cells treated with vehicle, LPS, 15Q or 69Q as Figure 5. (B, C, D) Quantification of the area of cell
body, total length of neurites and/or number of branch point of neurites of PC12 cells during differentiation in the presence of CM from SH-SY5Y cells treated with
vehicle (n ¼ 95 cells) (B, C, D), LPS (n ¼ 95 cells) (B, C), 15Q (n ¼ 75 cells) (B, D) or 69Q (n ¼ 95 cells) (B, D) (each from 3 experiments). Representative images of
PC12 cells are shown in (B). Error bars represent SE. Scale bars, 20 μm.
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The activation of microglia is parallel to the morphological changes.
The resting and activated microglial cells show a highly ramified
morphology and an amoeboid shape, respectively [25, 28]. In the present
study, we demonstrated morphological changes of microglia by addition
of polyQ. We observed larger area of cell body, shorter length of branches
and thicker proximal branches in 69Q-treated microglia. The morpho-
logical character in 69Q-treated microglia is partially similar but lesser
extent to the amoeboid shape seen in the LPS-activated microglia. Thus,
the morphological changes of 69Q likely reflect activated state.

The shorter length of branches and thicker proximal branches were
also seen in 15Q-treated BV2 cells. These observations are not surprising
because even short 15Q peptide led to shorter total length of neurites in
SH-SY5Y cells [18].

We showed that CM from 69Q-treated BV2 microglia induces neurite
retraction in differentiated PC12 cells. Given the observation that nuclear
mutant HTT inclusions were found in microglia in HD [16], extended
polyQ-containing proteins other than HTT in microglia might have some
effects on neurons. The Purkinje cell dendrites become shorter [29] and
8

axons of spinal cord become thinner [30] in SCA1 model mice with aging
before neuronal cell death. The degeneration of neuronal processes in
SCA1 model mice was correlated with electrophysiological and behav-
ioral abnormalities [29, 30]. Accordingly, it is interesting to study elec-
trophysiological properties of neurons in the presence of
polyQ-introduced microglia. In contrast to CM from 69Q-treated BV2
microglia, CM from 15Q-treated BV2 microglia did not bring any
morphological changes of PC12 cells, suggesting that the extent of acti-
vation might not be high enough in 15Q-treated BV2 cells, as compared
to 69Q-treated BV2 cells.

We also demonstrated that CM from polyQ-treated BV2 microglia
inhibits neurite outgrowth of differentiating PC12 cells. As an evidence of
a contribution of polyQ in cells other than neurons to development,
proliferation of neural progenitor cells was decreased in a cell autono-
mous fashion in SCA1mice [24], which potentially leads to compromised
neurogenesis in the adult. Our results also reveal a potential contribution
of expanded polyQ in non-neuronal cells to the differentiation of
neuron-like cells.
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As for the candidate factor(s) released from BV2 cells that led to
neurite retraction and disturbed differentiation of PC12 cells, multiple
cytokines can be raised. IL-1β level was increased in post-mortem studies
using HD brains. Similarly, elevated levels of some molecules such as
TNFα and IL-6 were seen in the plasma from HD patients (reviewed in
[25]).

The data derived from model mice for polyQ diseases raised a pos-
sibility that higher mRNA of these cytokines leads to the elevated levels
of the cytokines. Quantitative RT-PCR using mRNA from the cerebellum
of transgenic ATXN1 [82Q] mice of 12 weeks old showed higher levels of
TNFα, MCP-1 and IL-6 [7]. In SCA1154Q/2Q mice of 8 weeks old, RNA
levels of TNFα and MCP-1 were significantly higher, whereas, that of IL-6
showed trend for increase [7]. Likewise, expression of mutant HTT in
microglia induced cell-autonomous pro-inflammatory transcriptional
activation [17]. This activation was brought by increase in the expression
and transcriptional activities of PU.1 and C/EBPs [17]. We have not
identified the factor(s) that led to neurite retraction and disturbed dif-
ferentiation of PC12 cells. Given the morphological similarities between
69Q-treated BV2 and LPS-treated BV2, these factor(s) might be mole-
cule(s) regulated by stimulation with LPS. Whatever the case, additional
experiments will be needed to identify the responsible factors by using
either siRNA or neutralizing antibodies.
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