
http://www.bio-rad.com/ad/drugdiscovery/


Introduction
Neuroinflammation and its cellular manifestation,
reactive gliosis, may contribute to nigrostriatal
degeneration in Parkinson’s disease. Neuropathologic
examination of substantia nigra in individuals with
Parkinson's disease and that of humans and mice
exposed to 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine (MPTP) indicates reactive gliosis
accompanies dopaminergic neuron death. MPTP 
is a contaminant of fentanyl analog designer drugs
identified by its selective neurotoxicity to
dopaminergic neurons (Langston et al. 1983), which
produces clinical symptoms similar to those of
Parkinson’s disease. Astrocytes convert MPTP to its
neurotoxic metabolite 1-methyl-4-phenylpyridinium
(MPP+) through the action of monoamine oxidase B
(Langston et al., 1984). MPP+ is taken up by the
dopaminergic neurons via the dopamine transporter
and interferes with mitochondrial energy metabolism
(Javitch et al. 1985). This selective neurodegeneration
in the MPTP-lesioned nigrostriatal system permits
the study of reactive astrocytosis and microgliosis in
response to dopaminergic neuron death in a mouse
model. In IL-6-deficient (–/–) mice, MPTP-induced
dopamine depletion and neural cell death are greater
than in control IL-6 (+/+) mice, suggesting that IL-6
is neuroprotective in this model (Bolin et al. 2002).
Additionally, IL-6 (–/–) astrocyte activation
correlates with increased dopaminergic neuron death
(Cardenas and Bolin in press). Therefore, to better
understand neuroinflammatory regulation in the

absence of IL-6, immune activation was examined in
central nervous system immunoeffector cells. Using
the Bio-Plex™ suspension array system, cytokine
repertoires of lipopolysaccharide (LPS)-stimulated
astrocytes isolated from IL-6 (+/+) and IL-6 (–/–)
mice were analyzed.

Methods
Primary astrocytes were isolated from neonatal
mouse cortices of both IL-6 genotypes as described
by Zietlow et al. (1999). Confluent astrocyte cultures
were stimulated in triplicate with a range of LPS
concentrations (0, 0.1, 1, 10, and 100 ng/ml) over 
a time course of 1, 6, 18, and 48 hr. Culture
supernatants were collected and snap frozen. Plate
configurations included both IL-6 (+/+) and IL-6
(–/–) astrocyte supernatants from the complete LPS
dose-response at the same time point to minimze
intra-assay differences.

Supernatant cytokine levels were measured 
with Bio-Plex mouse cytokine assays. Beads coated
with capture antibodies (5,000 beads per cytokine)
were incubated with premixed standards or sample
supernatants (50 µl) in 96-well filter plates. Plates
were shaken for 30 sec at high speed (1,000 rpm),
then incubated at room temperature for 30 min at
low speed (300 rpm). Following incubation,
premixed detection antibodies (1 µg/ml) were added,
and plates shaken and incubated as before. After
washing, streptavidin-phycoerythrin (2 µg/ml) was
added to the wells and the plates incubated for 
10 min at room temperature with shaking. After
washing, the beads were resuspended in 125 µl 
of Bio-Plex cytokine assay buffer and read by the 
Bio-Plex array reader. Data were analyzed with 
Bio-Plex Manager™ software version 2.0 with 4PL
and 5PL curve fits.

Results 
The Bio-Plex suspension array system permitted the
simultaneous measurement of 18 different cytokines
and chemokines across multiple dosages of LPS as
seen in Figure 1 for wild-type astrocytes. As
expected, IL-6 secretion was observed in wild-type
astrocytes with no detection in IL-6 (–/–) cell
supernatants (data not shown). IL-3, IL-5, IL-9, 
IL-12 (p70), IL-17, and IFN-γ were not detected in
LPS-stimulated astrocyte supernatants of either IL-6
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Fig. 1. Cytokine and
chemokine expression
profile. Culture supernatants
of IL-6 (+/+) primary mouse
astrocytes were treated with
LPS for 1, 6, 18, and 48 hr,
and cytokine and chemokines
simultaneously analyzed using
the Bio-Plex suspension array
system. Shown is an LPS
dose response at the 6 hr.
time point. MFI, median
fluorescent intensity.
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genotype. IL-6 (–/–) astrocyte secretion of the
inflammatory cytokines IL-1α, IL-1β, and TNF-α
was greater than that measured in supernatants of
IL-6 (+/+) astrocytes under the same stimulatory
conditions. For IL-12 (p40), G-CSF, and GM-CSF,
the opposite trend was observed, with IL-6 (+/+)
astrocytes secreting more of these cytokines than
IL-6 (–/–) astrocytes. IL-10 secretion was attenuated
in both genotypes with small but significantly greater
levels in IL-6 (–/–) than wild-type astrocytes
stimulated with LPS (data not shown). Vigorous
secretion of the chemokines MCP-1, MIP-1α, KC,
and RANTES was observed in astrocyte
supernatants of both IL-6 genotypes (Figure 2). 

Discussion
These data are consistent with a differential
inflammatory activity of IL-6 (–/–) astrocytes
compared to IL-6 (+/+) astrocytes stimulated with
LPS. The increased inflammatory cytokine secretion
suggests a greater potential for astrocytic-driven
neuroinflammation in the absence of IL-6
immunomodulation. Whether this in vitro data has
in vivo correlates in the MPTP-lesioned nigrostriatal
system is intriguing and the focus for continuing
investigation. For example, the trend toward greater
specific chemokine secretion, i.e., MIP-1α, by IL-6
(+/+) astrocytes is particularly interesting in light of
the compromised microgliosis observed in IL-6 (–/–)
mice lesioned with MPTP (Cardenas and Bolin in
press). This data also suggests new targets for
exploration of inflammatory processes in nigrostriatal
degeneration. Thus, the Bio-Plex suspension array
system has been a discovery platform in the study of
immunoeffector cell activation in the mouse model
of Parkinson’s disease.
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Fig. 2. Simultaneous
determination of
chemokine secretion. IL-6
(+/+) and (–/–) primary mouse
astrocytes were stimulated
with LPS for 6 hr (A), 18 hr
(B), and 48 hr (C), and
chemokine levels measured
using the Bio-Plex suspension
array system.

BioRadiations 111 37

technical report

page 37 –  printed at 90%

A

B

0.0 0.1 1.0 10 100 0.0 0.1 1.0 10 100
(+/+) (–/–)

[LPS], ng/ml

10

0

20

30

40

50

60

70

80

90

100

110

120

130

140

150

160

170

[C
he

m
o

ki
ne

], 
ng

/m
l

180
C

05 TR_Final.qxd  1/26/04  12:29 PM  Page 37



Introduction 
Protein phosphorylation plays an important role in
signal transduction pathways at many levels, from
activation of cell surface receptors to activation of
transcription factors. In the last decades, the
phosphorylation sites of many signal transduction
proteins have been identified and protein interactions
have been profiled in different pathways. In order to
study intracellular signal transduction, it is important
to detect the target protein’s phosphorylation state,
which is directly related to its activity.

Since commercial phosphoprotein-specific
antibodies have become available in recent years,
researchers are able to use these antibodies to probe
phosphorylated protein using western blots.
However, limitations of this technology include 
the labor and time involved. Furthermore, because
of the complicated interactions among different
phosphoproteins, it is important to detect the
phosphorylation state of numerous target proteins
at the same time.

We have developed multiplex immunoassays that
simultaneously measure the phosphorylation levels
of eight cell signaling proteins (phospho-JNK, -p38
MAPK, -IκB-α, -ERK2, -Akt, -ATF-2, -MEK2, and
-STAT3) in a single well of a 96-well microplate
using the Bio-Plex suspension array system. In order
to assess the relative level of phosphorylation in a
given sample, we also developed multiplex assays
that simultaneously detect four total target
(phosphorylated and unphosphorylated) cell
signaling proteins, p38 MAPK, IκB-α, ERK2, and
MEK2. We can use these Bio-Plex phosphoprotein
and total target assays to measure the level of
phosphorylation or total protein to generate up 
to 768 data points from a single 96-well plate.

Methods
Lysate Preparation: Cell Culture Samples
Treated and untreated control cultures were prepared
at the same time. Cultured cells were lysed according
to the instructions specified in the Bio-Plex cell lysis
kit product insert. An equal volume of assay buffer
from the Bio-Plex phosphoprotein reagent kit was
added to each sample. 

Lysate Preparation: Tissue Samples
Tissue samples were cut into 3 x 3 mm pieces and
ground with a tissue grinder in the lysing solution
specified in the Bio-Plex cell lysis kit product insert.
Ground tissue was freeze-thawed once at –70°C,
then sonicated and centrifuged to pellet the debris.
The protein concentration was adjusted to 200–
900 µg/ml with lysing solution. An equal volume 
of assay buffer from the Bio-Plex phosphoprotein
reagent kit was added to each sample. 

Assay Procedure
The cell culture and tissue sample lysates were
analyzed according to the instructions specified in
the Bio-Plex phosphoprotein assay instruction
manual. This protocol is summarized below:

Results and Discussion
See Table 1 to identify the target proteins and their
respective phosphorylation sites. The assays were
tested for sensitivity, correlation with western blots,
cross-reactivity, and precision.
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Table 1. Target proteins and their phosphorylation sites.

Target Protein Reactive Species Tested Species Phosphorylation Site(s)
Phospho-JNK Human, mouse Human Thr183, Tyr185

Phospho-p38 MAPK Human, mouse, rat Human Thr180, Tyr182

Phospho-IκB-α Human Human Ser32

Phospho-ERK2 Human, mouse, rat Human Thr202, Tyr204

Phospho-Akt Human, mouse, rat Human Ser473

Phospho-ATF-2 Human, mouse, rat Human Thr71

Phospho-MEK2 Human, mouse, rat Human Ser217, Ser221

Phospho-STAT3 Human, mouse, rat Human Tyr705

Incubate samples or controls (50 µl/well) with
capturing beads overnight at room temperature

Filter plate under vacuum and wash 3 times

Add detection antibodies (25 µl/well) 
and shake plate at room temperature for 30 min

Filter plate under vacuum and wash 3 times

Add streptavidin-PE (50 µl/well) 
and shake plate for 10 min at room temperature

Filter plate under vacuum and wash 3 times

Resuspend beads in bead resuspension buffer 
(125 µl/well) and read results on the Bio-Plex system
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Fig. 1. Phosphoprotein
Assay Correlation with
Western Blot

Sensitivity or Limit of Detection (LOD)
For each phosphoprotein assay, the total protein
concentration of treated and untreated cell lysates
was diluted to 200, 100, 50, 25, and 12.5 µg/ml.
Duplicates of each diluted sample were assayed for
fluorescence intensity on the Bio-Plex system, and
the results were calculated as the mean plus 2 SD for
untreated cell lysates and the mean minus 2 SD for
treated cell lysates. All eight phosphoprotein targets
showed that at 25 µg/ml of total cellular protein
concentration, the mean minus 2 SD for treated cell
lysates was greater than the mean plus 2 SD for the
corresponding untreated cell lysates (Table 2). 
This result suggests that all eight Bio-Plex
phosphoprotein assays can detect protein
phosphorylation levels as low as 25 µg/ml of total
protein. Similarly, for each total target assay, serial
dilutions of untreated cell lysates and blank wells
(replacing the lysate with lysing solution) were
tested in duplicate. The sensitivity for total target
assays was defined as the concentration at which
mean fluorescence intensity (MFI) minus 2 SD for a
given dilution point was greater than the MFI plus 
2 SD for the blank wells. 

Western Blot Correlation
A correlation study of Bio-Plex phosphoprotein
assays with western blots was conducted for the eight
targets using lysates from different treated cell lines
or tissues. The cell lysates were diluted, and for each
dilution, the same amount of total protein (µg per
well or lane) was tested both by Bio-Plex assay and
western blotting. Figure 1 summarizes the correlation
results. To compensate for the low-level
phosphorylation of phospho-ATF-2 in cultured cells,
mouse tissue expressing a high level of ATF-2 was
used. Good dose-response was demonstrated for each
of the eight diluted targets, and the Bio-Plex
phosphoprotein assays correlated very well with
western blots in comparisons of MFI and band
intensity. 

Four Bio-Plex total target assays were compared
to western blots for serially diluted untreated
HEK293 or HeLa cell lysates. For each dilution, the
same amount of total protein (µg per well or lane)
was tested both by the Bio-Plex assay and western
blotting. Figure 2 shows the correlation between the
Bio-Plex total target assay MFI values and intensity
of the bands on the western blots. All the Bio-Plex
total target assays demonstrated a linear dose-
response and good correlation with western blots.

Cross-Reactivity
Cross-reactivity was tested for both Bio-Plex
phosphoprotein and total protein targets assays in
the multiplex format. The cross-reactivity studies
included a multiplex assay that used all the detection
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Fig. 1. Correlation of 
Bio-Plex phosphoprotein
assays (upper panels) with
western blots (lower
panels). Note correlation of
assay MFI values to band
intensities.

Phospho-JNK
UV-treated HEK293 cells

Phospho-p38 MAPK
UV-treated HEK293 cells

Phospho-ERK2
EGF-treated HEK293 cells

Phospho-IκB-α
TNF-α-treated HeLa cells

Phospho-Akt
EGF-treated HEK293 cells

Phospho-ATF-2
Mouse tumor tissue lysate

Phospho-MEK2
EGF-treated HEK293 cells

Phospho-STAT3
EGF-treated HEK293 cells

Table 2. Limit of detection for 8-plex 
phosphoprotein assays.

Target Total Protein Treated Untreated 
Concentration (µg/ml) (MFI – 2 SD) (MFI + 2 SD)

Phospho-JNK 25 142 39
Phospho-p38 MAPK 25 165 42
Phospho-IκB-α 25 228 16
Phospho-ERK2 25 7,217 13
Phospho-Akt 25 131 71
Phospho-ATF-2 25 121 4
Phospho-MEK2 25 215 41
Phospho-STAT3 25 111 68
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antibodies and also multiplex assays that omitted
individual detection antibodies. Since the beads are
classified into distinct regions based on their
fluorescent dye character, there was no need to omit
each bead region for the cross-reactivity study. Both
Bio-Plex phosphoprotein (data not shown) and total
target assays (Figure 3) showed that there was
negligible cross-reactivity among the assays.

Precision
Both the Bio-Plex phosphoprotein and total target
assays included three separate runs conducted on
three days. Samples were tested at 200 µg/ml for the
phosphoprotein assays and at 100 µg/ml for the total
target assays. The intra-run %CV was 1.36–8.30 for
phosphoprotein assays and 4.12–13.41 for total
target assays. The inter-run %CV was 2.79–11.89 for
phosphoprotein assays and 3.09–10.43 for total
target assays (Table 3). 

Conclusions
Bio-Plex phosphoprotein and total target assays
permit the detection of eight different phosphorylated
proteins and four different total kinases in a 96-well
format. These multiplex assays exhibit excellent
levels of performance in terms of sensitivity,
specificity, and reproducibility, and correlate with
western blots. These findings were consistent for
both cell culture and tissue sample lysates.

For additional copies of this article, request
bulletin 2981. 
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Fig. 2. Correlation of 
Bio-Plex total target
assays (upper panels) with
western blots (lower
panels). Note correlation of
assay MFI values to band
intensities.

Table 3. Precision of 8-plex phosphoprotein* and 4-plex
total protein assays.**

Target MFI Inter-Run Intra-Run
CV, % CV, % CV, %

Phospho-JNK 2,208 5.69 4.39
Phospho-p38 MAPK 6,754 8.00 8.30
Phospho-IκB-α 2,380 5.20 4.49
Phospho-ERK2 14,733 2.79 1.36
Phospho-Akt 991 10.21 3.79
Phospho-ATF-2 1,262 11.89 4.33
Phospho-MEK2 609 7.86 8.09
Phospho-STAT3 1,146 8.29 3.78
Total p38 MAPK 4,021 3.09 4.12
Total ERK2 8,296 7.75 9.95
Total IκB-α 4,842 10.43 13.41
Total MEK2 1,941 9.07 7.13

* Phosphoprotein tested at 200 µg/ml of total protein
concentration. 

**Total kinase tested at 100 µg/ml total protein concentration. Data
based on 3 runs over 3 days.
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Fig. 3. Cross-reactivity of a
Bio-Plex total kinase assay.
Shown is a 4-plex run on
untreated HeLa cell lysate,
which included a panel with all
four detection antibodies (to
p38 MAPK, ERK2, IκB-α,
and MEK2) and panels that
omitted one of the four
detection antibodies.
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Figure. Assays of cytokines on a Bio-Plex system reader with varying
degrees of misalignment. A, IL-6 assay; B, IL-8 assay; C, GM-CSF assay.
MFI, mean fluorescence intensity.
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Effect of Misaligned Optics on Cytokine Assay Performance

The effect of misaligned optics was also analyzed using a 
3-plex cytokine assay (IL-6, IL-8, and GM-CSF) on a system
at varying degrees of misalignment. The same parameters
measured in the reporter validation kit were also evaluated for
actual assays, including sensitivity, slope, and dynamic range.
More specifically, five parameters were evaluated: 1) limit of
detection (LOD) as defined by 3 standard deviations (SD)
above the mean of the background, 2) low fluorescence
intensity signal (equal to background), 3) high fluorescence
intensity signal (10,000 pg/ml standard concentration), 
4) dynamic range of the standard curve, and 5) signal-to-noise
ratio of the 3.9 pg/ml standard. The results of the analyses 
of the three cytokines are shown in Table 4. When the 
optics alignment and reporter validation values fell outside
acceptable specifications, the assay parameters changed
significantly (Table 3). The signal-to-noise ratio and dynamic
range were affected, while the LOD remained constant for 
two of the three cytokines. As the instrument was misaligned
to a greater degree (that is, the reporter %CV increased), 
the overall signal of the assay decreased across the entire
standard curve. This is evident when comparing the low and
high assay signals for all three cytokines. For example, 
the IL-6 assay showed a reduction in relative fluorescence
intensity of the 10,000 pg/ml standard from 26,060 to 3,698
when the instrument was misaligned to a reporter channel
%CV of 18%. As the overall signal of the assay decreased,
the slope decreased significantly and the dynamic range of
the assay also decreased. These parameters indicate that
assay performance is significantly negatively affected by
misalignment of the optics.

The effects of misalignment on assay performance are further
shown when comparing the standard curves from each of the
three cytokines (see figure). The standard curve for all three
cytokines was shifted downward even when the reporter 
%CV was shifted from 7.6% to 10.5%.

Discussion
A number of conclusions may be drawn from this study. 
When a system is misaligned and the optics validation is
affected (as determined by the optics validation reporter
%CV), reporter validation parameters are also affected,
indicating a high correlation between the optics and reporter
validation parameters. The performance of a cytokine assay 
is affected in the same manner as the reporter validation kit
parameters, indicating that the validation kit parameters
correlate with cytokine assay performance. Finally, cytokine
assay performance parameters are directly affected by the
alignment of the optics, indicating that proper validation of 
the system is critical. Overall, these data suggest that the 
Bio-Plex validation kit is an essential tool for validating the
performance of the Bio-Plex system, thereby ensuring 
optimal assay performance.
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