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The expression level of proteins governing the electrical
excitability of and conduction within ventricular myocar-
dium are known to vary as a function of distance through
the heart wall. The expression patterns of a subset of
these proteins are altered in disease. Precise measure-
ment of such patterns is therefore essential to under-
standing structure-function relationships within the heart
in health and disease. Here, we report a new experimental
approach using reverse-phase protein microarrays to
map the left ventricular transmural proteome. This ap-
proach can yield submillimeter spatial resolution, and
when coupled with the method of array microenvironment
normalization, reduces nonbiological components of var-
iability to �10% of overall study variability. In addition, the
experimental design provides sufficient statistical power to
detect small, yet potentially biologically significant expres-
sion changes on the order of 1.1-fold. The usefulness of this
technique is demonstrated by mapping the transmural ex-
pression of Serca2a in the left ventricle of 12 canine hearts,
each in one of three states: normal, dyssynchronous heart
failure, and dyssynchronous heart failure followed by car-
diac resynchronization therapy. We confirm the existence
of a 40% transmural gradient (epi>endo) of Serca2a, and
demonstrate the ability of this technique to yield highly
significant transmural expression differences within each
individual heart. Molecular & Cellular Proteomics 10:
10.1074/mcp.M111.008037, 1–9, 2011.

The cardiac action potential (AP)1 is a rapid rise and slow
decrease of cardiac myocyte trans-membrane electrical po-

tential in response to changes in membrane conductance for
specific ions. The resulting electrical wave propagates from
the right and left atria to the ventricles, initiating the synchro-
nized release of calcium (Ca2�) and subsequent contraction
of the heart muscle. Isolated cardiac ventricular myocytes have
been shown to exhibit disparate AP characteristics (shape and
duration) as a function of transmural location (depth within the
ventricle from surface to interior) (1, 2). These differences in AP
properties are now known to result from transmural differences
in the expression and/or function of key proteins (ion channels,
transporters, and signaling) regulating the shape of the cardiac
AP (1–9). Therefore, understanding the process of AP genera-
tion and propagation throughout the myocardium requires the
measurement of transmural differences in protein expression as
an initial step to understanding the extent of differences
throughout the entire heart.

Currently, measurements of membrane ion channel and
transporter expression are made using Western blot or immu-
nofluorescence methods. Such measurements are plagued
by low transmural spatial-resolution, low throughput (�10–15
samples per gel; one tissue sample per immunofluorescent
measurement), and high variability (7, 10–13). One estimate of
typical across-gel coefficient of variance for Western blots is
�25%(14). A power calculation using this coefficient of vari-
ance indicates that �100 replicates per sample would be
needed to achieve a power of 0.80 for identifying 10% shifts
in expression. Further, the low statistical power of these as-
says requires that measurements from multiple experimental
preparations be pooled in an effort to improve statistical sig-
nificance. However, the possibility of considerable interindi-
vidual differences of transmural protein expression might limit
the ability to identify important patterns of transmural expres-
sion differences when pooling data across preparations. The
ability to measure protein expression with greater statistical
power of detection and increased spatial resolution would
make it possible to measure transmural expression differ-
ences within individual hearts, capturing biologically relevant
information on individual variability.

In previous work, we have shown that reverse-phase pro-
tein microarrays (RPMAs) can be used to detect small expres-
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sion changes with high statistical significance(15). RPMAs
immobilize lysates from many samples (�2500) onto a single
nitrocellulose surface via robotic printing (see Fig 1C). The
relative amount of target protein within each spotted lysate on
the array may be measured simultaneously by incubating the
entire array with a well-validated antibody (16, 17). Many
arrays can be printed from a single set of sample lysates and
each probed with a unique antibody of interest. When RPMAs
are coupled with the recently developed array microenviron-
ment normalization (AMN) technique (an approach to both
array design and data analysis), technical variability can be
reduced by up to 70%, enabling consistent detection of ex-
pression changes on the order of 1.1-fold.

Here, we demonstrate how RPMAs may be used to mea-
sure the transmural expression of a Ca�2 pump located in the
sarcoplasmic reticular membrane known as the serca2a
pump at millimeter spatial resolution. The expression level of
this transporter is known to be an important regulator of AP
duration in cardiac myocytes (18). Serca2a expression is also
known to vary transmurally, making it a good choice with
which to validate the RPMA technique (7, 10).

EXPERIMENTAL PROCEDURES

Detailed methods can be found in the online supplement; here we
describe the general methodology in brevity. Fig. 1 displays an over-
view of the experimental process for reference.

Tissue Collection and Preparation—Left ventricle tissue was col-
lected from mongrel dogs in one of three states: normal, dyssynchro-
nized heart failure (DHF), and DHF with cardiac resynchronization
therapy (CRT). All protocols followed US Department of Agriculture
and National Institutes of Health guidelines and were approved by the
Animal Care and Use Committee of the Johns Hopkins Medical
Institutions. A left bundle-branch ablation by radiofrequency and sub-
sequent right atrial pacing for 6 weeks at 200 bpm was used to induce
DHF (8). For CRT, the DHF protocol was stopped after 3 weeks, at
which time biventricular pacing was carried out for 3 weeks at the
same pacing rate of 200 bpm (19). Left ventricle (LV) tissue was
obtained from a total of twelve animals in this study, four from each of
the three states (normal, DHF, and CRT).

A wedge of tissue spanning from the epicardial (epi) surface of the
LV through to the endocardial (endo) surface is known as a transmural
wedge. Wedges midway between the apex and base of the LV at
independent anterior and lateral sites were removed from each heart
(see Figs. 1A and 1B). Each of the wedges was further split into two
�10 � 5�15 mm wedges (to be used for sectioning replicates; see
Fig. 1D), snap frozen in liquid nitrogen, and embedded in optimal
cutting temperature compound (OCT). The embedded transmural
wedge of tissue was mounted in a cryostat (Leica CM1850 UV)
maintained at –24°C, with the sectioning plane (x-y axes of Fig. 1B)
aligned perpendicular to the transmural dimension. For each millime-
ter of transmural depth sectioned, two 0.5 ml eppendorf tubes (at
–24°C) were labeled for their transmural location and each filled with
�6 mg of tissue. Two tubes per millimeter were collected so that the
ensuing lysing procedure could be replicated to account for potential
variability (see Fig. 1D). The tissue within each eppendorf tube was
then lysed using a whole-cell SDS lysing buffer containing: 2% SDS,
62.5 mM Tris-HCl (pH 6.8), 10% glycerol, 40% TPER, 10% TCEP. At
the end of the protocol each tube contained 300 �l of lysate at �3
mg/ml total protein concentration. Lysates were stored at –80°C until
RPMA fabrication.

Array Printing and Staining—Standard protocols were used for the
robotic printing and staining of RPMAs, details can be found in (16,
20, 21). Lysates were diluted in additional SDS buffer to normalize
their total protein concentration before deposition on the array at
�600 and 150 �g/ml (details in supplemental material online). Total
protein normalized sample lysates at both concentrations were pi-
petted into a 384-well plate for robotic deposition in the AMN for-
mat(15) (Fig. 1C). The 384-well plates were loaded into an Aushon
2470 arrayer equipped with 185-�m pins (Aushon Biosystems, Bil-
lerica, MA), which deposited �10 nL of each sample onto glass-
backed nitrocellulose slides (Schott, Germany). RPMAs were then
stored in desiccant at –20°C until stained.

Because of space limitations on a single array, two types of RPMAs
were produced: high resolution single heart (HRSH) arrays, and low
resolution multi-heart (LRMH) arrays. The HRSH arrays are called
“high resolution” because all of the lysates from each millimeter of
sectioned depth were deposited on them, whereas “single heart”
means that the deposits only include tissue lysates from a single
heart. Independent HRSH arrays were thus fabricated for each of the
12 hearts in the study. In contrast, the LRMH arrays are deemed “low
resolution” because they contain a subset of samples from three
depths (epi, mid, and endo) of each wedge but are “multiheart” as
they include all wedges from all 12 hearts on a single array. The epi,
mid, and endo samples for the LRMH arrays were each selected from
among the full resolution samples to be within the first 20%, 40–60%,
and last 20% of transmural depth, respectively. For both HRSH and
LRMH arrays, each sample from a specified millimeter of depth was
printed in 16 independent spots on the array with replicate structure
shown in Fig. 1D.

A total protein (sypro ruby) stain and an antibody stain were then
carried out as described in Anderson et al. (15) for each RPMA. For
primary antibody staining, arrays were incubated with mouse anti-
Serca2a (monoclonal MA3–910, Affinity Bioreagents, Golden, CO) at
room temperature, for 30 min. As a negative control, additional arrays
were incubated with antibody diluent only and used to demonstrate
the specificity of the process to the primary antibody.

On-array Controls—Every fabricated array included a standard
panel of control samples that were used to ensure robust and repro-
ducible results. All controls were generated in large quantities at the
beginning of the study and were stored at –80°C for use as needed.
The on-array controls include: the AMN control (Fig. 1), total protein
controls, and specificity controls. Below is a brief description of the
composition and purpose of each.

The AMN control is used for the normalization of all samples on
every array. As such, the selection of an appropriate AMN control is
essential. In our previous work, we found the performance of AMN to
be exemplary when the AMN control had a similar relative amount of
target protein to the samples of interest (15). To ensure this for all
target proteins, we chose to use lysate pooled from three normal LVs
using the described lysing technique (see online supplemen-
tal material for additional details).

Total protein controls were used to account for the fact that the
amount of target protein within each spot on an RPMA will vary
proportionally with its deposited total protein amount. The feature of
interest in RPMA work is the amount of target protein per unit total
protein, which is invariant to the original lysate total protein concen-
tration. Total protein controls were created by serial twofold dilutions
of the AMN control lysate. This yielded samples of identical target
protein per unit total protein, but unique total protein concentrations
ranging from 1 mg/ml down to 62.5 �g/ml.

RPMAs are a single-blot assay (sample protein is not separated
before staining i.e. electrophoresis), thus primary antibody specificity
is always checked via Western blotting to ensure the antibody is only
binding to the molecular weight of interest (single band in image) (17).
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However, it is preferable to also control for specificity on the arrays
themselves to ensure the signal is specific during the array staining.
Using a recently developed fractionation protocol, we created three
lysates (from the same tissue as the AMN control) enriched for cyto-
solic, myofilament, and membrane protein respectively (22). Depend-
ing on the antibody target, the fractions can be used for high and low
controls. For instance, if the RPMA antibody stain targets an ion
channel, the membrane fraction serves as a high-expression control,
whereas the cytosolic and myofilament serve as low controls.

Array Signal Analysis—Imaging of the emitted RPMA fluorescent
signal subsequent to antibody staining and/or sypro ruby staining,
was carried out using the Vidar RevolutionTM 4550 laser scanner
(Vidar Systems, Herndon, VA) at 10 �m resolution. Array tif images
(both antibody and total protein stains) were uploaded into MicroVi-

gene (Vigene Tech Inc., Carlisle, MA) for signal quantification. The
background-subtracted mean intensity of each individual spot was
output in a “.txt” file for analysis in R (23). Data taken directly from the
“.txt” file with no additional processing is referred to as the “primary
intensity” if a primary antibody was used, “negative intensity” if the
primary was omitted, and “sypro ruby intensity” if it is the result of a
sypro ruby stain. The primary intensity data is then total protein
normalized (TPN) and finally AMN transformed to yield the final data
for investigation.

TPN Transformation—The TPN transformation is the operation that
removes the total protein dependence within the primary intensity to
yield the feature of interest: the amount of target protein per unit total
protein. In the TPN transformation, the total protein controls are used
to fit a linear total protein dependence function (primary intensity

FIG. 1. Experimental overview. A, A depiction of the acquisition of an anterior transmural wedge from a left ventricle (z axis represents the
transmural dimension), which is immediately snap frozen. B, An individual transmural wedge being sectioned at 1-mm resolution (dotted line
represents the sectioning plane x-y), at �24°C in a cryostat. Sample tissue from each disparate 1-mm region is lysed to create a whole-cell
lysate. All 1-mm whole-cell lysates are then robotically printed on a RPMA in unique spots, as demonstrated by the arrows. C, A sypro ruby
total protein stain of a single HRSH array is shown (the left side of the array contains samples printed at 600 �g/ml, and the right side at 150
�g/ml). The array is magnified to display the AMN format of RPMA printing. D, The structure of replicates printed on the RPMAs for each 1 mm
transmural depth of wedge tissue. In total, sixteen replicates are printed that consist of independent sectioning and lysing replicates (reps) as
well as repeated spotting on the array.
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versus sypro ruby intensity, see Fig. 2A), and the predicted intensity
due to total protein dependence is then subtracted (on a log2-log2
scale) from the primary intensity (Fig. 2B) (see supplemental material).

AMN Transformation—Subsequent to the TPN transformation,
AMN is employed to remove the technical variability as described in
Anderson et al. (Equation 1)(15). This step is performed on data in the
linear scale.

Si, j �
si, j

�ci�1, j � ci�1, j � ci, j�1 � ci, j�1�/4
(Eq. 1)

Where indices i,j are the array row and column positions respec-
tively, s is the TPN sample signal on a linear scale, and c is the
TPN transformed AMN control signal (see Fig. 1C). The full protocol
for processing RPMA data was automated by creating R scripts
(23).

Nested ANOVA—To demonstrate the ability of the TPN and AMN
processing steps to reduce nonbiological variability, nested ANOVA
was employed. Nested ANOVA is a common mathematical process
for tracking sources of variability (24). Fig. 3 shows the nested
group structure of all samples and replicates within the normal
hearts only for ease of viewing and will be discussed in detail in
results. The percent of overall study variability associated with each

group was calculated using the sum of squares across each suc-
cessive grouping versus that within each group. The remaining
variability unaccounted for by any of the groups is called “within.”
The groups of state, heart, location, and depth are sources of
biological variability. “State” refers to Normal, DHF, or CRT; “heart”
is a number identifier for each independent heart; “location” refers
to the anterior or lateral LV location of the transmural wedge; and
“depth” is the transmural depth of each wedge lysate. The groups
of section replicate, lysate replicate, and within are all nonbiological
sources of variability.

RESULTS

The first step of RPMA analysis is to ensure the quality of
the data. The specificity of the antibody directed against the
membrane protein Serca2a is verified in Fig. 2B by the ex-
pression difference of eightfold in the membrane fraction ver-
sus cytosolic and myofilament fractions. In addition, a West-
ern blot performed showed only the band of interest for
serca2a (see supplemental Fig. 1). The linear dynamic range
is confirmed, because the total protein controls extend
above and below the range of the samples themselves and

FIG. 2. Total protein normalization. A, The primary intensity plotted versus the sypro ruby intensity. The red line is the fit total protein
dependence using the total protein controls, slope � 1.34. B, A plot of the TPN adjusted intensity versus the same sypro ruby intensity, total
protein control slope � –0.0017.
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exhibit linear behavior (Fig. 2A). Further, the ability to detect
the decrease in expression in the cytosolic and myofilament
fraction, and the increase in that of the membrane fraction
confirms that the assay is capable of detecting both increases
and decreases in sample expression per unit protein.

Fig. 2A shows that before the TPN transformation was
carried out there was significant dependence on the total

protein deposited within each spot that needed to be ad-
dressed. The study samples exhibited a Pearson correlation
of 0.67 between primary intensity and sypro ruby intensity,
while displaying a fit slope of 1.34 for the total protein
controls. Fig. 2B demonstrates that TPN minimizes the po-
tential effect of differences in spotted total protein among
the samples. These data show that the correlation of the

FIG. 3. Nested ANOVA displaying the four normal hearts assayed using this technique. All replicates from all samples are displayed,
grouped according to their origin as seen on the bottom of the graph. Unprocessed Serca2a primary intensity is on top, TPN adjusted intensity
in the middle, and the final TPN and AMN adjusted intensity is shown on the bottom.

TABLE I
Variance components expressed as percent of total variability from nested ANOVA performed on RPMA Serca2a expression (negative control

stain components)

Variance components Intensity TPN adjusted
TPN and AMN

adjusted

State (Norm,DHF,CRT) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
Heart 16.2 (6.9) 8.2 (6.8) 14 (11.9)
Location (Ant,Lat) 0.0 (0.6) 0.4 (2.0) 0.5 (0.3)
Depth (Epi,Mid,Endo) 9.4 (0.0) 38.9 (0.0) 75.2 (2.6)
Section replicate 17.5 (28.3) 1.6 (0.0) 3.1 (3.3)
Lysate replicate 19.4 (50.8) 0.0 (24.0) 1.8 (15.8)
Within (unaccounted) 37.6 (13.3) 50.9 (67.3) 5.4 (66.0)
Biological 25.6 (7.5) 47.5 (8.8) 89.7 (14.8)
Nonbiological 74.5 (92.4) 52.5 (91.3) 10.3 (85.1)
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study samples’ TPN transformed primary intensity versus
sypro ruby intensity was reduced to –0.19, whereas the fit
slope of the total protein controls fell to 0.0017, indicating
minimal remaining dependence on the deposited total pro-
tein amount.

Nested ANOVA analysis was used to track sources of var-
iability at each step of the analysis: primary intensity, TPN
transformed intensity, and TPN and AMN transformed inten-
sity. Results of nested ANOVA analysis for the Serca2a
antibody stain are shown in Table I. In Fig. 3, individual data
points from all normal samples, including all replicates, are
scatter plot by their discussed nested ANOVA structure
(only normal samples shown because of space). The non-
biological variability in the data is shown to diminish as the
TPN and AMN transformations are performed. Before the
TPN and AMN transformations, only 25% of all variability
in the study is attributable to biological sources. The TPN
transformation alone increases that to nearly 50%. After
both TPN and AMN, the biological groupings of the samples
account for 90% of the variability in the study, with 75% of
all variability associated with the transmural depth of the
lysate. A negative control stain was also analyzed by nested
ANOVA and 85% of variability remained nonbiological after
TPN and AMN, indicating the analysis process is working
properly (Table I). This result was expected, because we
have shown previously that TPN and AMN remove �70% of
technical variability (15). Reducing technical variability to
this extent makes it possible to accurately assess sample-
specific expression patterns, patterns that are crucially im-
portant to understanding the inherent animal to animal dif-
ferences in protein expression in the normal, DHF, and CRT
states.

After the quality of the data had been assured (Figs. 2 and
3), we analyzed the RPMAs (both LRMH and HRSH) for bio-
logically relevant information. An advantage of the LRMH
RPMAs is that all 12 hearts used in this study may be analyzed
using a single array, eliminating across-array variability. Fig. 4
shows the Serca2a expression from a single LRMH array
(lateral wedge only) in panel A, as well as the same samples’
negative control stain in panel B. The Kruskal-Wallis nonpara-
metric test was used to test for the presence of significant
changes in expression across heart states as well as trans-
mural depths. Within all three states there is a significant
dependence (p � 0.01) on the transmural depth, whereas
there is no dependence on heart state. The negative stain
showed no significant differences, as expected, indicating
there is no detected bias in the data.

Each of the hearts shown in Fig. 4 was also profiled for
Serca2a expression using the HRSH RPMAs. Fig 5A displays
results from a Serca2a stain of HRSH RPMA composed of a
single DHF heart. The high-resolution data shows a very clear,
smooth transmural gradient in Serca2a expression, with no
gradient in the negative control (Fig. 5B). The within-depth
coefficient of variation (CV), which includes the section and
lysing replicates as well as any remaining technical variability,
is 8 	 2%. Using this CV, a power calculation (assuming
normal distribution of data) indicates that 16 replicates per
sample (as printed) enables the detection of a 1.1-fold shift in
expression among spatially independent samples with greater
than 80% power. To verify this estimate, all 55 unique combi-
nations of the 11 transmural depths from the anterior wedge
shown in Fig. 5A were tested for statistically significant differ-
ences. Shifts greater than 1.1-fold were detected as statistically
significant (p � 0.05) 41 out of 42 times by a student’s t test

FIG. 4. LRMH Serca2a staining results (A) relative to a negative stain (B) (lateral wedge only). The 16-replicate mean and standard
deviation are shown for each depth of each heart, grouped by N-normal (green), D-DHF (black), and C-CRT (red). Four shapes within each state
are used to represent each unique heart (filled square, filled triangle, open triangle, and open circle). The within-state means of the four hearts
at each depth are shown by a horizontal line. A, shows the result of staining a LRMH array with a SERCA2a antibody, B, is an identical array
that was used as a negative control (stained with secondary antibody only).
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whereas shifts smaller than 1.1-fold were not detected as sig-
nificant in all 13 occurrences, verifying that the power estimate
is approximately correct. Using Tukey’s honest significance
test, 23 out of 24 wedges exhibited a significant epi 
 endo
transmural gradient in Serca2a expression. Each was fit by
linear regression to determine the slope and the data was com-
bined as there were no significant differences detected among
states or locations (lateral and anterior). For all wedges, there is
a 38 	 15% epi 
 endo transmural gradient similar to that
shown in Fig. 5A (see supplemental Fig. 2).

Also of interest is the consistency of measurements across
independent RPMA printing runs. Fig. 5C shows a scatter plot
of AMN and TPN adjusted intensity among the subset of
samples that were analyzed both in the LRMH and HRSH
RPMAs (Pearson correlation of 0.85). This correlation is made
possible by the identical AMN control, present on every array,
used for normalization. Note that the HRSH RPMA arrays for
each independent heart were printed and stained at inde-
pendent times whereas the LRMH RPMA data was from a
single array printing and staining run. The across array CV in
the sample means was found to be 5 	 4%. The 5% across
array CV is in addition to the within array CV of 8%. Although

AMN allows for reproducible results across arrays, the great-
est statistical power will be achieved by designing within-
array studies for analysis.

DISCUSSION

RPMAs coupled with use of AMN (Fig. 1) provide a powerful
alternative to conventional methods for quantitative measure-
ment of protein expression. The effect of the TPN and AMN
transformations on the quality of the data is demonstrated in
Figs. 2 and 3 as well as Table I. Nonbiological sources are
reduced to contributing �10% of the overall variability result-
ing in a within array CV of 8 	 2% and sufficient statistical
power to consistently detect 1.1-fold shifts in Serca2a expres-
sion. This methodology enabled the precise measurement of
heart-specific expression patterns (Fig. 5A), therefore making
it possible to understand the nature of biological variability
across preparations in potential future experiments.

Overall, a significant transmural gradient of 38 	 15% in
Serca2a was measured across all 12 hearts. This is consistent
with previous findings of Laurita et al. who uncovered an
approximate 40% decrease from epi to endo in Serca2a
expression among normal canine hearts using the same an-

FIG. 5. HRSH RPMA results and correlation to LRMH RPMAs. A, Serca2a expression of a single DHF heart (lateral wedge shown as black
open triangle in Fig. 3) at full 1-mm resolution. B, Negative stain transmural expression of an identical HRSH RPMA from the same printing run.
C, Scatter plot of serca2a expression for samples that were on the LRMH array and the twelve HRSH arrays (R2 � 0.85).
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tibody in Western blots(7). However, because of statistical
power limitations, Laurita et al. could not say whether the mid
region was statistically different from the endo region, and the
robustness of the gradient within individual hearts was un-
known. High resolution Serca2a expression profiles showing
a significant transmural gradient for all 12 hearts can be found
in the online supplemental Fig. 2. Given the statistical power
to now detect biological variability among hearts, the robust-
ness of the Serca2a transmural gradient within 23 of 24
wedges indicates that this gradient is a biologically important
phenomenon.

The strength of the RPMA assay lies in its ability to simul-
taneously measure the amount of an antibody bound to a
target protein at over 2500 unique spots on an array. These
spots can be customized as the researcher prefers to opti-
mize performance for the study objectives. In our study, we
presented two RPMA layouts, both using AMN: LRMH and
HRSH RPMAs. The LRMH arrays have the advantage of
being able to fit many hearts on a single array for compar-
ison of expression levels across different states at the cost
of spatial resolution. The HRSH arrays yield 1 mm transmu-
ral spatial-resolution of expression for each heart, but re-
quire each heart to be printed on a separate array. The
LRMH RPMAs revealed that there was no change in expres-
sion of Serca2a among the three unique states, however
there was significant transmural dependence of expression
(Fig. 4A). The HRSH RPMAs yield high confidence in the
presence of a transmural gradient within each individual
heart, whereas the AMN experimental design allows for
comparison across arrays (R2 � 0.85), albeit with slightly
reduced statistical power than comparing within an array
because of the additional 5% CV across arrays.

An important advantage for RPMAs versus other technolo-
gies is that while sample collection and preparation for print-
ing RPMAs can be time consuming, fabricated arrays can be
stored for future use. Results in the online supplemental Fig. 3
show that storage for 5 months followed by repeated antibody
probing yielded a Pearson correlation of 0.988 between the
mean sample intensity pre and post storage, indicating nearly
identical information is extracted at a later time. The AMN
experimental design aids in this reproducibility as the AMN
controls and study samples are exposed to identical condi-
tions within each array. Thus, as new research hypothesizes
arise and antibodies become available, data can be obtained
from the same sample set in a matter of days by using
previously printed and stored arrays rather than repeating the
process of sample collection and processing as is required in
Western blot and immunofluorescent work.

One shortcoming of RPMAs, immunochemistry, and any
nonsandwich antibody assay, remains their dependence on
primary antibodies that are highly specific to their protein of
interest. Mass spectrometry is an antibody free assay alter-
native. However, as with RPMA, many replicates will be
needed to control for experimental variability in order to ex-

pose the biological variability of interest at high spatial reso-
lution. An experimental replicate and control design similar to
that presented here will be a challenge for mass spectrometry.
Multiple reaction monitoring based mass spectrometry may
offer a possibility for such a design in the future (25).

The RPMA assay described here provides improved statis-
tical power and spatial resolution in expression measure-
ments compared with Western blot or immunofluorescence
methods. Using this assay, it is now possible to maximize the
information that can be obtained from each individual heart,
enabling the exploration of biological differences from heart to
heart. When combined with other functional data (e.g. ECG
recordings, pressure-volume loops, cardiac deformation, etc.)
obtained from the same animal, use of the RPMA assay as
described here may make it possible to relate protein expres-
sion to these important measures of cardiac function.
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