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Abstract
Historically, microglia/macrophages are quantified in the pathological central nervous system (CNS)
by counting cell profiles then expressing the data as cells/mm2. However, because it is difficult to
visualize individual cells in dense clusters and in most cases it is unimportant to know the absolute
number of macrophages within lesioned tissue, alternative methods may be more efficient for
quantifying the magnitude of the macrophage response in the context of different experimental
variables (e.g., therapeutic intervention or time post-injury/infection). The present study provides
the first in-depth comparison of different techniques commonly used to quantify microglial/
macrophage reactions in the pathological spinal cord. Individuals from the same and different
laboratories applied techniques of digital image analysis (DIA), standard cell profile counting and a
computer-assisted cell counting method with unbiased sampling to quantify macrophages in focal
inflammatory lesions, disseminated lesions caused by autoimmune inflammation or at sites of spinal
trauma. Our goal was to find a simple, rapid and sensitive method with minimal variability between
trials and users. DIA was consistently the least variable and most time-efficient method for assessing
the magnitude of macrophage responses across lesions and between users. When used to evaluate
the efficacy of an anti-inflammatory treatment, DIA was 5–35x faster than cell counting and was
sensitive enough to detect group differences while eliminating inter-user variability. Since lesions
are clearly defined and single profiles of microglia/macrophages are difficult to discern in most
pathological specimens of brain or spinal cord, DIA offers significant advantages over other
techniques for quantifying activated macrophages.
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Introduction
The accumulation and activation of macrophages is a ubiquitous consequence of trauma or
disease in any tissue and serves as a reliable index of injury or disease severity (Carson,
2002; Stoll and Bendszus, 2006; Szekanecz and Koch, 2007; Donnelly and Popovich, 2008).
As such, the ability to reliably quantify then compare differences in these responses is useful
for documenting disease progression, tissue healing or the efficacy of different therapies. In
the central nervous system (CNS), resident microglia and infiltrating monocyte-derived
macrophages (collectively referred to as CNS macrophages) respond to injury or infection by
proliferating and undergoing dramatic morphological changes. These parameters vary as a
function of tissue pathology and directly impact the accuracy and sensitivity of different
quantitative techniques. Currently, there is no standardized approach for quantifying CNS
macrophages; some prefer to manually count cellular profiles through the microscope
(Roggendorf, Strupp et al., 1996; Felts, Woolston et al., 2005) while others use semi-
quantitative techniques (e.g., categorical/subjective rating scales) (Tak, Thurkow et al., 1995;
Colburn, DeLeo et al., 1997; Deininger and Schluesener, 1999) or digital image analysis (DIA)
(Popovich, Wei et al., 1997; Furness, Rogers-Wheatley et al., 1997). Indeed, an informal survey
of >30 primary research articles involving quantitation of CNS macrophages revealed that
profile counting (standard or computer-assisted) was used most of the time, followed by DIA,
categorical analyses, and lastly stereology (citations not shown).

Under ideal conditions, counting cell profiles or applying unbiased stereology (e.g., optical
dissector) yields total numbers of CNS macrophages within a lesion. Indeed, Beggs and Salter
found a significant difference in spinal microglial numbers between naïve mice and mice that
received peripheral nerve injury using the optical fractionator technique (Beggs and Salter,
2007). However, in regions of hemorrhage and necrosis, where phagocytic microglia and blood
monocytes cluster together, it is difficult or impossible to distinguish individual cell nuclei
making it unlikely that either technique will yield consistent or reliable data. Moreover, in most
cases it may not be useful to know how many CNS macrophages are present. Indeed, the
function of CNS macrophages is not always predicted from cell numbers. Instead, function
may be better predicted by quantifying how much a select surface or cytoplasmic antigen is
up- or down-regulated. These changes can occur without increasing absolute cell number
(McCann, O’Callaghan et al., 1996; McPherson, Kubik et al., 2003; Yasuda, Shinagawa et al.,
2007).

In some circumstances, it may be feasible to categorically rank the magnitude of a CNS
macrophage response as high, intermediate or low. This can be completed quickly and does
not require that individual cell nuclei be discernible nor does it require one to distinguish
between subtle changes in cell morphology. However, this type of analysis is prone to user
bias and may not be sensitive enough to detect small changes in the magnitude of the CNS
macrophage response. Because an increase in tissue surveillance can be inferred by the
presence of more or larger (e.g., phagocytic) CNS macrophages (Popovich, Wei et al., 1997),
the process of measuring the area occupied by labeled cells within a region of interest may be
ideal for quantifying the magnitude of the CNS macrophage response, especially when
individual cell profiles cannot be distinguished. Moreover, since all software programs that are
capable of performing DIA recognize labeled targets in similar ways (e.g., based on
densitometric scanning of thresholded targets), semi-automated methods can be universally
applied without introducing significant user error.
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The need to develop sensitive and reproducible methods for quantifying macrophage reactions
in tissue sections has been recognized within (Blackbeard, O’Dea et al., 2007) and outside
(Youssef, Smeets et al., 1998; Kraan, Haringman et al., 2000) the neuroscience community.
Kraan et al. found DIA to be a more sensitive and time-efficient method than profile counting
or categorical rankings for quantifying macrophages in inflamed synovial tissue (Kraan,
Haringman et al., 2000). Recently, Blackbeard et al. reported similar advantages of using DIA
to quantify intraspinal microglial activation after peripheral nerve injury (Blackbeard, O’Dea
et al., 2007). However, to date, there have been no attempts to determine which of the most
commonly used techniques should be used when analyzing specimens that involve graded
levels of microglial activation with concomitant recruitment of blood monocytes. This question
is relevant across a spectrum of experimental and clinical neurological disorders including
stroke/cerebral ischemia, brain or spinal trauma, Wallerian degeneration, glioma, viral
encephalitis and multiple sclerosis.

Here, different models of spinal cord pathology with distinct types of CNS macrophage
activation were analyzed: 1) acute focal non-traumatic inflammation (zymosan
microinjection), 2) chronic disseminated neuroinflammation (experimental autoimmune
encephalomyelitis; EAE) and 3) inflammation caused by traumatic spinal cord injury (SCI).
To measure the magnitude of the response in each case, we compared DIA, standard profile
counting (PC) and profile counting with an unbiased sampling technique (UST). The sensitivity
and consistency of each approach was assessed through intra-user and inter-user comparisons.
Our results show that DIA yields the most sensitive and consistent data. In follow-up studies,
when two users applied the three techniques to quantify traumatized spinal cord sections
prepared from rodents that had or had not received an anti-inflammatory therapy, only DIA
detected a treatment effect without introducing inter-user variability. Moreover, DIA was 5–
35x faster to use than the PC method.

Materials and Methods
Animal models

All housing, surgical and postoperative care procedures were performed in accordance with
The Ohio State University Institutional Animal Care and Use Committee and have been
described previously (Jakeman, Guan et al., 2000; Kigerl, McGaughy et al., 2006). All tissues,
except those from rats with cervical SCI (see Figure 6), were generated in previous studies.
Non-traumatic focal inflammatory lesions were created by nanoinjecting zymosan (50 nl; 12.5
mg/ml) into the lateral funiculus of the mid-thoracic spinal cord of female Sprague-Dawley
rats and lesions were analyzed at 7 days post-injection (Popovich, Guan et al., 2002).
Experimental autoimmune encephalomyelitis (EAE) was induced by immunizing female
C57BL/6 mice with myelin oligodendrocyte protein (400 μg; emulsified in complete Freund’s
adjuvant containing M. tuberculosis at 0.5 mg/ml) (Ankeny and Popovich, 2007). Pertussis
toxin (0.2 ml; i.p.) was injected at the time of immunization then again 48 hours later
(Papenfuss, Rogers et al., 2004). Inflammatory lesions were analyzed in sections of cervical
spinal cord 42 days post-immunization.

Two models of spinal contusion injuries were used in this study. In the mouse model, CNS
macrophages were analyzed in sections from female C57BL/6 mice that received a mid-
thoracic spinal contusion injury (OSU device; 0.5 mm displacement) 42 days earlier (Jakeman,
Guan et al., 2000; Jones, Basso et al., 2002; Sroga, Jones et al., 2003). In the rat model, cervical
spinal cord contusion injuries were generated as described previously (Gensel, Tovar et al.,
2006). Briefly, CNS macrophages were analyzed in sections from female Sprague-Dawley rats
that received a unilateral cervical (C5) spinal contusion injury (Infinite Horizons device;
probe=1.5 mm, force=175 kdyn) 7 days earlier. To deplete macrophages systemically and limit
intraspinal macrophage accumulation, a subset of injured rats was injected with
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phosphatidylcholine liposomes containing clodronate on days 1, 3, and 6 post-injury (2 ml/day
via the tail vein) (Popovich, Guan et al., 1999). Controls received identical PBS injections. For
the zymosan, EAE, and mouse contusion lesions, one individual section from one
representative animal was analyzed. For the rat contusion lesions with/without macrophage
depletion, one section each from n = 3–4 animals were analyzed in each group. Clodronate
was a gift of Roche Diagnostics GmbH (Mannheim, Germany) and was encapsulated into
liposomes using methods that were described previously (van Rooijen and Sanders, 1994).

Immunohistochemistry
All tissues were prepared and stained using procedures described previously (Popovich, Guan
et al., 2002; Kigerl, McGaughy et al., 2006). Briefly, frozen tissue sections were cut (10 μm)
on a cryostat then stained with macrophage-specific antibodies: 1) OX-42 (1:4000; Serotec;
zymosan and rat contusion), 2) anti-Iba1 (1:750; Wako; EAE), and 3) M1/70 (1:200; Serotec;
mouse contusion). OX-42 and M1/70 bind membrane-bound CD11b (complement type 3
receptor) on rat and mouse macrophages, respectively (Springer, Galfre et al., 1979; Robinson,
White et al., 1986). Iba1 is Ionized calcium-Binding Adaptor molecule 1, an intracellular
signaling protein expressed by myeloid cells (Imai, Ibata et al., 1996). CD11b and Iba1 are
constitutively expressed but are upregulated on activated cells (Popovich, Wei et al., 1997;
Ito, Tanaka et al., 2001). Bound antibody was visualized using the Elite ABC reagent (Vector
Laboratories, Burlingame, CA) and diaminobenzidine (DAB) as a substrate (Vector
Laboratories). Antibody specificity has been previously documented for all antibodies used in
this study by Western blot or immunoprecipitation assays (Kigerl, McGaughy et al., 2006).
Once DIA was completed, coverslips were removed and sections were counterstained with
cresyl violet. Cresyl violet stains nuclei and Nissl bodies (i.e., ribosomal RNA), and was used
to facilitate identification of individual cell nuclei. Cresyl violet staining was performed after
DIA to prevent interference with digital thresholding of stained tissue.

Lesion area selection
All analyses were performed on a Zeiss Axioplan 2 imaging microscope equipped with a
motorized stage (Ludl Electronic Products Inc., Hawthorne, NY) and an MCID 6.0 Elite image
analysis station (Interfocus, Linton, England). The lesion area for the focal inflammation
(zymosan) model was a well-demarcated cluster of activated microglia/macrophages in the
lateral funiculus (Figure 1a). Given the heterogeneity of EAE lesions, the sample area needed
to be standardized and easily interpreted by each user. Consequently, an entire dorsal funiculus
containing a focus of active inflammation was chosen since it provided clearly-defined
anatomical boundaries in which to restrict quantitative analyses (Figure 1b). For contused
spinal cord, a section from the necrotic lesion core was analyzed (Sroga, Jones et al., 2003)
(Figures 1c, 6a).

Users
Six individuals participated in this study. Users 1, 2, and 3 were trained in the Popovich lab
while Users 4, 5 and 6 were trained in collaborating labs in OSU’s Center for Brain and Spinal
Cord Repair. Users 1, 2, 4 and 6 were experienced with macrophage quantitation while Users
3 and 5 were familiar with microscopy but inexperienced at macrophage quantitation. User 2
trained User 1. User 1 then trained Users 3 and 5. Users 2, 4, and 6 were trained by their
respective principal investigators. Therefore, Users 1, 2, 3, and 5 were all trained in a similar
way. Inter-user comparisons showed no significant user effect for any technique (p = 0.2392
for PC, p = 0.1384 for UST, p = 0.4134 for DIA) meaning that all users applied each technique
in the same way.

Before counterstaining, User 1 analyzed each lesion using DIA and PC four times each.
However, in order to minimize any effect of “training” or “familiarity” with the tissue, none
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of the different analyses were conducted consecutively and > 4 hours passed before a lesion
was quantified again. Users 2, 3, 4 and 5 then performed DIA once for each lesion. After
counterstaining, User 1 analyzed each lesion using PC and UST four times each, while Users
2, 3, 4 and 5 used these techniques once for each lesion. Replicate data created by User 1 were
used to determine intra-user variability. Inter-user comparisons were completed using data
from all users. As an additional test of sensitivity, Users 1 and 6 compared the ability of DIA,
UST and PC to distinguish the effects of a treatment designed to attenuate the CNS macrophage
response to trauma.

Digital image analysis (DIA)
DIA was performed using the basic densitometric thresholding features of an MCID™ Elite
Imaging Station (InterFocus Imaging Ltd, England). The strength of this approach is its ease
of use, the need for minimal training and the wide-availability of similar software and
shareware programs that can be downloaded from the Internet free of charge (e.g., ImageJ,
NIH Image, Scion Image). Indeed, most image analysis programs are capable of quantifying
pixel areas based on color thresholds. Previously, we and others have used the DIA technique
to quantify microglia and macrophages in different forms of spinal cord pathology (Popovich,
Wei et al., 1997; Popovich, Yu et al., 1997; Popovich and Hickey, 2001; Popovich, Guan et
al., 2002; Olson and McKeon, 2004; Tsutsui, Noorbakhsh et al., 2005; Kigerl, McGaughy et
al., 2006) for variations on applying the DIA technique). For the present study, DIA was
performed by first capturing images at the highest magnification that allowed the entire lesion
area (i.e., scan area) to be visualized within a single image frame. For the zymosan lesion, a
10X objective was used; for the EAE and mouse contusion lesions, a 5X objective; and for the
rat contusion lesion, a 2.5X objective. The perimeter of each lesion was digitally outlined by
each user and for each replicate to define the region of interest (i.e., scan area) (Figure 2a).
Next, background labeling was subtracted from all images then the contrast was enhanced
slightly to improve resolution. A threshold value was obtained for each image ensuring that
all labeled cells were selected (i.e., target area) (Figure 2b). Each user determined the detection
threshold independently. User 1 determined independent threshold levels for each replicate
trial. The magnitude of macrophage activation was reported as the proportional area (PA), i.e.,
ratio of target to scan area (Table 1).

To ensure that changes in tissue volume did not skew PA measures, we used Cavalieri’s method
to analyze the reference volume of our specimens (Gundersen and Jensen, 1987; Kigerl,
McGaughy et al., 2006). Briefly, digital images were obtained from transverse sections
spanning the rostro-caudal extent of the spinal cord containing the lesion of interest. Using
ImageJ software, a digital point grid of known area was randomly overlaid onto each image
and the number of points falling within the tissue area was tallied. Total tissue volume was
calculated according to the formula: V = T · a/p · nΣp, where T equals the distance between
sections, a/p equals calculated area per point, and nΣp equals the sum of points counted across
all sections.

Standard profile counting (PC)
With a 63X oil immersion objective, microglia and macrophages were counted in a raster-like
fashion throughout the entire lesion using an ocular objective with a 10×10 grid overlay. All
cell profiles with clearly demarcated cell membranes that were within a single plane of focus
were counted (Table 1). For the zymosan, EAE, and mouse contusion lesions, User 1 quantified
profiles before and after counterstaining to assess differences in accuracy when the counterstain
was applied. Users 2–5 then counted profiles in these same sections with the addition of
counterstain (i.e., cresyl violet). When counterstain was used, the presence of a nuclear profile
was required for a cell to be counted. Only Users 1 and 6 analyzed rat cervical contusion lesions
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(with and without treatment; see Figure 6). Profile counts are expressed as total number of
profiles within a region of interest or as profiles/area (cell density).

Unbiased sampling technique (UST)
The stereology module on the MCID system was used to perform unbiased sampling of each
lesion. Briefly, a digital image of each lesion was obtained at low power after which the lesion
area was digitally outlined (Figure 2a). A counting frame (digital overlay) was sized to yield
5–30 cells per frame. These sizes were determined through a preliminary study performed by
User 1. For the zymosan lesion, the counting frame was ~8300 μm2; for the EAE lesion,
~45,000 μm2; for the mouse contusion lesion, ~30,000 μm2; and for the rat contusion lesions,
~80,000 μm2. For each lesion, 25% of the lesion area was randomly sampled. Based on this
size counting frame and the sampling frequency, a variable number of sample areas were
randomly generated for each lesion (Figure 2c). With a 63X oil immersion objective, a live
image was captured of each sample area and displayed on a color monitor. With the counting
frame superimposed on the live image, profiles in each frame were counted using pre-
determined inclusion and exclusion criteria (Figure 2d). Specifically, profiles were counted
when the top of the nucleus came into focus concurrent with surrounding positive
immunostaining. Profiles contained within the frame or touching green lines were counted
while those touching red lines were excluded. Once each sample area was quantified, the field
of view was automatically moved by the motorized stage to the next sample area. After all
sample areas were analyzed, the total number of profiles counted was multiplied by four to
obtain an estimate of total profile number (Table 1). This number was then divided by the scan
area determined by each user, yielding a profiles/area measurement.

Variability analysis
The DIA technique yields area measurements while the other techniques yield profile counts
or measures of cell density. As such, data from the three techniques must be normalized before
statistical comparisons can be made. Percent deviations were calculated using the formula:

Percent deviation provides a measure of the degree of precision or variability among a group
of values when all values are normalized to the group average. As variability decreases, so
does the percent deviation. Unlike standard deviations, the percent deviation is unaffected by
the total number of values. Intra-user variability was calculated from the replicate trials
conducted by User 1. Inter-user variability was calculated from individual scores from all five
users (note: only the first trial from User 1 was used for inter-user comparisons).

Statistics
All tests were performed using GraphPad Prism version 4.03 (GraphPad Software Inc., San
Diego, CA). The Pearson correlation was used to determine if the data produced by the various
techniques were related. The ability of each technique to detect differences in macrophage
activation was compared using one-way analyses of variance (ANOVAs). Average percent
deviations between user analysis paradigms and techniques were assessed with two-way
ANOVA. The utility of counterstain was evaluated with a two-way ANOVA. The interaction
of user by condition for the rat contusion lesions was analyzed by repeated measures 2-way
ANOVA. Post-hoc analyses were done using Bonferroni’s test. Significance was set at p ≤
0.05.
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Results
Data obtained via DIA correlates with profile counting techniques

Data produced using each technique correlated with each other for each lesion type (p ≤ 0.0002
for all correlations), suggesting that the outcomes of the three techniques can be described as
functions of one another. However, the presence of positive correlations does not imply that
the different techniques possess equal sensitivity or consistency. Evaluation of these latter
parameters is described below.

Each technique can distinguish between graded levels of macrophage activation
Qualitative microscopic inspection of each lesion predicted that zymosan lesions would have
the most macrophages per unit area and EAE lesions the least. Our quantitative analyses
confirmed this prediction showing that macrophage density was always greatest in the zymosan
lesion (Table 1). Moreover, whether one or multiple users performed an analysis, each
technique could reproducibly detect overall differences in the magnitude of the CNS
macrophage response (p < 0.0001 via ANOVA; shown for inter-user comparisons only in
Figure 3). However, pair-wise comparisons reveal that only DIA was sensitive enough to detect
subtle differences in microglia/macrophage activation between lesions (Figure 3). These
findings suggest that counting cell profiles (i.e., total cells or cells/mm2) yields data that are
more variable than those produced by DIA.

Cresyl violet counterstaining aids in cell profile identification
Counterstains (e.g., cresyl violet) help reveal individual cell nuclei and should minimize
variability and improve sensitivity of profile counting techniques. Unfortunately, a random
survey of 20 different primary research articles revealed that when macrophage profiles are
counted, counterstains are only used ~30% of the time (citations not shown). To determine if
counterstaining reduces variability and improves sensitivity, the results of the PC technique
were compared before and after counterstaining for each lesion (Figure 4). Only single user
comparisons were made. Interestingly, we found that without counterstain, the total number
of CNS macrophages was underestimated in contusion lesions but not in the smaller more
defined lesions like those found in zymosan-injected or EAE tissue (Figure 4).

Digital image analysis minimizes variability
Differences in the variability of data produced by profile counting (PC and UST) or DIA are
influenced by the number of users, the technique being used and the type of lesion being
analyzed. To evaluate the influence of single or multiple users on the inherent variability of
the three techniques, a 2-way ANOVA was performed with user analysis (intra- or inter-user)
and quantitative technique as the two factors (data from Table 1). No significant differences
were noted when a single user applied the different techniques to different lesions. This
suggests that any technique can be used reliably to analyze a given lesion if a single user
completes the analysis. This may be useful for documenting the magnitude of a microglia/
macrophage reaction for a single research report; however, this is not practical if comparisons
are to be made between different laboratories (e.g., multiple users participating in a multi-
center trial).

When multiple users generated data, the variability increased markedly and was influenced by
lesion type and technique (Table 2 and Figure 5). Profile counts (PC and UST) were more
variable than DIA. DIA consistently produced low, insignificant variability in all lesions and
for all users (Figure 5).

Donnelly et al. Page 7

J Neurosci Methods. Author manuscript; available in PMC 2010 June 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



DIA rapidly detects treatment effects with minimal inter-user variability
We next tested the sensitivity of DIA, UST and PC for distinguishing a treatment effect.
Specifically, these techniques were used to determine if systemic macrophage depletion would
reduce the magnitude of the CNS macrophage response elicited by spinal contusion trauma.
Using Cavalieri’s method (Gundersen and Jensen, 1987; Kigerl, McGaughy et al., 2006), the
volume of injured spinal cord was found to be similar between macrophage-depleted and non-
depleted subjects (P=0.91). Thus, any changes in cell density or proportional area of tissue
occupied by microglia/macrophages can be attributed to the treatment.

All three techniques detected significant reductions in the CNS macrophage response with
equal sensitivity (Figure 6b–d). However, analysis of the UST and PC data revealed a
significant user by condition interaction. This indicates that the counting methods cannot be
reliably compared between users. Also, quantitation times for DIA were significantly faster
(~5–35x) then PC and UST (Figure 6e). Indeed, the time required to implement DIA is
independent of lesion severity, whereas the time needed to distinguish and count individual
cells for PC and UST increased with increasing severity of pathology and inflammation.

Discussion
The ability to deplete macrophages or modify their effects on surrounding cells is a goal for
treating various pathologies including atherosclerosis, rheumatoid arthritis and neurological
disease (Blight, 1994; Smith, Trogan et al., 1995; Popovich, Guan et al., 1999; Barrera, Blom
et al., 2000). To document the efficacy of these treatments, macrophage responses are often
quantified in tissue specimens using microscopy-based techniques. In this report we show that
the consistency and sensitivity of these quantitative measures vary as a function of the lesion
(type and severity) and the technique that is used. Moreover, the variability introduced by these
factors will be further amplified if different investigators fail to apply the quantitative assays
in an identical manner. For these reasons, it can be difficult to compare indices of macrophage
activation between investigators in the same or different laboratories. These are important
considerations given the recent emphasis on manipulating CNS macrophages in pre-clinical
and clinical trials across a range of neurological diseases (Popovich and Longbrake, 2008).

In this report, we compared the sensitivity and reproducibility of three common quantitative
techniques in spinal cord specimens with distinct types of pathology and graded levels of
involvement of resident and recruited macrophages (i.e., microglia and monocyte-derived
macrophages). In general, all techniques were able to differentiate between different degrees
of macrophage accumulation/density. However, DIA was consistently the most sensitive
technique and yielded data with the lowest variability when applied by multiple users. When
applied to identical lesions with or without anti-inflammatory therapy (i.e., acute spinal cord
trauma with/without macrophage depletion), DIA remained the most sensitive and time-
efficient technique. This finding confirms previous data from our laboratory showing that DIA
can differentiate between macrophage responses in different experimental groups and between
genetically distinct animal strains (Popovich, Guan et al., 1999; Kigerl, McGaughy et al.,
2006; Kigerl, Lai et al., 2007). Similar findings by Blackbeard et al. show DIA to be a sensitive
technique for revealing changes in microglial activation in a model of spinal nerve transection
(Blackbeard, O’Dea et al., 2007). The present data extend validity of this approach by showing
that it simplifies and reduces variability when compared with different techniques, different
users and across lesions of different etiology and complexity.

The decreased sensitivity and increased variability of data obtained by cell counting is likely
explained by increased user error due to fatigue and the inability to consistently identify
individual cells in a complex lesion. Indeed, all microscopy-based counting techniques dictate
that investigators make a choice about whether a cell profile should be counted. Since CNS
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macrophages overlap or fuse together forming densely packed layers of cells, it is difficult or
impossible to identify individual cell profiles in specimens with marked pathology. For these
reasons, neither fractal analyses nor stereological counting techniques can be used reliably.
Indeed, to complete fractal analyses, which yield quantitative indices of different
morphological features of individual cells (e.g., form factor, convexity, ramification factor,
solidity), each cell must be easily distinguished from others in the environment (Soltys, Ziaja
et al., 2001; Soltys, Orzylowska-Sliwinska et al., 2005). Similarly, stereological techniques
like the optical dissector or fractionator require that users identify individual cell nuclei within
a reference volume of tissue and that individual objects have a near uniform distribution within
the region of interest (i.e., no clumping of cells in clusters with varying cell densities) (West,
Slomianka et al., 1991).

Although the ability to resolve single profiles can be improved using counterstains, our current
data indicate this is only true in a subset of lesions (see Figure 4). Regardless, it is still tedious
and time consuming to quantify thousands of macrophages (Jander, Sitzer et al., 1998;Kigerl,
McGaughy et al., 2006). In our hands, it took ~5–35 times longer to count cells with PC than
to complete DIA (see Figure 6e). Even when PC quantification time was reduced by sub-
sampling using UST method, DIA remained ~7–21 times faster (see Figure 6e). Still, when
multiple factors are needed to define a given macrophage population, it may be necessary to
count cell profiles. For example, if the goal is to double label tissue sections then discriminate
between microglia/macrophages with unique membrane and/or cytoplasmic proteins, one may
need to tally the number of cell profiles that define each phenotype. As our present data show,
these data are prone to user error and may under- or overestimate the actual contribution of
CNS macrophages in a pathological context. This makes comparisons difficult between
individual users or laboratories.

In most cases, meaningful quantitative comparisons can be made without the tedium and
variability inherent in counting cell profiles. Indeed, DIA can detect the magnitude of the
microglia/macrophage response regardless of whether it results from enhanced cell infiltration,
local hyperplasia or cell hypertrophy (Popovich, Wei et al., 1997). Digital thresholding also
compensates for sub-optimal staining or variable staining between sections. Thus, two different
sections containing equivalent microglia/macrophage reactions with unequal staining
intensities will yield identical results. This helps overcome the problems with object
identification that are inherent with standard counting techniques (see above). Despite the
considerable strengths of DIA, tissue processing artifacts (e.g., shrinking, swelling) can
influence any type of histological analysis. These confounding variables may increase or
decrease brain or spinal cord volume, thereby altering the density or proportional area of tissue
occupied by microglia/macrophages. Ensuring that the volume of tissue being analyzed does
not vary between groups can minimize the impact of these variables. This is easily
accomplished using Cavalieri’s method which integrates area measurements from
systematically random sampled reference sections throughout a 3-dimensional structure
(Contreras, Ragan et al., 1991; Mayhew and Olsen, 1991; Costa, Mandarim-de-Lacerda et al.,
1991). Should tissue volume vary between experimental groups, then microglia/macrophage
cell counts or area measurements can be normalized to their respective reference volumes. For
all of these reasons, DIA offers significant advantages over other techniques for quantifying
microglia/macrophages in various forms of experimental or clinical neuropathology.
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Figure 1.
Examples of activated intraspinal microglia/macrophages in zymosan microinjection lesions
(A), dorsal funiculus of mouse spinal cord with EAE (B) and the impact site of contused mouse
spinal cord (C). Tissues are stained with OX-42 (A; mouse anti-rat anti-CD11b), anti-Iba1
(B) or the M1/70 clone (C; mouse anti-mouse CD11b). Dashed lines delineate the boundaries
of the lesions that were quantified.
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Figure 2.
Micrographs and overlays to illustrate digital image analysis (DIA) and the unbiased sampling
technique (UST) used to quantify microglia/macrophages. The lesion area was digitally
outlined (blue line delineates zymosan lesion) and the area calculated automatically (A). Within
the region of interest, a digital threshold was obtained to identify areas of positive staining (red
fill) (B). Proportional area is the ratio of target area/lesion area. For the UST, the lesion area
(A) was randomly sampled using MCID’s 3-D fractionator program. After selecting a counting
frame size to yield ~5–30 cells/frame, the program randomly generated enough counting frames
to sample 25% of the lesion area (C). Cells were counted within the counting frame (enlarged
in D) using specific inclusion/exclusion criteria. Note: sample area and counting frames are
not to scale and the image that would be quantified would be live on screen and ~4X larger
than that shown in (D).
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Figure 3.
Data from standard profile counting (PC; A), unbiased sampling technique (UST; B) and digital
image analysis (DIA; C). For PC and the UST, macrophage accumulation is expressed as cells/
mm2; for DIA, accumulation is expressed as a proportional area. All three techniques could
differentiate the level of activation in the zymosan lesion from the EAE and contusion lesion.
However, only DIA could differentiate between the EAE and contusion lesions.
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Figure 4.
Quantitation of macrophage accumulation within each lesion using standard profile counting
(PC) with and without a counterstain. When total cells were analyzed, the presence of
counterstain allowed significantly more cells to be detected in the contusion lesion, resulting
in a significant increase in the cell count. The presence of counterstain had no effect on the
variability of the technique.
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Figure 5.
Average percent deviations of profile counting (PC), unbiased sampling technique (UST) and
digital image analysis (DIA) data obtained from zymosan (A), EAE (B) and contusion (C)
lesions. Comparisons were made between intra-user data (n = 4 replicates) and inter-user data
(n = 5 users; only User 1’s first score was used). A) Intra-user and inter-user comparisons show
that DIA is consistently the least variable approach with and between users.
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Figure 6.
Comparative analysis of quantitative techniques in uninjured or injured spinal cord with and
without treatment to reduce the CNS macrophage response. (A) Representative sections from
each condition; dotted line indicates areas quantified in (B–E). (B) DIA was not significantly
different between users (P=0.12) but detected significant differences between treatment
conditions (P<0.001). (C–D) Although profile counts [either using standard counting (C) or
estimated using UST (D)] significantly differentiated between experimental conditions
(P<0.001 for both methods), there were significant user by condition interactions for UST
(p=0.043, Df=2, F=4.726) and PC (p=0.029, Df=2, F=5.679) signifying that these measure
were more variable between users. (E) PC and UST counting methods take significantly more
time per section than DIA (P<0.01 among all methods for naïve, SCI w-Tx and SCI-w/o-Tx).

Donnelly et al. Page 18

J Neurosci Methods. Author manuscript; available in PMC 2010 June 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Donnelly et al. Page 19
Ta

bl
e 

1
Q

ua
nt

ita
tio

n 
of

 m
ac

ro
ph

ag
e 

ac
cu

m
ul

at
io

n 
w

ith
in

 e
ac

h 
le

si
on

 u
si

ng
 P

C
, U

ST
, a

nd
 D

IA
In

tr
a-

us
er

 c
om

pa
ris

on
s w

er
e 

de
riv

ed
 fr

om
 4

 re
pl

ic
at

e 
da

ta
 se

ts
 o

bt
ai

ne
d 

by
 U

se
r 1

. I
nt

er
-u

se
r c

om
pa

ris
on

s w
er

e 
de

riv
ed

 fr
om

 th
e 

da
ta

 se
ts

 o
bt

ai
ne

d 
by

 U
se

rs
 1

–5
 u

si
ng

 U
se

r 1
’s

 fi
rs

t r
ep

lic
at

e
on

ly
. C

ou
nt

in
g 

w
as

 p
er

fo
rm

ed
 u

si
ng

 s
ta

nd
ar

d 
pr

of
ile

 c
ou

nt
in

g 
(P

C
) 

an
d 

an
 u

nb
ia

se
d 

sa
m

pl
in

g 
te

ch
ni

qu
e 

(U
ST

). 
Th

e 
ou

tc
om

e 
of

 d
ig

ita
l i

m
ag

e 
an

al
ys

is
 (

D
IA

) 
w

as
 a

 p
ro

po
rti

on
al

 a
re

a
m

ea
su

re
m

en
t.

C
om

pa
ri

so
n

L
es

io
n

T
ri

al
L

es
io

n 
ar

ea
 (m

m
2 )

PC
 (c

ou
nt

)
PC

 (c
el

ls
/m

m
2 )

U
ST

 (e
st

im
at

ed
 c

ou
nt

)
U

ST
 (e

st
im

at
ed

 c
el

ls
/m

m
2 )

D
IA

 (p
ro

po
rt

io
na

l a
re

a)

In
tra

-u
se

r
Zy

m
os

an
1

0.
08

3
87

7
10

59
4

84
8

10
24

4
0.

51

2
0.

08
2

76
8

93
39

79
6

96
79

0.
50

3
0.

08
1

81
8

10
04

2
61

2
75

13
0.

52

4
0.

08
4

68
0

80
63

76
4

90
59

0.
50

M
ea

n 
± 

SD
0.

08
3 

± 
0.

00
12

78
6 

± 
83

95
09

 ±
 1

09
3

75
5 

± 
10

1
91

24
 ±

 1
17

8
0.

51
 ±

 0
.0

08

EA
E

1
0.

36
6

43
8

11
96

51
2

13
98

0.
19

2
0.

35
3

41
0

11
62

46
0

13
03

0.
19

3
0.

35
3

39
4

11
17

46
0

13
04

0.
18

4
0.

35
3

37
0

10
48

60
4

17
11

0.
19

M
ea

n 
± 

SD
0.

35
6 

± 
0.

00
67

40
3 

± 
29

11
31

 ±
 6

4
50

9 
± 

68
14

29
 ±

 1
93

0.
19

 ±
 0

.0
08

C
on

tu
si

on
1

0.
31

7
91

0
28

70
72

4
22

83
0.

48

2
0.

32
0

12
11

37
86

82
0

25
64

0.
39

3
0.

30
4

97
5

32
12

10
12

33
34

0.
42

4
0.

31
5

13
64

43
32

10
20

32
39

0.
46

M
ea

n 
± 

SD
0.

31
4 

± 
0.

00
72

11
15

 ±
 2

10
35

50
 ±

 6
44

89
4 

± 
14

6
28

55
 ±

 5
13

0.
44

 ±
 0

.0
38

In
te

r-
us

er
Zy

m
os

an
1

0.
08

3
87

7
10

59
4

84
8

10
24

4
0.

51

2
0.

07
5

91
2

12
11

5
15

52
20

61
6

0.
56

3
0.

07
9

66
9

84
57

77
2

97
60

0.
73

4
0.

07
4

57
8

77
63

82
4

11
06

7
0.

52

5
0.

08
1

10
04

12
37

0
15

32
18

87
5

0.
47

M
ea

n 
± 

SD
0.

07
8 

± 
0.

00
32

80
8 

± 
17

8
10

26
0 

± 
20

91
11

06
 ±

 3
99

14
11

3 
± 

52
00

0.
56

 ±
 0

.1
01

EA
E

1
0.

36
6

43
8

11
96

51
2

13
98

0.
19

2
0.

32
7

59
3

18
16

61
6

18
86

0.
19

3
0.

33
9

63
5

18
75

69
2

20
43

0.
22

4
0.

36
1

26
5

73
4

53
2

14
74

0.
19

5
0.

36
5

23
0

63
0

69
2

18
95

0.
18

M
ea

n 
± 

SD
0.

34
8 

± 
0.

01
83

43
2 

± 
18

4
12

50
 ±

 5
84

60
9 

± 
85

17
39

 ±
 2

89
0.

20
 ±

 0
.0

14

J Neurosci Methods. Author manuscript; available in PMC 2010 June 30.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Donnelly et al. Page 20

C
om

pa
ri

so
n

L
es

io
n

T
ri

al
L

es
io

n 
ar

ea
 (m

m
2 )

PC
 (c

ou
nt

)
PC

 (c
el

ls
/m

m
2 )

U
ST

 (e
st

im
at

ed
 c

ou
nt

)
U

ST
 (e

st
im

at
ed

 c
el

ls
/m

m
2 )

D
IA

 (p
ro

po
rt

io
na

l a
re

a)

C
on

tu
si

on
1

0.
31

7
91

0
28

70
72

4
22

83
0.

48

2
0.

31
7

61
4

19
35

15
84

49
92

0.
40

3
0.

31
7

95
4

30
13

14
04

44
34

0.
39

4
0.

34
6

29
2

84
4

10
12

29
26

0.
35

5
0.

33
5

74
5

22
26

10
76

32
15

0.
43

M
ea

n 
± 

SD
0.

32
9 

± 
0.

01
42

70
3 

± 
26

7
21

78
 ±

 8
68

11
60

 ±
 3

39
35

70
 ±

 1
11

4
0.

41
 ±

 0
.0

49

J Neurosci Methods. Author manuscript; available in PMC 2010 June 30.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Donnelly et al. Page 21

Table 2
Effects of user analysis and technique on variability
Both intra-user and inter-user comparisons were performed. Intra-user comparisons showed less variability than
inter-user comparisons. Digital image analysis (DIA) consistently had less variability than both standard profile
counting (PC) and the unbiased sampling technique (UST). Variability was significantly different (p < 0.05) for
inter-user comparisons for both the zymosan and EAE lesions.

Lesion Source of variation P value

Zymosan Interaction 0.1625

User Analysis 0.0002*

Technique 0.0069*

EAE Interaction 0.0026*

User Analysis 0.0015*

Technique 0.0035*

Contusion Interaction 0.5534

User Analysis 0.0739

Technique 0.0568
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