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Abstract

Quantification of inflammation in tissue samples can be a time-intensive bottleneck in therapeutic
discovery and preclinical endeavors. We describe a versatile and rapid approach to quantitatively
assay macrophage burden in intact tissue samples. Perfluorocarbon (PFC) emulsion is injected
intravenously, and the emulsion droplets are effectively taken up by monocytes and macrophages.
These ‘in situ’ labeled cells participate in inflammatory events in vivo resulting in PFC
accumulation at inflammatory loci. Necropsied tissues or intact organs are subjected to
conventional fluorine-19 (1°F) NMR spectroscopy to quantify the total fluorine content per
sample, proportional to the macrophage burden. We applied these methods to a rat model of
experimental allergic encephalomyelitis (EAE) exhibiting extensive inflammation and
demyelination in the central nervous system (CNS), particularly in the spinal cord. In a cohort of
EAE rats, we used 19F NMR to derive an inflammation index (IF1) in intact CNS tissues.
Immunohistochemistry was used to confirm intracellular colocalization of the PFC droplets within
CNS CD68+ cells having macrophage morphology. The IFI linearly correlated to mRNA levels of
CD68 via real-time PCR analysis. This 2°F NMR approach can accelerate tissue analysis by at
least an order of magnitude compared with histological approaches.
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Rapid, quantitative scoring of inflammation in tissue specimens is a common need in many
facets of biomedical research. Discovery and preclinical studies often rely on histological
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processing and analysis of a panel of tissues obtained from animal models, and these
procedures are often viewed as time-consuming and expensive, and a bottleneck in research
and development endeavors. Here, we describe a platform to rapidly and quantitatively assay
macrophage infiltration in intact tissue samples. In this approach, we utilize a
perfluorocarbon (PFC) emulsion reagent that labels phagocytic monocytes and macrophages
in vivo, and conventional fluorine-19 (1°F) nuclear magnetic resonance (NMR) spectroscopy
is used as a quantitative readout of inflammation in intact, excised tissue samples. The
approach requires no tissue preparation other than an optional fixation step.

Assaying inflammation often involves tissue-destructive methods. Commonly, thin-
sectioning (4-10 um) of embedded tissues is used in combination with one of more stains,
for example, using colorimetric hematoxylin and eosin (H&E), or using immunoreactive
reagents that highlight cell-specific markers or molecular events. Organ analysis of
inflammation often requires serial sectioning and the preparation of a large number of slides.
Periodic sampling of serial sections for the sake of accelerating analysis may lead to bias or
quantification inaccuracies, or may necessitate a large experimental group to achieve
statistical significance. Thus, widespread biodistribution analysis of a large panel of tissues
taken from a single animal—much less an experimental group—can be a laborious
undertaking. Although great strides have been made to increase tissue histology throughput,
section preparation and analysis can only be made semiautomated at this time.

Alternatively, ‘bulk’ cellular, biochemical, or molecular analyses of disrupted tissue samples
have been developed to assay inflammation. For example, approaches include monitoring
the expression levels of selected biomarkers in peripheral blood mononuclear cells using
flow cytometry (1), mRNA profiling using real-time PCR, or ELISA to detect monocyte-
specific markers or pro-inflammatory cytokines (2,3).

In this article, we describe an alternative approach to assay inflammation (Figure 1), without
the need for tissue disruption, thereby potentially accelerating studies. The approach uses a
PFC emulsion reagent comprised of a colloidal suspension of non-toxic PFC formulated into
small (~150-nm diameter) emulsion droplets. Following i.v. injection, the droplets are taken
up by phagocytic cells (4-7), predominately monocytes and macrophages, and to a small
degree neutrophils. These “in situ’ labeled cells subsequently participate in inflammatory
events in vivo, resulting in an accumulation of PFC at inflammatory loci. Necropsied tissues
samples, or intact organs, are subjected to conventional 1°F NMR analysis to quantitatively
measure the total fluorine content per sample, which is proportional to the inflammatory
burden. There is negligible natural abundance of 1°F in soft tissues, thus this approach offers
high specificity to inflammation.

PFC-based reagents are biologically safe, even at very high doses. PFC emulsions have been
studied clinically for many years as potential artificial blood substitutes in humans (8,9),
although the PFC molecule used in the present study is different than those used for blood
substitutes and has been optimized for 1F NMR-MRI applications. Numerous in vitro
studies have shown that intracellular labeling with PFC does not affect cell phenotype and
function (10-14).
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As an example of the applicability of these methods, we deliver PFC emulsion reagent
intravenously to the dark agouti (DA) rat model of experimental allergic encephalomyelitis
(EAE) (15), a widely used model for human multiple sclerosis (MS). EAE has many clinical
and histopathological similarities to MS (16). EAE is most commonly induced by
immunizing animals with myelin proteins or their disease-inducing peptides (16). Clinical
disease develops when primed CD4" T cells enter the central nervous system (CNS) and
recognize their cognate self-antigen presented in the context of MHC class Il molecules. The
resulting perivascular and parenchymal infiltrations in the CNS, particularly in the spinal
cord, include a large number of macrophages and eventually lead to demyelination and
clinical paralysis. In the EAE model, the ability to rapidly assay the inflammatory
biodistribution in the CNS would be tremendously beneficial in attempts to understand the
pathogenesis of autoimmunity and to design therapeutic interventions. Overall, the methods
described herein can dramatically reduce the time to evaluate macrophage involvement in a
wide variety of acute and chronic inflammatory models.

Materials and methods

EAE model and PFC administration

Experiments were carried out in accordance with the guidelines provided by the Carnegie
Mellon Institutional Animal Care and Use Committee (IACUC) and the National Institute of
Health Guide for the Care and Use of Laboratory Animals. The EAE rat model was
generated using previously reported methods (15). Adult female DA rats (Harlan,
Indianapolis, IN, USA), 11 weeks old, were inoculated with emulsified syngeneic spinal
cord. The inoculant was prepared by homogenizing frozen DA spinal cord (50 mg/rat) with
incomplete Freud’s adjuvant (IFA; cat. no. DF0639-60-6; Difco, Detroit, MI, USA) at 200
uL/rat and Mycobacterium tuberculosis (H37Ra; cat. no. DF3114-33-8; Difco) at 2 mg/mL.
The rat’s tail base was shaved, and a single injection of the homogenate was delivered
subcutaneously in a total of 7= 11 rats. A control group of rats (n= 3) were also prepared
by inoculating with adjuvant in the same manner, except spinal cord homogenate and H37Ra
were excluded. After induction, rats were monitored daily for body weight and clinical
symptoms of EAE. Symptoms were scored according to the convention: 0 = normal; 1 =
limp tail; 2 = paraparesis with a clumsy gait; 3 = hindlimb paralysis; 4 = hind- and forelimb
paralysis; 5 = moribund.

Upon the first signs that an animal reached clinical stage 2—typically 16—20 days after
induction in 93% of the subjects—rats received a single i.v. injection (0.5 mL) of PFC
emulsion (Cat. no. VS-580; Celsense, Inc., Pittsburgh, PA, USA) via the jugular vein. This
sterile reagent contains emulsified perfluoro-15-crown-5 ether at a volume fraction of 20%
(v/v), and a mean droplet size of 145 nm. Two days after injection with PFC rats were
sacrificed.

In a subset of animals (7= 4) the PFC emulsion was rendered fluorescent prior to injection
to aid in histological analysis. This was achieved via adding a simple premix step of the PFC
emulsion with a lipophilic dialkylcarbocyanine (Dil; cat. no. V22885; Molecular Probes,
Inc., Eugene, OR, USA) fluorophore. The fluorescent inoculant was prepared by mixing 5
mL emulsion with a 2-uL/mL Dil stock solution prepared according to the manufacturer’s
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instructions. After incubating the emulsion with Dil for 20 min at room temperature under
gentle agitation, the Dil molecules became associated with the PFC emulsion droplets (14).
The fluorescent emulsion was then injected into the stage 2 EAE rat.

Tissue preparation for NMR

19F NMR

Two days after PFC injection, rats (17 = 8) were anesthetized and sacrificed by transcardial
perfusion with PBS followed by 4% paraformaldehyde (PFA). The intact dorsal columns and
brain were excised and stored in 4% PFA for >24 h. Using a razor blade, the entire dorsal
column, except the sacral region, was partitioned at intervertebral discs into a total of 15
segments, where each segment contained 1-3 vertebrae. The spinal cord was dissected from
each segment, discarding the vertebral bone and spinal nerves, and each segment was
weighed. Using a scalpel, the intact brain stem and cerebellum was also dissected from the
excised brain and weighed. Other organs were also necropsied and fixed in control rats for
PFC biodistribution analysis.

Fixed CNS samples and other tissues from EAE and control rats were subjected to 1%F NMR
analysis. The weighed tissue samples were placed at the bottom of quartz 5-mm NMR tubes
(Cat. no. WG-1000; Wilman-Labglass, Vineland, NJ, USA). Importantly, the specimen size
was small enough to fit entirely within the homogenous receptive field of the NMR probe so
that all 1°F was detected. (The spinal cord segments of 1-3 vertebrae in length, brain stem,
and cerebellum easily met this criterion.) A 10-pL, 2% (v/v) aliquot of trifluoroacetic acid
(TFA) was placed in a flame-sealed 1 mm—diameter glass capillary tube (Cat. no. 34507-99;
Kimble Kontes, Vineland, NJ, USA) and positioned inside the NMR tube next to the tissue
sample; this TFA reference contained a total of Nz= 1.2 x 1019, where N/zis the number of
fluorine atoms. A one-dimensional 19F NMR spectrum was acquired for each sample at 470
MHz using a Bruker spectrometer (Bruker Biospin, Billerica, MA, USA) with a delay time
of 10 s and 32 averages. Two distinct peaks were observed at approximately =76 ppm for
TFA and -92 ppm for the PFC. The total fluorine content (Cr) of the sample was calculated
from the integrated peak areas for the PFC (/pz0) and TFA (/7z4) reference using the
formula Cr = IprcNe/I754. Results were normalized to the tissue weight (1), yielding an
inflammation index (/F/) of IFI = C/w, expressed as the number of 19F atoms per gram of
tissue.

Histology and immunohistochemistry

After NMR analysis, selected spinal cords were paraffin-embedded and sectioned at 10-pm
thickness and stained with H&E using standard procedures. Immumohistochemistry was
also performed on selected spinal cords that were flash-frozen in OCT compound (Qiagen,
Valencia, CA, USA) and cryosectioned at 6-pum thickness. Sections were stained for CD68
using ED1 as the primary antibody (MCA341R; AbD Serotec, Inc., Raleigh, NC, USA),
followed by a secondary horse anti-mouse antibody conjugated to FITC dye (Cat. no.
FL-2000; Vector Laboratories, Burlingame, CA, USA). We also stained for astrocytes using
rabbit anti-GFAP (Cat. no. ab7260; Abcam, Inc., Cambridge, MA, USA) follow by a
secondary Alexa Fluor488—conjugated, donkey anti-rabbit antibody (Cat. no. A21206;
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Invitrogen, Carlsbad, CA, USA). Stained sections were imaged using a Zeiss 510 LSM UV
Duoscan microscope (Carl Zeiss Microlmaging, Thornwood, NJ, USA).
Real-time PCR

In selected EAE rats (n7= 3), fresh spinal cord segments were retrieved and partitioned, as
above. The tissue segments were then further cut in half, where one part was fixed and
subjected to 1%F NMR measurement as described in the “1%F NMR” section, and the other
half was preserved in RNAlater (Ambion, Austin, TX, USA) for real-time PCR analysis.
Total RNA was extracted for the PCR samples using TRIzol (Invitrogen) following the
manufacturer’s instructions. From each sample, 2 ug total RNA were reverse-transcribed
into first strand cDNA with SuperScript 111 (Invitrogen) and poly-T primers. Multiplexed,
real-time PCR was performed on a Stratagene MX3000 (Stratagene, La Jolla, CA, USA) to
evaluate the expression of CD68, a biomarker for monocytes and tissue macrophages, as
well as astrocyte-specific glial fibrillary acidic protein (GFAP). Expression levels of CD68
and GFAP in each sample were normalized to expression of the ‘housekeeping gene’
glyceraldehyde 3-phosphate dehydrogenase (gapah). The primer sequences are listed below
(where F is a forward primer and R is a reverse primer): CD68 F: 5’-
GCATAGTTCTTTCTCCAGCAATTCACCT-3’, CD68 R: 5'-
GAGAGGCAGCAAGAGAGATTGGTCA-3’, and CD68 probe: 5" -FAM-
AGGGACACTTCGGGCCATGCTTCTCTT-lowa FQ; GFAP F: 5'-
GCCTTGACCTGCGACCTTGAGT-3’, GFAP R: 5'-GTGCCTCCTGGTAACTCGCCG-3’,
and GFAP probe: 5'-Cy5-CGGCACGAACGAGTCCTTGGAGAGGC-IAbRQSp-3;
GAPDH F: 5’- TGAACGGGAAGCTCACTGGCAT-3’, GAPDH R: 5'-
CGCCTGCTTCACCACCTTCTTG-3", and GAPDH probe: 5" -HEX-
CCGCCTGGAGAAACCTGCCAAGTATGATGAC-lowa FQ.

Results and discussion

We used NMR measurements on the tissue samples to quantify macrophage burden. Figure
2A displays a typical 19F spectrum of a spinal cord segment; it shows a single PFC peak at
-92 ppm and a TFA peak at =76 ppm from the sealed reference capillary placed alongside
the sample. From such data, we calculated the IFI along the length of the spinal cord (Figure
2B), where the IFI values represent the apparent number of 19F nuclei per tissue weight.
These data represent the mean of /7= 8 spinal cords, where the vertebrae are enumerated
along the abscissa. The 19F content of the tissue—and thus IFI—is linearly proportional to
the amount of macrophage present in the tissue. The IFI results (closed circles, Figure 2B)
are consistent with the known topology of the inflammation distribution in the CNS in this
EAE rat model, which is particularly prevalent in the spinal cord (15). The EAE CNS,
especially the spinal cord, is generally the focus of study when evaluating therapeutic
candidates for MS.

The control group (open circles, Figure 2B) receiving a CFA injection, but no spinal cord
homogenate, showed minimal 19F uptake in the CNS, indicating that the PFC emulsion does
not cross the intact blood-brain barrier or enter into the CNS in the absence of autoimmune
disease.
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Overall, in these experiments the total preparation and analysis time per rat CNS was ~6 h,
which is vastly accelerated compared with most conventional histological analyses.
Moreover, utilization of robotic or automated NMR sample-changing devices, commonplace
in many NMR laboratories, can enable rapid data acquisition of tissue panels.

The PFC emulsion droplets are generally taken up by the reticuloendothelial system (RES)
(4-7). This behavior was confirmed by 1°F NMR using excised tissues and organs from a
control DA rat (Figure 2C).

To validate the cell type incorporating the PFC emulsion droplets, the same tissues were
examined histologically following NMR. Figure 3A shows H&E staining in the EAE (left
panel) and control (right panel) cervical spinal cord white matter; the panels show the
characteristic EAE pathology with a large number of perivascular mononuclear infiltrates
compared with control.

Using immunohistochemistry in the EAE spinal cord, we also confirmed that the PFC
emulsion droplets colocalized within CD68+ cells that have morphologies consistent with
monocytes and macrophages. For these experiments, we used stage 2 EAE rats that were
injected with pretreated PFC emulsion such that the droplets had surface-bound fluorescent
Dil. The fluorescent microscopy images of white matter regions of the spinal cord display
punctate deposits of Dil (red, Figure 3B) within immunostained CD68+ cells (green, Figure
3B) consistent with perinuclear vesicular localization of the PFC. The intracellular
localization of PFC is reminiscent of what has been previously observed in dendritic cells
(14,17). In contrast, Dil-PFC was not observed in glial cells that were immunostained for
GFAP (Figure 3C). This indicates that no apparent PFC was taken up by astrocytes.

To confirm that the IFI linearly correlates to the density of monocyte/macrophage, we
conducted quantitative PCR studies in EAE CNS tissue. Figure 4A shows a representative
correlation analysis from a single stage 2 EAE rat, where the ordinate displays IFI obtained
from NMR, and the abscissa displays the CD68 mRNA levels normalized to the GAPDH
housekeeping gene. A linear regression analysis yields an R correlation coefficient of 0.89,
showing a high degree of linearity between IFl and CD68 levels (Figure 4A). Overall, the
average R correlation coefficient calculated for all animals studied (/7= 3) was 0.68.

Since astrocytes can also express low levels of CD68, to rule out their involvement in PFC
uptake we also performed real-time PCR with the astrocyte-specific marker GFAP in a
multiplexed, real-time PCR reaction along with CD68 and GAPDH. We did not observe any
correlation between GFAP and 19F uptake (R = -0.13; Figure 4B).

The elevation of the CD68 mRNA level in EAE spinal cord was =100-fold higher compared
with spinal cord samples from control rats (data not shown), where only minimal CD68
MRNA levels were detected. Thus, CD68 expressed in astrocytes and other glial cells is
relatively low, and the CD68 detected in EAE spinal cord was mainly contributed by EAE-
associated monocyte or macrophage infiltrates. The mRNA profiling data, in combination
with the histological observation of PFC localization only within CD68+ cells with
monocyte-macrophage morphology, suggest that PFC uptake and the measured IFI reflects
the inflammation burden.
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The PFC molecules used are not degraded in vivo by any known enzyme or at low pH (5,6).
The 1°F isotope has 100% natural abundance and is stable. In contrast, 18F-based positron
emission tomography (PET) probes used in EAE studies have a limited half-life (18). The
blood half-life of the PFC emulsion formulation used is ~9.4 £ 2.6 h in a DA rat (19), but
may depend on species/strain and inflammation status of the subject. As shown in the
control rats, the emulsion does not appear to cross the intact blood-brain barrier. The PFC
emulsion is taken up by macrophages and monocytes, possibly in blood, and then carried
into inflammatory loci. Generally, clearance of the PFC emulsion is via the
reticuloendothelial system and exhalation through the lungs (4-6).

Prior work has reported the use of in vivo labeling and imaging of macrophage using PFC
emulsion in various animal models (7,20-22), including early work in an EAE model (7);
these studies mainly focus on the use of in vivo 1°F MRI techniques. However, small animal
MRI instruments are much less commonplace compared with ubiquitous NMR
spectrometers. Moreover, the cell detection sensitivity of high-field NMR instruments
greatly exceeds that of MRI instrumentation for detection of sparse cell numbers. We
estimate that one can detect on the order of 103 cells per sample using high-field NMR
instrumentation (e.g., 11.7 T), whereas high-field MRI detection limits are closer to 103-10%
cells per voxel (13).

This study used tissue samples that were small enough to fit inside a standard 5--mm NMR
tube and remain in the homogenous region of NMR coil. In mouse, intact organ tissues
(spleen, lymph nodes, thymus, etc.) meet these criteria. For larger tissue samples (midbrain,
heart, liver, etc.), several options are available: (/) the total organ or tissue can be manually
segmented into discrete samples, each measured separately [this is the approach that we used
for our study of CNS tissues (Figure 2B)]; (/) one can dissect and weigh a piece of the
whole tissue or organ of interest that fits into the NMR tube and use this for the IFI
measurement [this approach assumes that the inflammation (i.e., 1°F) distribution is roughly
homogenous throughout the whole tissue or organ]; (///) a tissue homogenate can be made
by mechanical disruption, and a weighed aliquot is placed in the NMR tube to assay IFI of
the sample; (/) one can use larger-diameter NMR hardware (i.e., NMR tube and probe); for
example, a standard 10-mm NMR tube can readily accommodate an intact mouse brain.

These same whole-tissue NMR methods can also be useful for ‘counting’ transplanted
therapeutic or diagnostic cells that have been labeled with PFC emulsion ex vivo prior to
transfer in vivo (13,23). A multitude of regenerative medicine and immunotherapeutic cell
therapy studies could benefit from a tool that does not rely on laborious histology or flow
cytometry to accurately assay cell biodistribution in tissue panels. Moreover, ex vivo labeled,
phenotypically defined, immune cells can also be used for inflammation diagnostic purposes
when infused into a subject. Using ex vivo labeling approaches, the mean PFC uptake,
expressed as 19F/cell, is often measured as part of the cell labeling protocol development
(13), and this parameter can be used to calculate the apparent number of cells present in
tissue samples directly from the 1°F NMR data (13,23).

In summary, we show that it is feasible to rapidly assay monocyte/macrophage burden in
intact tissues using PFC emulsion administered in vivo and a conventional NMR scanner.
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These methods can be used to accelerate routine analysis of inflammation in discovery and
preclinical studies.
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'*F Inflammation index

Figure 1. Overview of inflammation quantification of intact tissue samplesusing 9 NMR
PFC emulsion is injected i.v. and is taken up by monocytes and macrophages. These labeled

cells participate in inflammatory events in vivo resulting in an accumulation of 1°F at
inflammatory loci. Conventional 1°F NMR spectroscopy of panels of intact tissue samples is
used to measure histogram profiles of the inflammatory index (IFI), proportional to tissue
macrophage burden.
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Figure 2. NMR resultsin the EAE (stage 2) and control rats
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(A) 19F NMR spectrum of a fixed, intact cervical spinal cord segment from EAE rat. The
PFC displays a single peak at —92 ppm and the TFA reference peak is at =76 ppm. (B)
Average inflammation index (IFI) along spinal cord axis in EAE (7= 8) and control (n=3)
rats (closed and open circles, respectively). CRBL, cerebellum; BS, brainstem. The IFI is
expressed as the number of 19F atoms per gram of tissue. (C) 19F NMR measurements of
organ and tissue biodistribution of the PFC emulsion in a control rat shows RES uptake.
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A ‘ control

Figure 3. Histological sections of cervical EAE (stage 2) and control spinal cords
(A) H&E stained section (10x) in EAE (left panel) and control (right panel) spinal cords,

where the top and bottom panels are dorsal and ventral white matter, respectively. EAE
pathology (asterisks) shows significant perivascular infiltrates (blue) compared with control.
(B) Fluorescent images (40x) of immunostained white matter regions showing punctate
deposits of PFC-Dil (red) within CD68+ cells (green). Data show that PFC droplets
colocalized within CD68+ cells that have morphologies consistent with monocytes and
macrophages. (C) Fluorescent micrograph (40x) showing an absence of Dil-PFC (red)
colocalization in GFAP-stained cells (green).
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Figure 4. Quantitative analysis of macrophage burden in EAE spinal cord tissue using real-time

PCRinasinglerat

(A) Correlation between IFI, obtained from 19F NMR, and CD68 mRNA levels. Data shows
a linear correlation (R = 0.89), consistent with the PFC internalization into macrophage. The
mRNA levels are normalized to gapadh. (B) Plot of IFI versus GFAP mRNA shows no
correlation (R = -0.13), suggesting that PFC is not taken up by astrocytes.
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