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Abstract

In the immunohistochemical analysis of the brain, tissue preparation and fixation are critical steps. During our studies of transplanting
human bone marrow multipotent adult progenitor cells (hMAPCs) into the rat brain, we noticed that various methods of brain tissue
preparation and fixation differentially influenced antigenic preservation in the transplants and in the host brain. Here, we report a simple,
effective and reproducible method of tissue preparation and fixation that results in the immunohistochemical labeling of transplanted and
host cells.
   2003 Elsevier Science B.V. All rights reserved.
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1 . Type of research (unpublished data). During these studies, however, we
found that the routine procedure of using formaldehyde

Bone marrow mesenchymal stem cells have been shown perfusion for immunohistochemistry to identify grafted
to exhibit tremendous plasticity in cellular phenotypes. human bone marrow mesenchymal stem cells in the brain
They cannot only differentiate into cells of a mesodermal was not adequate. We have postulated that the antigen
lineage [3,9,19,26,34] but also adopt endodermal lineages epitopes of hMAPCs may be vulnerable to formaldehyde
[25,27] and an ectodermal fate giving rise to neurons and perfusion. Therefore, we established the method of fast
astrocytes [6,10,16,19,21,31,36]. Recently, we have re- freezing of fresh brain tissue in powdered dry ice, cutting
ported that transplanted human multipotent adult with a cryostat into thin sections and then briefly fixing
progenitor cells (hMAPCs) from bone marrow survive and with 4% formaldehyde. This is a simple, effective and
express neural tissue antigens, and improve functional reproducible method of immunohistochemical detection of
outcomes after grafting into the ischemic brain of rats [37]. transplanted hMAPCs in rat brain. Here, we report this
We have also observed that hMAPCs adopt neural fates method in detail.
when they are implanted into the brain of neonatal rats

2 . Time required
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• Transplantation of hMAPCs—injection of hMAPCs: • Human nuclei (Chemicon).
6–8 min/site. • Primary polyclonal antibodies.

• Tissue preparation—animal decapitation and brain • Rabbit anti-GFAP (Sigma).
removal and freeze: 1–2 min/ rat. • Rabbit anti-NF200 (Sigma).

• Brain sectioning—cutting brain with cryostat: 30 min/ • Rabbit anti-galactocerebroside (GalC) (Sigma).
rat brain. • Secondary antibodies.

• Immunohistochemistry. • Biotinylated secondary antibodies (Vector Labs).
• Single staining: 2 days. • Cy2 conjugated goat anti-mouse IgG (Jackson
• Double staining: 3 days. ImmunoResearch, West Grove, PA, USA).

• Cy3 conjugated goat anti-rabbit IgG (Jackson
ImmunoResearch).

3 . Materials • Mounting media.
• DPX (Sigma).

3 .1. Animals • Glycerol containingn-propyl gallate (Sigma).

The Institutional Animal Care and Use Committee at the 3 .3. Special equipment
University of Minnesota approved the experimental proto-
cols. The experiment was conducted under the auspices of • Surgery microscopy (Nikon, Tokyo, Japan).
Research Animal Resources, a facility approved by the • Stereological frame (Kopf Instruments, Tujunga, CA,
American Association for the Accreditation of Laboratory USA).
Animal Care. Adult spontaneously hypertensive rats • 10 ml Hamilton microsyringe (Hamilton, Reno, NV,
(SHR), weighing 250–300 g (Charles River, Wilmington, USA).
MA, USA), and Sprague–Dawley (SD, postnatal day 3, • Cryostat (Leica, Nussloch, Germany).
Charles River) were used for this study. The animals were
housed under conditions of 12 h light:12 h darkness cycle,
2361 8C, 60610% humidity, and allowed free access to

4 . Detailed procedurewater and food throughout the experiment.

4 .1. Surgery3 .2. Chemicals and reagents

Cortical brain ischemia in SHR was produced by• Anesthetics.
permanently ligating the middle cerebral artery (MCA)• Methohexital sodium (Jones Pharma, St. Louis,
distal to the striatal branch as described elsewhere [7]. OneMO, USA).
week after brain ischemia, the rats were anesthetized with• Equithesin [MgSO?7H O, chloral hydrate, 1,2-4 2 equithesin (3 ml /kg, i.p.). Three microlitres of human bonepropandiol (Sigma, St. Louis, MO, USA), pen-
marrow stem cells (25,000 cells /ml) were transplanted intotobarbital sodium (Abbott Laboratories, North
the cortex surrounding the infarction. Three sites wereChicago, IL, USA)].
selected for transplantation at the following coordinates:• Chloral hydrate (Sigma).
(1) 1.0 mm rostral to the bregma, 2.0 mm lateral to the• Cyclosporin A (Novartis, New York, NY, USA).
midline, 1.2 mm ventral to the dura; (2) 3.0 mm caudal to• ABC kit (Vector Labs, Burlingame, CA, USA).
the bregma, 1.5 mm lateral to the midline, 1.2 mm ventral• Tris buffered saline (TBS) (Sigma).
to the dura; (3) 6.0 mm caudal to the bregma, 2.0 mm• Sodium chloride (Sigma).
lateral to the midline, 1.2 mm ventral to the dura. The• Bovine serum albumin (BSA) (Sigma).
tooth-bar was set at zero. Cyclosporin A was given daily• Triton X-100 (Sigma).
(10 mg/kg, i.p.). In another study, 2ml of human bone• 3,3-Diaminobenzidine tetrahydrochloride (DAB)
marrow stem cells (7000 cells /ml) were bilaterally injected(Sigma).
into the lateral ventricles of neonatal rats (postnatal day 3,• Hematoxylin (Sigma).
SD). The injection sites were 0.6 mm caudal to the• Normal serum: horse or goat (Vector Labs).
bregma, 0.8 mm lateral to the midline and 2.1 mm ventral• Primary mouse monoclonal antibodies.
to the dura. The tooth-bar was set at one.• Neuronal nuclei (NeuN) (Chemicon, Temecula,

CA, USA).
• Neurofilament 160 (NF160) (Sigma). 4 .2. Tissue preparation
• Neurofilament 200 (NF200) (Sigma).
• Glial fibrillary acidic protein (GFAP) (Sigma). The rats were anaesthetized with chloral hydrate (350
• Myelin /oligodendrocyte specific protein mg/kg, i.p.) and decapitated 2 weeks (for ischemic SHR)

(Chemicon). or 4 weeks (for neonatal SD) after transplantation. The
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brains were then quickly removed, immediately frozen in conjugated goat anti-rabbit IgG (1:400) at room tempera-
powdered dry ice, and individually stored in plastic bags at ture for 2 h in the dark, rinsed with TBS and mounted with
280 8C. Before sectioning, the brains were placed at glycerol containingn-propyl gallate. The adjacent sections
220 8C overnight. Coronal cryostat sections, 10mm thick, were used as negative controls. All the procedures for
were cut and mounted on superfrost plus microscope slides negative controls were processed in the same manner
(Fisher Scientific, Hanover Park, IL, USA) and then stored except the primary antibodies were omitted. Immuno-
at 280 8C. peroxidase reactivity was assessed with light microscopy,

and fluorescent staining was evaluated using a fluorescence
4 .3. Tissue fixation microscope (Nikon).

The sections were stored at220 8C for 1–2 h, air-dried
at room temperature for 30–60 min, and then fixed with
freshly prepared 4% formaldehyde in Tris buffered saline 5 . Results
(TBS) (0.05 M, pH 7.6) for 15 min. For an alternative
fixative, the sections were fixed with 1% formaldehyde in 5 .1. Immunoperoxidase staining
95% ethanol for 15 min.

In fixing the sections with 1% formaldehyde in 95%
4 .4. Immunohistochemistry ethanol, positive immunoreactivity (e.g. NF-200, GFAP)

was only observed in the transplanted human bone marrow
After rinsing in TBS, the sections were exposed to 0.3% stem cells (Fig. 1A, NF-200; E, GFAP). Antigenicity was

H O for 30 min to quench endogenous peroxidase not well preserved in host brain tissue (Fig. 1C, NF-200;2 2

activities. Before incubation of primary antibodies, non- G, GFAP).
specific binding was blocked with normal serum (1:10, When the cryostat sections were fixed with 4% buffered
diluted with 0.1% BSA10.25% Triton X-100) from the formaldehyde, antigenicity was well preserved in both the
species in which the secondary antibody was raised. The transplanted hMAPCs and in the host rat brain tissue.
duration of the blocking was 30 min. The sections were Histological details were also better preserved than with
then incubated with the primary antibodies diluted by 0.1% fixation using 1% FA in ethanol. Positive immunoreactions
BSA10.25% Triton X-100 overnight at 48C. The primary of neurofilament-200 and GFAP were detected in both
antibodies used for this study were mouse monoclonal grafted human bone marrow stem cells (Fig. 1B: NF-200,
antibodies: neuronal nuclei (1:100), neurofilament 160 F: GFAP) and host brain tissue (Fig. 1D: NF-200, H:
(1:100), neurofilament 200 (1:400), glial fibrillary acidic GFAP). In a fixation time test, 3–10-min fixations were
protein (1:500) and myelin /oligodendrocyte specific pro- better than 1 min. The 15-min fixation was superior to the
tein (1:1000). Rabbit anti-galactocerebroside (1:50), a fixations of 3–10 min and 1 min.
polyclonal antibody, was employed as well. After rinsing Several antibodies were evaluated in the present study
in TBS, the sections were incubated with biotinylated (Table 1). Those antibodies included NeuN, NF-160, NF-
secondary antibodies diluted with 0.1% BSA10.25% 200, GFAP, GalC and myelin (oligodendrocyte specific
Triton X-100 for 1 h at room temperature and the reaction protein). In the fixation protocol of 1% FA in 95% ethanol
products were visualized by the avidin–biotin–peroxidase only NeuN exhibited a weak immunoreactivity in the host
complex method (ABC kit) using 3,3-diaminobenzidine brain. The rest of the antibodies showed no positive
tetrahydrochloride as the chromogen. The sections were immunoreactivity to the host epitopes. However, the
then counterstained with hematoxylin, dehydrated and antigenicity was preserved in grafted hMAPCs by using
mounted with DPX. The adjacent sections served as 1% FA with alcohol fixation since all selected neural cell
negative controls. All the procedures for negative controls markers showed positive immunoreactivities. When the
were processed in the same manner except the primary sections were fixed with 4% FA, the antigenicity was
antibodies were omitted. preserved in both host brain tissue and grafts.

For immunofluorescent double staining, nonspecific
binding was blocked by normal goat serum. The sections
were incubated overnight at 48C with the first primary 5 .2. Immunofluorescence staining
antibodies: mouse anti-human nuclei (1:20), or mouse
anti-NeuN (1:100). After rinsing in TBS, the sections were To determine the effects of fast freezing, cryostat
exposed to Cy2 conjugated goat anti-mouse IgG (1:100), sections with 4% formaldehyde fixation on immuno-
the secondary antibody, for 2 h at room temperature in the fluorescent 3-day double staining, sections were double
dark. After blocking nonspecific binding, the sections were labeled with anti-human nuclei1anti-GFAP for grafts,
then incubated with other primary antibodies: rabbit anti- anti-NeuN1anti-NF-200 for host brain tissue. We noticed
GFAP (1:500) or rabbit anti-NF200 (1:200) at 48C that transplanted hMAPCs were immunopositive to both
overnight. Finally, the sections were incubated with Cy3 antibodies of human nuclei (green) and GFAP (red). NeuN
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Fig. 1. Immunoperoxidase staining. Cryostat sections from rats that received intracerebral human bone marrow stem cell transplants (2 weeks after
grafting) were fixed with 1% formaldehyde in 95% ethanol (A, C, E and G), or fixed with 4% formaldehyde in TBS (B, D, F and H) for 15 min in room
temperature. (A–D) Anti-NF-200. (E–H) Anti-GFAP. Photomicrographs in panels A, B, E and F are taken from the transplant site; panels C, D, G and H
are taken from the host brain. For the sections fixed with 1% FA in 95% ethanol, immunoreactivity was only observed in grafted human bone marrow

1 1mesenchymal stem cells (A, NF-200 grafted cells in the site of transplantation; E, GFAP grafted cells in the site of transplantation) but the
immunoreactivity was absent in the host brain tissue (C, negative immunoreactivity for NF-200 in host cortex; G, negative immunoreactivity for GFAPin

1host hippocampus). For the sections fixed with 4% formaldehyde in TBS, positive immunoreactivities were identified in both grafts (B, NF-200 cell in the
1site of transplantation; F, GFAP cells in the site of transplantation) and the host brain tissue (D, immunopositive staining for NF-200 in host cortex; H,

1GFAP astrocytes in hippocampus). Note that sections fixed with 4% FA exhibit better histological structures (neuronal fibers and the processes of
astrocytes) than those fixed with 1% FA in 95% ethanol. Arrows indicate grafted human bone marrow mesenchymal stem cells. Bar520 mm.

(green)–NF200 (red) double stained neurons were detected indicate that the 4% formaldehyde fixation protocol for
in the host cortex (Fig. 2). The staining was successful cryostat sections is adequate for immunofluorescent double
with low background and without tissue loss. These data staining.
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Table 1 grafted hMAPCs was not preserved. We have hypothesized
Immunoreactivity in host and graft influenced by the fixations of 1% FA that the antigenic epitopes of the grafted hMAPCs might
in 95% ethanol and 4% FA

be vulnerable to formaldehyde perfusion.
1% FA in 95% ethanol 4% FA The techniques of protease digestion and microwave
Host Graft Host Graft heating have been reported to be effective for retrieving

antigens from formaldehyde fixation [8,14,15,33]. How-NeuN 6 1 1 1
ever, both proteolytic digestion and heating are non-NF160 2 1 1 1

NF200 2 1 1 1 specific, which may lead to false negative or false positive
GFAP 2 1 1 1 results [1,35]. In our study we used a simple, effective and
GalC 2 1 1 1 reproducible method of brain preparation and fixation for
Myelin 2 1 1 1

immunohistochemistry in both transplanted hMAPCs and
The antibodies used in this study are immunoreactive to both human and the host brain that does not require protease digestion or
rat tissue.

microwave heating. In this method the brains were frozen
6 . Discussion rapidly in powdered dry ice and cut into thin sections (10

mm) with a cryostat. The sections were then fixed with 4%
The main cause of the loss of antigenicity is tissue buffered formaldehyde for a brief period of time (15 min).

preparation and fixation [2,32,35]. The perfusion of alde- Under light microscopy, the sections processed by this
hyde-based fixatives, especially formaldehyde, is routinely protocol exhibited good immunoreactivity and morphologi-
used for immunohistochemical tissue preparation and cal preservation.
fixation. This technique produces good morphology, while
the immunoreactivity is sometimes limited, especially for 6 .1. Trouble-shooting
monoclonal antibodies [2,20,23,35]. It has been reported
that formaldehyde perturbs the three-dimensional structure6 .1.1. Tissue preparation
of protein and masks antigenic epitopes especially when The ideal tissue preparation for histological and im-
the fixation period is prolonged [20,35]. In the beginning munohistological studies is to immobilize the tissue in a
of the series of studies transplanting hMAPCs into the manner that is as life-like as possible [11]. Rapid freezing
brain in our laboratory, the rats were perfused with 4% of tissue is an approach that closely meets this criterion. In
buffered formaldehyde. However, the antigenicity of the present study, the brains were quickly removed after

Fig. 2. Immunofluorescent staining. Immunofluorescent positive cells were detected in both graft cells and host brain tissue. (A–C) Human nuclei–GFAP
double labeled grafted cell in the striatum of a neonatal rat received human bone marrow mesenchymal stem cell transplantation 1 month post-grafting(A,

1 1human nuclei cell visualized by Cy2 conjugated secondary antibody; B, GFAP astrocytes visualized by Cy3 conjugated secondary antibody; C, A and B
1merged panel). (D–F) NeuN–NF-200 double staining in host cortex (D, NeuN staining for nuclei of neurons visualized by Cy2 conjugated secondary

1antibody; E, NF-200 staining visualized by Cy3 conjugated secondary antibody; F, merged with D and E). Magnification:340.
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decapitation, then immediately frozen in powdered dry ice, indicated that ethanol, especially high concentrations of
and stored at280 8C. Therefore, the biological reactions ethanol, interfered with antigenicity and morphological
were quickly arrested and most of the molecules were preservation of brain tissue. Riederer et al. [29] has
immobilized in cells, which closely approximates the live reported that most microtubule proteins are soluble in
state [24]. alcohol-fixed cat brain tissue. Brain tissue is rich in lipids

Moreover, most of the general protease inhibitors are [13], and ethanol dissolves and extracts lipids in both the
active at low temperature, so tissue proteins can be membranes and cytoplasm [20]. In contrast, formaldehyde
preserved under low temperature storage. It has been is an adequate fixative for lipids [5]. Therefore, 4%
shown that brain tissue can be stored at270 8C for more buffered formaldehyde alone for fixation was tested. Using
than 3 years without change in its mRNA signal and this method, the immunoreactivity was observed in both
antigenicity [17,22]. The method of fast freezing rat brains donor tissue (hMAPCs) and host rat brain tissue. In
in powdered dry ice has been successfully used for addition to the preservation of antigenicity with this
determination of neurotrophic factor mRNA expression fixation method, the sections also displayed good mor-
[18,38]. As shown in the present study, the antigenicity of phological preservation. Formaldehyde has been shown to
the brain was well preserved by rapid freezing of the penetrate quickly but fixes the tissue slowly [4,12]. In
tissue. order to determine if a 15-min fixation for 4% formalde-

In order to properly use this method, we suggest that hyde was sufficient, the sections were fixed in 4% FA with
first, after decapitating, the brain should be removed and Triton X-100 for 10 min, 4% FA 10 min, then immersed in
frozen as soon as possible. The whole procedure should be cold acetone for 10 min. The results did not differ from the
within 1–2 min. Secondly, freezing the brain in powdered 4% FA fixation alone (data not shown). Moreover, it has
dry ice is important. Freezing brain tissue in liquid been reported that formaldehyde fixes tissue at a rate of 1
nitrogen directly is not recommended, because the brain mm/h [30]. Therefore, exposing 10-mm-thick cryostat
tissue is easily shattered. Organic solvents, such as ethanol, sections in 4% FA for 15 min at room temperature is
methanol and isopentane should not be used. They may adequate to preserve antigenicity as well as morphology.
influence the optimal result of immunohistochemistry for
brain tissue sections (discussed below). Finally, always 6 .1.3. Immunofluorescence staining
keep the brain tissue and sections in the frozen state before Double staining is a challenge for cryostat sections.
staining. Tissue loss has been a concern in cryostat sections during

3-day procedures [11]. A shortened incubation time at
6 .1.2. Fixatives room temperature with high concentrations of antibody has

The optimal fixative should preserve antigenicity and been suggested. However, using high concentrations of
also provide good morphology. The fixatives are classified antibodies is expensive, and room temperature incubation
into two groups: coagulants such as alcohols and acetone, for a brief period of time may reduce immunoreactivity
and cross-linking agents like glutaraldehyde and formalde- [28]. In the present study cryostat sections fixed with 4%
hyde. Generally, coagulants preserve antigenicity but buffered formaldehyde were adequate for 3-day double
cannot render tissue with fine cellular structure, whereas staining procedures. It is important to notice that (1)
cross-linking agents preserve morphology very well but cryostat sections must be mounted on superfrost plus
with low antigenicity [2,11]. In the present study, we tried microscope slides, and (2) before fixation, the sections
cryostat sections that were fixed in 1% formaldehyde (FA) must be dried out. It usually takes 30–60 min in room
with 95% ethanol. We postulated that this combination temperature. Prolonged drying is not recommended be-
might result in a better compromise for both antigenicity cause of potential loss of immunoreactivity.
and morphology. However, the results were unexpected. Four percent FA in PBS (pH 7.4), and using PBS as
The positive immunoreactions were only observed in working solution shows the same results as TBS.
transplanted bone marrow stem cells, and were hard to
detect in host brain tissue. In order to determine if this
result was due to insufficient fixation, the sections were 7 . Quick procedure
fixed in ethanol first for 15 min and then followed by a
15-min-4% formaldehyde fixation. Surprisingly, the results 1. Transplant human bone marrow stem cells into rat
were exactly the same as 1% FA in 95% ethanol (data not brain.
shown). To determine whether the high concentration of 2. Fast freeze brains on powdered dry ice. Store brains at
ethanol reduced antigenicity of brain tissue, the sections 280 8C. Cut cryostat sections (10-mm-thick) and
were then fixed with 1% FA but in different concentrations mount on superfrost slides. Store sections at280 8C.
of ethanol (70%, 50% and 30%). The results showed that Dry out sections before staining.
high concentrations of alcohol reduced antigenicity. In 3. Fix sections with 4% FA in buffered solution.
addition, the antigenicity and morphology were not well 4. Expose to 0.3% H O to quench endogenous per-2 2

preserved in lower concentrations of alcohol. These data oxidase activities. Block nonspecific binding with
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