
The Effects of Storage Conditions on the Preservation of
Enzymatic Activity in Bone

Christi N. Cosby1, Nancy W. Troiano1, and Melissa A. Kacena1,2
1 Department of Orthopaedics and Rehabilitation, Yale University School of Medicine, New
Haven, CT
2 Department of Orthopaedic Surgery, Indiana University School of Medicine, Indianapolis, IN

Abstract
Alkaline phosphatase and acid phosphatase are two major enzymatic measures of osteoblastic and
osteoclastic activity, respectively. As a result, the preservation of the enzymes in bone specimens
to near in vivo accuracy is essential. Despite standardization of the staining process, several
factors related to the storage of blocks and slides before sectioning and staining impact the level of
enzymes detected in the tissue. Block condition (intact, faced, or unstained) as well as
environment (temperature and length of time in storage) affect alkaline phosphatase preservation
while the acid phosphatase enzyme remains unaffected. We conclude that to optimally preserve
alkaline phosphatase enzyme, methacrylate-embedded undecalcified murine bones should be
stored as intact blocks. After sectioning, the faced blocks should be stored at 4°C for optimal
enzyme staining of future sections. Furthermore, it is best to stain sections immediately after
sectioning.
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Introduction
Since the 1930s when Robison first hypothesized the role of alkaline phosphatase in bone
formation (1), there has been a continued struggle to accurately stain for the enzyme. In
1939, George Gomori (2) demonstrated that paraffin embedding did not destroy alkaline
phosphatase activity in soft tissue, but 10 years later his technique still was being questioned
(3). The Menten modification for alkaline phosphatase staining, which became accepted by
the late 1960s (4,5), is based on hydrolysis of naphthyl phosphate resulting in the naphthol
coupling to an azo dye and depositing an insoluble pigment at the site of the enzyme.

Like alkaline phosphatase, acid phosphatase is an enzyme that has been studied extensively,
and articles have been published on the topic since the 1950s. In 1964, Farnes and Barker
(6) applied the enzyme stain to the analysis of the composition of different cell types in bone
marrow. Although the preservation of acid phosphatase staining has been studied in regard
to fixation and processing (7–12), embedding material (13–19), and substrates used (20–26),
there has not been a study to determine the storage conditions of blocks and unstained slides
for optimal preservation of the enzyme. Accurate representation of alkaline and acid
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phosphatase enzymes in bone requires attention to more than the fixation, processing, and
staining protocols. As demonstrated here, the storage conditions of the blocks and slides
play a crucial role in whether alkaline phosphatase activity will be demonstrated.

Materials and Methods
Specimens

Intact tibiae and femurs from 12- to 16-week-old GATA-1-deficient mice (kindly donated
by Dr. Stuart Orkin) that are maintained on the C57BL/6 background were used for this
study because they exhibit increased indices for bone formation and resorption (27). The
bones were stripped of soft tissue, and placed in ~20 mL of 70% ethyl alcohol (EtOH) for 60
h at 4°C (approximately a 1:20 specimen:fixative ratio). Table 1 summarizes the processing
schedule.

Tissue Processing/Handling—After fixation, tibiae and femurs were transferred to 70%
acetone for 24 h. After 24 h, the tibiae and femurs were dehydrated in graded acetones (90%
1X, 100% 2X for 1 h each). All of the aforementioned steps were performed at 4°C.

As has been detailed elsewhere (28–30), after dehydration, tibiae and femurs were placed in
a 20-mL glass vial containing 15 mL of infiltration medium containing 85% destabilized
methylmethacrylate (MMA; Sigma, St. Louis, MO), 15% dibutyl phthalate (Sigma), and
0.15% benzoyl peroxide (Polysciences, Inc., Warrington, PA) and placed in a vacuum
desiccator.

After 48 h of infiltration in a vacuum desiccator at 4°C, tibiae and femurs were removed
from infiltration MMA and were placed on prepolymerized bases/layers, covered with 8 mL
of fresh catalyzed MMA, and incubated for 2 d in a water bath, which was placed in a 37°C
radiant heat oven (Labline, Melrose Park, IL). Glass vials were removed from the oven,
cooled at −20°C for 1 h, and the specimen blocks were removed by breaking the glass vials.

Storage of Slides and Blocks
Figure 1 is a flow diagram that summarizes the groups examined for this study. From each
animal, one femur was stored at 4°C in a faced block and the other femur was stored at 4°C
in an unfaced block. Likewise, one tibia was stored at room temperature in a faced block and
the other tibia was stored at room temperature in an unfaced block. From each faced block,
some sections were mounted on slides and stored at room temperature or 4°C for 1 month
whereas others were sectioned and stained immediately. For the purpose of this study, we
considered room temperature to be 25°C. In addition, both the faced blocks used above and
unfaced blocks were stored at 25°C or at 4°C for 1 month. At the end of 1 month, the
unfaced blocks were sectioned, and faced blocks were further sectioned and immediately
stained as described to follow.

Facing Blocks and Sectioning
To face blocks, the MMA blocks containing bone were trimmed and sanded to the center of
the longitudinal bone on the Buehler Metaserv Grinder-Polisher (Buehler UK Ltd, Coventry,
England). For these studies, 4-μm sections were obtained with the use of a Leica™ 2165
Microtome (Leica, Heidelberg, Germany), and a tungsten-carbide knife, D-profile (Dorn/
Hart Microedge, Villa Park, IL). Sections were then placed on gelatin-chromium-alum
coated slides and incubated overnight at 37°C to adhere sections to slides as previously
described (28,31).
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Alkaline Phosphatase Staining—For alkaline phosphatase staining, sections mounted
on gelatin/chromium/alum–coated slides were deplastified in two changes of 100% acetone
(5 min each) and then rehydrated in 70% EtOH, 40% EtOH, and distilled water (one change
each). After rehydration, slides were incubated at room temperature for 60 min in Tris
buffer, pH 9.4.

The staining solution was prepared as described by Baron et al. (31): 40 mg of naphthol
ASBI phosphate (Sigma) was dissolved in 2 mL of dimethylformamide (Sigma). Separately,
40 mg of Fast Blue RR salt (Sigma) was dissolved in 2 mL of dimethylformamide. To
prepare the final staining solution, 2 mL of naphthol ASBI solution was combined with 2
mL of Fast Blue RR salt solution and 0.195 g of MgCl2 catalyst. This was then added to 35
mL of Tris buffer (12.1 g Trisma Base [Sigma] dissolved in 500 mL dH2O, pH 9.4). The
solution was filtered before use and was prepared fresh as the substrate deteriorates over
time. After incubation in Tris buffer, slides were then incubated for 60 min in the staining
solution in a 37°C oven. After incubation in stain, slides were rinsed in distilled water and
mounted with aqueous Crystal Mount™ (Biomeda Corp., Foster City, CA). Once dried, the
slides were coverslipped with Mounting Medium™ (Richard-Allan Scientific, Kalamazoo,
MI). Alkaline phosphatase–rich structures are stained a dark purple color.

Acid Phosphatase Staining—Acid phosphatase staining was performed on sections
attached to gelatin/chromium/alum-coated slides that were deplastified as described for
alkaline phosphatase staining. Stock solutions of pararosaniline, sodium nitrite, naphthol
ASTR phosphate, acetate buffer, and manganese sulfate were prepared and combined to
make the acid phosphatase stain as described by Baron et al (31). After rehydration, slides
were blotted dry around sections and several drops of stain were placed on each section to
cover it entirely. Slides were incubated in a moisture chamber in a 37°C radiant heat oven
for 1 h. After incubation, slides were rinsed for 2 min in running distilled water, and then
placed in 70% EtOH for 30 min at room temperature. Slides were then washed 2X in
distilled water for 2 min each and counterstained with toluidine blue (Fisher Scientific,
Pittsburgh, PA), pH 3.7, for 2 min. Counterstaining was followed by a quick dehydration.
Slides were dipped in tertiary butyl alcohol (butanol) 2X, butanol/toluene (50:50) 1X, and
toluene 2X, before being mounting with Mounting Medium™. Osteoclasts that are rich in
acid phosphatase will appear red.

Results
For this study, we believed it would be best to compare the effects of storage conditions on
enzymatic preservation in bones taken from the same animals to eliminate interanimal
variation. Because we needed to have four bones stored from each mouse (see Figure 1), we
first confirmed that staining results were comparable in tibiae and femurs. The similarity in
staining quality between femurs and tibiae can be detected by examining the initial section
taken from the femur (Figure 2G) and tibia (Figure 2C), which appear virtually identical in
terms of alkaline phosphatase staining.

For the remainder of this study, our results are focused on comparing several storage
conditions. These storage conditions are diagrammed in Figure 1, and representative
micrographs from the same animal are shown in Figure 2. Panels A–H on Figure 1
correspond with the identical letters in Figure 2 and Table 2. The results of this study focus
on five main comparisons of enzyme activity. First, the change in activity from the first
section taken (C and G) to the section cut 1 month later (from the same block, B and F) was
compared to determine whether enzymatic preservation was altered when blocks were faced
and stored (C vs. B at 25°C and G vs. F at 4°C). Second, the difference in enzyme staining
that occurred between the first section taken (C and G) and the section that was stored on the
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slide and stained 1 month later (D and H) was examined to determine whether enzymatic
levels were altered in unstained slides that were stored as opposed to being stained
immediately (C vs. D at 25°C and G vs. H at 4°C). Third, we compared the first and second
storage conditions, which examined the difference between the section that had been stored
on a slide for a month before staining (D and H) and the section taken from the same block 1
month after it had been faced (B and F) to determine whether the enzyme was better
preserved in a faced block or in a stored slide (B vs. D at 25°C and F vs. H at 4°C). Fourth,
the sections taken from an unfaced block (A and E) were compared with the first sections (C
and G) taken that were stained immediately (A vs. C at 25°C and E vs. G at 4°C). Fifth, we
compared the sections that were taken from a block 1 month after being faced (B and F) to
the sections taken from an unfaced block (A and E) containing a bone taken from the same
animal to determine whether enzyme was better preserved in faced or unfaced blocks (B vs.
A at 25°C and F vs. E at 4°C). Furthermore, as indicated previously, we compared the effect
of temperature (4°C vs. 25°C) on each storage condition. All comparisons were qualitative,
including the presence or absence of stain and the intensity of staining. The results were
comparable between each mouse in the study; representative slides taken from a single
mouse can be found in Figure 2 (all pictures were taken at 200× magnification).

The first comparison of the initial (C and G) and subsequent sections of a faced block (B and
F) showed that, at 4°C, the alkaline phosphatase preservation in the faced block was as good
or better than that seen in sections stained immediately from the initial cut (Figure 2G vs.
2F). However, the faced block stored at 25°C had obviously decreased alkaline phosphatase
activity one month later (Figure 2C vs. 2B).

The second comparison between the slides stained immediately (C and G) and those stained
after storage for 1 month (D and H) demonstrated that storage of slides at either temperature
had less alkaline phosphatase activity than the slides stained immediately (Figure 2C vs. 2D
and Figure 2G vs. 2H). Importantly, storage of the slides at 4°C (Figure 2H) better preserved
the alkaline phosphatase activity than did storage at 25°C (Figure 2D).

The third comparison between the enzyme preservation after a month in the faced block (B
and F) and the preservation in the stored slides (D and H) showed that the preservation in the
faced block and stored slides was greater in those stored at 4°C (Figure 2F and 2H). The
slides stored for 1 month at 4°C before staining showed decreased preservation as compared
with the sections taken from the faced block after 1 month of storage (Figure 2F vs. 2H).
Importantly, the faced block stored at 25°C had significantly less alkaline phosphatase
preservation than the faced block stored at 4°C (Figure 2B vs. 2F and Figure 2D vs. 2H).

In the fourth comparison, the sections taken from the unfaced block (A and E) were
compared with the sections stained immediately after removal from the faced block (C and
G). At 25°C, the staining intensity of sections stained immediately (Figure 2C) and those
taken from the unfaced block (Figure 2A) appeared identical. At 4°C the section taken from
the unfaced block stored for 1 month (Figure 2E) appeared to have a darker alkaline
phosphatase stain than the sections stained immediately (Figure 2G).

The last comparison between the preservation in faced blocks (B and F) compared with
unfaced blocks (A and E) demonstrated that the faced (Figure 2E) and unfaced blocks
(Figure 2F) stored at 4°C were either similar with regard to alkaline phosphatase staining or
the staining in the faced block might be slightly better (Figure 2E vs. 2F). Among those
stored at 25°C, the unfaced block (Figure 2A) resulted in much better preservation than did
the faced block (Figure 2B); however, the unfaced block stored at 25°C still had less
alkaline phosphatase activity than the unfaced block stored at 4°C (Figure 2A vs. 2E).
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A summary of these alkaline phosphatase results can be found in Table 2. Unlike alkaline
phosphatase, the acid phosphatase enzyme was equally well preserved during the month in
each storage condition (results not shown).

Discussion
To ensure the quality of the comparison between tibiae and femur results, a pilot study was
performed (results not shown) in which both tibiae and femur were stored at 1, 3, and 6
months in both faced and unfaced blocks at 4°C and at 25°C. The study, including
approximately 60 murine bones, found that the rate of enzyme decomposition was identical
in both tibiae and femurs when exposed to the same conditions. The decrease in alkaline
phosphatase enzyme activity was visually apparent after 1 month and continued to decrease
after 3 and 6 months, whereas the acid phosphatase activity remained unchanged. In the
interest of simplifying the results, we presented this study with a smaller sample size and
only compared the results at the 1 month point. In addition, each storage condition was
represented within the same animal to reduce the likelihood of biased results due to inter-
individual variation.

There are two intriguing findings upon which we will speculate here. The first is the
observation that storage of faced and unfaced blocks at 4°C for 1 month before sectioning
resulted in better alkaline phosphatase staining than in sections cut and stained immediately.
Several theories were considered, but none substantiated, to explain the results that were
found. Although temperature has not formerly been proven to have a conclusive effect on
alkaline phosphatase preservation in tissues (32), our results suggest that alkaline
phosphatase is better preserved at 4°C as compared with 25°C. The polymerization of
methacrylate is an exothermic reaction (33) that may continue beyond the time at which the
block is typically cut. Thus, although not conclusive, it is possible that storage at 4°C
reduces the negative effect of heat (resulting from the continued exothermic polymerization
during storage) and therefore allows for better preservation of alkaline phosphatase. This
theory would explain why staining in conditions E, F, and H were better than A, B, and D,
respectively and may also explain why staining in E and F was better than in the control
sections (G). The second unanticipated finding is that at 4°C it appears that storage of faced
blocks (F) as opposed to unfaced blocks (E) results in slightly better alkaline phosphatase
staining. In critically analyzing the difference in storage conditions, we can identify at least
two possible factors: exposure of the tissue to air (faced block) and exposure of the tissue to
humidity (faced block). However, the mechanisms whereby alkaline phosphatase staining is
enhanced in the 4°C faced blocks remain unclear.

Conclusions
In summary, storage conditions can impact the detection of some enzymes. Here, we found
that acid phosphatase activity was unaltered by the storage conditions examined, whereas
alkaline phosphatase activity was significantly impacted in the same specimens. Thus, for
the best alkaline phosphatase preservation, MMA-embedded murine bones should be stored
in unfaced or faced blocks at 4°C. Although alkaline phosphatase staining was best in
unfaced and faced blocks stored at 4°C and sectioned 1 month later, unfaced blocks stored at
25°C and sectioned 1 month later resulted in similar staining to sections stained immediately
after sectioning. The pilot study whose data are not shown found that unfaced blocks stored
at 25°C did not lose enzyme activity after six months, resulting in the conclusion that if
blocks must be stored at 25°C, it would be best to store them unfaced. However, if the block
has been faced and it is necessary to return for more sections at a later date, it would be best
to store the block at 4°C. Furthermore, for optimal alkaline phosphatase enzyme staining,
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slides should be stained immediately, because even 4°C storage temperature does not
adequately protect the alkaline phosphatase enzyme on an unstained stored slide.
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Figure 1.
Flow diagram of storage conditions. Letters refer to the photographs of stained sections
found in Figure 2.
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Figure 2.
Alkaline phosphatase stain. (A) Section taken from an unfaced block after 1 month storage
at 25°C. (B) Section taken from a faced block at the end of 1 month storage at 25°C. (C)
Section taken from a faced block at the beginning of 1 month, before storage at 25°C. (D)
Section stored on slide, unstained at 25°C for 1 month. (E) Section from unfaced block after
1 month storage at 4°C. (F) Section from a faced block after 1 month of storage at 4°C. (G)
Section from a faced block before storage at 4°C. (H) Section stored on slide, unstained at
4°C for 1 month. Original magnification for all micrographs, ×200.
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Table 1

MMA processing schedule

Solution Time in solution Temp

Fixative (70% EtOH) 60 h 4°C

70% acetone 24 h 4°C

90% acetone 1 h 4°C

100% acetone 1 h 4°C

100% acetone 1 h 4°C

85% MMA infiltration solution (vacuum desiccator) 48 h 4°C

MMA embedding solution (waterbath in radiant oven) 48 h 37°C
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Table 2

Summary of alkaline phosphatase staining results after storage

Grading

0 = same as control

Figure panel Storage condition Temp (°C)

>0 = better than control

<0 = worse than control

A Unfaced block 25 0

B Faced block 25 −1

C (control 25°C) None (control) 25 0

D Unstained slides 25 −2

E Unfaced block 4 1

F Faced block 4 1+

G (control 4°C) None (control) 4 0

H Unstained slides 4 −1
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