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Abstract

Polychrome sequential labeling with fluorochromes is a standard technique for the investigation of bone

formation and regeneration processes in vivo. However, for human application, only tetracycline and its

derivates are approved as fluorochromes. Therefore, the aim of this study was to determine the fluorescence

characteristics of the different tetracycline derivates to assess the feasibility of sequential in vivo bone labeling

using distinguishable fluorochromes. Eight different tetracycline derivates were injected subcutaneously into

growing rats as a single dose or sequentially in different combinations. After preparation of resin-embedded

undecalcified bone sections, the fluorescence properties of the tetracycline derivates in bone were analyzed

using conventional fluorescence microscopy, spectral image analysis and confocal laser scanning microscopy.

Each tetracycline derivate exhibited a characteristic fluorescence spectrum, but the differences between them

were small. Chlortetracycline could be discriminated reliably from all other derivates and could therefore be

combined with any other tetracycline derivate for reliably distinguishable double labeling. Tetracycline itself

exhibited the brightest fluorescence of all the investigated derivates. Interestingly, in conventional microscopy

the same tetracycline derivative can appear in different colours to the human eye, even if spectral analysis con-

firmed identical emission peaks. In conclusion, the data suggest that fluorescence double labeling of bone is

feasible using appropriate tetracycline derivates in combination with spectral imaging modalities.

Key words bone histomorphometry; bone labeling; confocal laser scanning microscopy; fluorescence;

polychrome sequence labeling; spectral image analysis; tetracycline.

Introduction

Tetracycline-based histological analysis of bone remodeling

(Frost, 1969) is used routinely to address calcified tissue-

related questions such as renal osteodystrophy (Coen et al.

2006), osteogenesis imperfecta (Rauch et al. 2000; Land

et al. 2007), hyperparathyroidism (Rauch, 2006), osteomala-

cia (Rauch, 2006), bisphosphonate-induced changes of bone

metabolism (Pautke et al. 2009, 2010) and normal bone

metabolism (Schnitzler & Mesquita, 2006; Rauch et al.

2007). Due to their high affinity for calcium the tetracyclines

are incorporated at the site of active mineralization of

hydroxyapatite (Frost, 1963; Rahn, 1976). To generate paral-

lel fluorochrome bands, the same tetracycline derivate is

injected twice with a 10-day interval between injections,

allowing morphometric measurements. Although the use

of tetracycline derivates in clinical applications was intro-

duced decades ago (Harris, 1960; Frost, 1969), to date

detailed information on the fluorescence properties of the

different tetracycline derivates in bone remain elusive. This

is surprising because such information is highly important,
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as tetracycline derivates are the only fluorochromes

approved for human in vivo application.

In recent years, more sensitive detection methods have

been developed. Spectral image analysis (Pautke et al. 2005)

and confocal laser scanning microscopy (CLSM) (Jones et al.

2005; Maggiano et al. 2006; Smith et al. 2006; Pilolli et al.

2008) allow a better discrimination of the fluorescence emis-

sion characteristics than the naked eye can provide.

The need for an improvement in bone-labeling proce-

dures is advocated by many authors (Rauch, 2006; Pautke

et al. 2007; Pilolli et al. 2008) and, recently, a double-label-

ing technique using two different tetracycline derivates

(tetracycline and demeclocycline) was proposed, but only

conventional microscopic methods were employed (Lindsay

et al. 2006). The ability to perform tetracycline bone label-

ing in human patients with two different fluorochromes

instead of one would represent an important improvement.

Two different fluorochromes, instead of one, would allow

assessment of bone mineralization, and thus bone forma-

tion, at more than one time point. This is of particular inter-

est in different fields of bone research, e.g. in the

osseointegration of implants (Degidi et al. 2005), bone sub-

stitute materials or tissue-engineered bone remodeling in

humans, or various questions regarding bone turnover

affected by metabolic ⁄ systemic diseases (Freemont et al.

2005; Togawa et al. 2005; Land et al. 2007). Therefore, the

aim of this study was to determine the fluorescence charac-

teristics of eight different tetracycline derivates to test the

feasibility of sequential in vivo tetracycline bone labeling.

Materials and methods

Tetracycline-derived fluorochromes

Eight different tetracycline derivates were used for this study:

chlortetracycline, demeclocycline, doxycycline, methacycline,

minocycline, oxycycline, rolitetracycline, and tetracycline. Details

of the fluorochromes are given in Table 1. Prior to in vivo appli-

cation, all fluorochromes were investigated for their fluores-

cence characteristics in vitro. Freshly harvested bone specimens

from rat femur were incubated in tetracycline solutions (Aaron

et al. 1984) and subsequently analyzed (each n = 3) using a

spectrometer (Fluorolog, HORIBA Jobin Yvon Inc., Edison, NJ,

USA, provided by the Faculty for Physics of the LMU Munich).

The spectrometer measures the emission wavelength spectrum

with a spatial resolution of 0.5 nm. The spectral data gained in

the in vitro model were used for the verification of the spectra

acquired with the spectral camera and the CLSM (confocal laser

scanning microscopy). For animal application, the tetracyclines

were dissolved in physiological saline solution, adjusted to neu-

tral pH-values (pH 7.4) and sterilized by filtration before appli-

cation. The tetracyclines were dissolved at a concentration such

that a maximum volume of 1.5 mL was subcutaneously injected.

An intravenous or subcutaneous fluorochrome application is

more reliable in animals to achieve comparable dosages and

sharper fluorescent bands (von Gaalen et al. 2010). Of the eight

tetracycline derivates used, only two (oxytetracycline and doxy-

cycline) are approved for intravenous application in humans by

the Federal Drug Administration (FDA). Six of eight derivates

are approved for human use as oral drugs (demeclocycline,

methacycline, minocycline, tetracycline, and additionally oxytet-

racycline and doxycycline). Oral drug administration is unsafe

due to the unpredictable uptake and bioavailability, in particu-

lar in animals. Chlortetracycline is only approved for a local

administration and rolitetracycline is not approved for human

applications at all.

For this basic science research the authors intended to com-

pare many different tetracycline derivates that generally reveal

a suitable fluorescence spectrum. Therefore, a subcutaneous

injection was chosen as a reliable standard administration

method.

Animal model

Twenty-four 5-week-old male Wistar rats with open femoral

epiphyseal plates weighing approximately 200 g were employed

for this study. Tetracycline was administered separately as a sub-

cutaneous single-dose injection to achieve sharper fluorescence

bands (van Gaalen et al. 2010): chlortetracycline n = 3, demeclo-

cycline n = 1, doxycycline n = 3, methacycline n = 1, minocycline

n = 2, oxycycline n = 1, rolitetracycline n = 1 and tetracycline

n = 1. In addition, minocycline was also given orally (n = 2) due

Table 1 Chemical and spectral details including source and peak emission wavelength of the different tetracycline derivates in undecalcified bone

sections. All fluorochromes were administered subcutaneously at a dose of 30 mg kg)1 bodyweight. Due to the weak fluorescence signal of

chlortetracycline and doxycycline, a higher dose of 60 mg kg)1 bodyweight was administered for both derivates. Emission spectrum for

minocycline was detectable only in vitro and not in the tissue.

Derivate Source Cat.-No. Molecular formula

Molecular

weight

Peak emission

wave length [nm]

Chlortetracycline Fluka 26430 C22H23ClN2O8 HCl 515.34 506

Demeclocycline Sigma-Aldrich D6140 C21H21ClN2O8 501.31 535

Doxycycline Sigma-Aldrich D9891 C22H24N2O8 512.94 529

Methacycline Sigma-Aldrich 37906 C22H22N2O8 478.88 541

Minocycline Sigma-Aldrich M9511 C23H27N3O7 493.94 (521)

Oxytetracycline Fluka 75966 C22H24N2O9 496.89 547

Rolitetracycline Sigma-Aldrich R2253 C27H33N3O8 527.57 529

Tetracycline Sigma-Aldrich T3383 C22H24N2O8 480.90 529
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to unexpected labeling results (see below). Animals were sacri-

ficed 3 days after the fluorochrome administration and tissues

were processed as described below to acquire the fluorescence

spectrum of each single tetracycline derivate.

After spectral analysis of each tetracycline derivate, different

combinations of several tetracycline derivates were investigated

using three (doxy ⁄ chlor ⁄ tetra, n = 2), four (oxy ⁄ doxy ⁄ demeclo ⁄
chlor, n = 3; roli ⁄ chlor ⁄ doxy ⁄ metha, n = 2) or all eight tetracy-

cline derivates (n = 2). The tetracyclines were administered at

3-day intervals (see Table 1). All tetracyclines were given at

30 mg kg)1 bodyweight except for chlortetracycline and doxycy-

cline, which were given at 60 mg kg)1 bodyweight because of

weak fluorescence labeling after analysis of the first labeling

results.

Three days after the last tetracycline administration the ani-

mals were sacrificed by an intraperitoneal overdose of pento-

barbitone sodium. Immediately thereafter, the femora were

harvested and prepared for embedding: specimens were fixed

in methanol for 4 days at 4 �C, kept in acetone for 2 days and

then block-embedded in methylmethacrylate over a period of

12 days. Each specimen was cut into 100-lm-thick sections using

a saw microtome (Leica SP 1600; Leitz, Wetzlar, Germany). Anal-

ysis was performed in the epiphysis of the proximal femur

(Fig. 1). All animal experiments were carried out with the per-

mission of the Bavarian government (animal experiment num-

ber AZ 55.2-1-54-2531-73-06).

Conventional fluorescence microscopy

Bone sections were analyzed using a microscope (Axioplan 2;

Zeiss, Germany) in epifluorescence mode with an HBO 100 mer-

cury lamp. A long-pass emission filter (filter set no. 01; Zeiss, see

Fig. 3), a filter set for green fluorescence (filter set no. 09; Zeiss,

details in the legend of Fig. 2), and a triple band filter set for

green, red and infrared [SKY; Applied Spectral Imaging (ASI),

Israel] were used. The authors did not have the permission of

the company to publish details of the SKY filter set.

Spectral image acquisition and image analysis

Fluorescence images were analyzed using a Sagnac type interfer-

ometer (SpectralCube SD-300; ASI), which is installed on the

microscope. The principles of the data acquisition process have

been published previously (Malik et al. 1996; Pautke et al. 2005).

For image analysis, SPECTRAVIEW Software (ASI) was used for lin-

ear unmixing (i.e. spectral decomposition) of the fluorescent sig-

nal. The system settings were chosen so that the complete

emission spectrum of each tetracycline could be assessed (350–

830 nm). To establish a practicable analysis algorithm which cov-

ers the full emission spectrum with an accuracy of 3-nm steps,

image acquisition times of approximately 150 s and a raw image

size of less than 100 megabytes were used. Measurements were

carried out on three different bone sections at five different

regions. The reference spectra of each tetracycline derivate were

obtained from the same bone section in regions where labels

did not overlap. By doing so, a spectral library was generated.

After definition and subtraction of the background fluorescence

the different tetracycline spectra were decomposed in their

spectral components using the software. If one tetracycline

spectrum (not only the peak but the complete curve) differs

sufficiently from the background fluorescence, the respective

Fig. 1 Microscopic image of a sagittal rat femur section fluorescence

picture (bar = 1 mm) using a green fluorescence filter set (#09, Zeiss;

excitation 450–490 nm, beam splitter ⁄ emission 515 nm). Arrow

shows area for further analysis.

A B C

Fig. 2 (A) Fluorescence labeling with eight different tetracycline derivates using different fluorescence filter sets for green ⁄ red ⁄ infrared [SKY,

Applied Spectral Imaging, Israel (no permission to publish filter details)], green (#09, Zeiss; excitation 450–490 nm, beam splitter ⁄ emission 515 nm)

as well as a long-pass emission filter (#01 Zeiss; for details see Fig. 3). Note that doxycycline and rolitetracycline appear in different colours, but

reveal a very similar emission spectra with the same wavelength peak (see Fig. 3). (B) Spectral image acquisition of the same bone area using a

long-pass emission filter. Note that the tetracycline bands are more discernible. (C) By linear unmixing and false colour depiction, chlortetracycline

(blue) can be distinguished and depicted separately from the other fluorochromes (red). 1: chlortetracycline; 2: methacycline; 3: tetracycline; 4:

rolitetracycline; 5: minocycline; 6: oxycycline; 7: demeclocycline; 8: doxycycline.
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fluorochrome-labeled region can be delineated and displayed in

pseudo-colour, allowing morphometric measurement.

Confocal laser scanning microscopy and image

analysis

Confocal laser scanning microscopy (CLSM) was performed using

an LSM 510 META NLO with a Plan-Apochromat 20 · ⁄ 0.5 objec-

tive (Zeiss, Germany; provided by the LMC ETH Zurich) and 458-

nm argon laser (optimal excitation of all tetracyclines). For

image acquisition the META detector (Zeiss) and for image anal-

ysis the LSM 5 IMAGE ANALYSER Software (Zeiss) were used. First,

lambda stacks, which comprise the whole emission spectrum of

each tetracycline, were acquired and compiled into a fluoro-

chrome database. Secondly, the signatures of the spectra of the

polychrome-labeled specimens were compared either individu-

ally with the fluorochrome database, or the software automati-

cally extracted the most reliable spectra (automatic component

extraction). This was followed by linear unmixing, which

resulted in a pseudo-colour picture for each fluorochrome.

Using this procedure, it is possible to extract up to eight fluoro-

chromes on the basis of their emission spectra signature over a

band width of 100 nm. This approach is useful for the separa-

tion of fluorochromes with similar peak emission values but dif-

ferent spectral emission curves. Due to the demands of poly

fluorescence and the short time interval between fluorochrome

applications, a 450 · 450-lm region of interest was chosen. The

images were acquired at a resolution of 512 · 512 pixels with

an 8-bit depth of information per pixel. After fusion of the

monochromatic pseudo-colour images, the morphometric mea-

surements were carried out.

Results

The different tetracycline derivates could not be distin-

guished and in particular could not be depicted individually

using conventional fluorescence filter sets (Fig. 2). All eight

tetracycline derivates showed detectable fluorescence

in vitro but only seven of them in vivo (Table 1; Fig. 3).

Unexpectedly, minocycline failed to exhibit fluorescence

levels in vivo after combined oral and subcutaneous admin-

istration. Nevertheless, in vitro spectral examination of the

emitted light showed a detectable peak value at 521 nm

and the typical emission curve of minocycline.

Using spectral image analysis, each of the other seven

derivates presented a characteristic fluorescence spectrum

after in vivo application with slightly different wave-

length emission characteristics. Details of the fluoro-

chrome properties are given in Table 1 and Fig. 3. Small

inter-individual differences of the peak wavelength of

each tetracycline derivate were observed, but these were

within the accuracy of the spectral camera of ± 3 nm.

The results were confirmed by confocal laser scanning

microscopy.

Interestingly, the same tetracycline derivate in different

regions appeared as slightly different fluorescence colours

to the naked eye. In areas of new bone formation, fluores-

cence was less intense (most likely due to the lower calcium

content of the newly formed osteoid) and appeared with

redder fluorescence (Fig. 4). However, spectral fluorescence

Fig. 3 In vivo wavelength characteristics of the applied tetracycline derivates in bone using a long-pass emission filter set. The characteristic details

of the Zeiss filter set 01 are displayed in the lower righthand picture. The ordinate displays the relative values of fluorescence intensity compared

to tetracycline. Minocycline showed no fluorescence in vivo and was therefore omitted.
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as well as CLSM analysis confirmed the same wavelength

peak and emission spectrum (Fig. 4).

All tetracycline derivates showed different fluorescence

brightness, which could be quantified in a comparative

manner by spectral image analysis. This was done during

spectral acquisition using the intensity of the maximum

peak wavelength. In descending order, tetracycline

revealed the brightest fluorescence [relative intensity

(ri) = 1], followed by demeclocycline (ri = 0.82), oxytetracy-

cline (ri = 0.59), methacycline (ri = 0.55), rolitetracycline

(ri = 0.34), chlortetracycline (ri = 0.24), and doxycycline

(ri = 0.24). As a consequence, chlortetracycline and doxycy-

cline were administered at a concentration of 60 mg kg)1

bodyweight, resulting in a brighter fluorescence. The mea-

surements were performed in different spots (n > 3) and in

different samples (n > 3) from one animal (the animal that

received only a single tetracycline derivate).

Using different fluorochrome combinations, chlortetracy-

cline could be reliably distinguished from all other fluoro-

chromes (Figs 2, 5 and 6) by spectral imaging analysis and

CLSM. The results of the two imaging modalities were com-

parable.

Individual depiction of any of the other tetracycline deri-

vates was not possible because their wavelength spectra

were too similar for the acquisition algorithm used.

Discussion

Tetracycline-based histological analysis of bone remodeling

is an important technique for in vivo bone research, as tetra-

cyclines are the only fluorochromes approved for human

application (Parfitt et al. 2000; Arlot et al. 2005; Land et al.

2007). To date, only one study has addressed the question

of whether it is possible to discriminate different tetracy-

cline derivates in bone (Lindsay et al. 2006) and so far

nobody has used spectral image analysis or confocal

laser scanning microscopy for discrimination. Lindsay and

co-workers observed slight colour differences in a bone-

labeling study using double labeling with tetracycline and

demeclotetracycline. Their conclusion was that both tetracy-

cline derivates were distinguishable with the naked eye.

However, using spectral imaging modalities in our study, a

peak wavelength difference between these two tetracycline

derivates of only 6 nm was found, and reliable discrimina-

tion was not possible using spectral camera, CLSM or the

unaided human eye. In common with other studies, we

found that the same tetracycline could appear as different

colours to the naked eye (Rauch et al. 2006). It is most likely

that this phenomenon is caused by the auto-fluorescence of

differently calcified bone (Bachman & Ellis, 1965; Prentice,

1965; Del Castillo et al. 1989). Using modern image analysis

methods, it can be shown that the peak wavelengths are

identical, even if the colour looks slightly different to the

human eye. The advantage of spectral image analysis

techniques relates not only to the observer-independent

reproducibility of the results but also to the fact that auto-

fluorescence does not severely impair the investigation.

The spectral image analysis techniques used in this study

not only assess the peak emission wavelength, but also the

complete emission spectrum. Fluorochromes with identical

emission wavelength peaks can therefore be distinguished

even if all their spectra are different. This discrimination

cannot be achieved with conventional fluorescence micros-

copy. As a consequence, it was expected to differentiate

between more than two tetracycline derivates because their

emission peaks varied between 506 and 547 nm. In histo-

logical studies at the cellular level, differentiation of emis-

sion peaks in the range of 10 nm is currently possible

(Schieker et al. 2007). In histological sections we found that

Fig. 4 In vivo bone labeling using only tetracycline (filter set 01,

Zeiss). Note that the fluorescence colour mimics different colours in

different regions of the bone, even though only one tetracycline is

applied to this animal. It can be proven by spectral image analysis that

the wavelength peak is identical for tetracycline (529 nm) in areas of

different bone maturity [osteoid on the right (pink square and

wavelength graph), mature bone on the left (blue square and graph)].

The ordinate displays the relative values of fluorescence intensity.

Fig. 5 Fluorescence spectra acquired by ACE (automatic component

extraction). Two spectra can be clearly separated. The first spectrum

with a peak of 510 nm corresponds to chlortetracycline, whereas the

second spectrum with a peak at 529 nm corresponds to the emission

of doxycycline, rolitetracycline and tetracycline.
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distinction was possible in the range of 20 nm (Pautke et al.

2005). This is due to the fact that the fluorescence labels in

histological sections and in particular in undecalcified bone

samples do not seem to be as clearly defined as on the cel-

lular level when immunofluorescence techniques are used.

As spectral imaging is more sensitive to signal intensity com-

pared with conventional fluorescence microscopy, the thick-

ness of the histological sections can be reduced to 5 lm

(Pautke et al. 2005). However, to facilitate comparison with

conventional microscopy, this reduction was not done in

this study.

Reliable and reproducible discrimination was only possi-

ble between chlortetracycline and other tetracycline deri-

vates, allowing real in vivo double labeling of calcifying

tissues in human patients. Further improvement could be

achieved by reducing the region of interest and increasing

the magnification and thus the spatial resolution. However,

this approach gives detailed results with enormously large

datasets, unsuitable for routine analysis. On the other hand,

lower resolution images may not contain enough informa-

tion to address clinical questions of bone metabolism and

structure. The three-dimensional complexity of bone also

has to be considered because regions where the labels are

approximately perpendicular to the plane of section are

most suitable for analysis.

CLSM, which has been established for bone analysis for

many years, offers another way to overcome the problem

of overlapping fluorescent regions because it allows a theo-

retical resolution of 1 lm along the z-axis (Jones et al. 2005;

Pilolli et al. 2008). A confocal pinhole aperture excludes

most of the light from the out-of-focus planes so that

mainly light from in-focus objects reaches the detector

(North, 2006). Thus every layer of the specimen can be mea-

sured separately and a 3D-image of the regions with fluo-

rescent emission can be generated.

Our results show that the fluorescence intensities of the

various tetracycline derivates are different. As fluoro-

chromes exhibiting similar fluorescence intensities are more

suitable for investigation (Schieker et al. 2004; Pautke et al.

2007), it is advisable to chose the derivates with the highest

relative intensity. Therefore, we recommend tetracycline

when intravenous or subcutaneous administration is

planned. For oral administration, the good bioavailability

of doxycycline [i.e. twice as high as that of tetracycline

(Sakellari et al. 2000)], has to be considered (Nielsen &

Gyrd-Hansen, 1996). Unexpectedly, minocycline exhibited

no detectable in vivo fluorescence. A similar result has been

reported previously by McEvoy, (1992). Nevertheless, a study

by Gerlach reported the successful use of minocycline for

histomorphometric bone labeling (Gerlach et al. 2002). A

possible explanation for this discrepancy might be that a

higher concentration was used and that the minocycline

preparation and adminstration were performed differently.

Whereas Gerlach and coworkers (2002) suspended minocy-

cline in carboxymethylcellulose, we administered minocy-

cline in aqueous solution using a nutrition tube at the same

dosage as that for subcutaneous administration.

Conclusion

The fluorescent characteristics of eight different tetracy-

clines are presented. For real double labeling, tetracycline

and chlortetracycline appear to be the most suitable choice;

however, reliable discrimination requires the use of

advanced spectral imaging modalities. A discrimination of a

third tetracycline derivate might be possible in the near

future using more sensitive spectral discrimination methods.

No differences were observed between spectral imaging

analysis and CLSM, rendering both methods equally suitable

for spectral fluorescence analysis.
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A B C

Fig. 6 Multichannel image of a polychrome bone labeling with eight tetracycline derivates after linear unmixing of a lambda stack based on the

ACE analysis for two dyes as seen in Fig. 5. (A) Emission of doxycline (*) and rolitetracycline ⁄ tetracycline (+) which were administered

consecutively. (B) Labelling of chlortetracycline (o) with a defined fluorescence due to the specific emission at 510 nm. (C) Multichannel image of

(A) and (B).
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