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Abstract The astonishing growth rate of deer antlers

offers a valuable model for the discovery of novel factors

and regulatory systems controlling rapid tissue growth.

Numerous molecules have been identified in growing

antlers using a variety of techniques. However, little is

known about the spatial distribution of these molecules

in situ. A technique that has the potential to help in this

regard is direct proteomic analysis of tissue sections by

matrix-assisted laser desorption/ionization imaging mass

spectrometry (MALDI-IMS). The present study applied

this technique to spatially map molecules in antler tissue

sections. Two protonated molecular ions were selected:

m/z 6679 and m/z 6200 corresponding to VEGF and thy-

mosin beta-10, respectively. Superimposition of the

respective ion images on to histologically stained samples

showed distinct spatial distribution across the antler tissue

sections which were consistent with the previous reports

using in situ hybridization. Two other molecular ions

specifically m/z 8100 and m/z 11,800 were also selected,

corresponding to reported masses of urocortin precursor

and thioredoxin, respectively. As the spatial distribution of

these proteins is not specifically known, MALDI-IMS was

used as a potential technique to obtain information on their

distribution on antler tips. The presence of all these

molecules in deer antlers were further confirmed using LC–

MS/MS data. The present study also demonstrated that

MALDI-IMS could be further used to image antler sections

with an extended ion mass range of up to m/z 45,000, thus

potentially increasing the ability to discover the distribu-

tion of a larger set of molecules that may play an important

role in antler growth. We have thus demonstrated that

MALDI-IMS is a promising technique for generating

molecular maps with high spatial resolution which can aid

in evaluating the function of novel molecules during antler

growth.
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Introduction

Deer antlers are unique mammalian appendages in that

once lost they can fully regenerate. Therefore, they offer an

excellent opportunity to investigate mechanisms underly-

ing regeneration of mammalian organ [1]. Antlers regen-

erate in yearly cycles: casting off previous hard antlers and

initiation of new soft antlers in spring, rapid antler growth

and maturation in summer, full antler calcification and

antler skin shedding in autumn, and the bare bony antler

phase in winter [2–4]. During the growth phase, elongation

of antlers can exceed 2 cm a day [5], which is arguably the

fastest growing tissue in mammals. Surprisingly, under

such an unprecedented rate of growth, antlers always form

a well-organised structure and do not become

& Santanu Deb-Choudhury

santanu.deb-choudhury@agresearch.co.nz

& Chunyi Li

lichunyi1959@163.com

1 AgResearch, Food & Bio-Based Products, Lincoln Research

Centre, Christchurch, New Zealand

2 AgResearch Invermay Agricultural Centre, 50034, Mosgiel,

New Zealand

3 AgResearch Ruakura Agricultural Centre, 3123, Hamilton,

New Zealand

4 State Key Laboratory for Molecular Biology of Special

Economic Animals, 4899 Juye Street, Changchun Jilin,

People’s Republic of China

123

Mol Cell Biochem

DOI 10.1007/s11010-015-2527-7

http://crossmark.crossref.org/dialog/?doi=10.1007/s11010-015-2527-7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11010-015-2527-7&amp;domain=pdf


tumourigenic. Therefore, the mechanisms underlying antler

growth may be invaluable for identifying factors that can

regulate the rapid and co-ordinated regeneration of organs

without the detrimental effects of tumourigenesis [6, 7].

It is known that the antler growth centre is located at the

antler tip, which was initially demonstrated by insertion of

a nail in the middle of a growing antler. Eleven days after

inserting the nail, the distance between the nail and the

antler tip increased from 3.5 to 5.5 cm, while the distance

between the nail and the antler base remained unchanged

[8]. The histological makeup of antler tips has been

extensively investigated in the last century, and Banks and

Newbery [9] classified an antler growth centre into four

zones. These are distoproximally proliferation, maturation,

hypertrophy, and calcification zones. The proliferation

zone includes three layers: reserve mesenchyme (RM),

precartilage, and cartilage. This classification was subse-

quently adopted by other studies [10–13].

The incorporation of BrdU (Bromodeoxyuridine) used

for detecting proliferating cells in vivo has been invaluable

in confirming the histological findings and to pinpoint the

cell types responsible for rapid growth of antlers. Those

studies revealed that the majority of proliferating cells in

an antler tip are concentrated in the inner sublayer of the

RM, whereas the outer sublayer of the RM is almost devoid

of BrdU-labelled cells [14, 15]. Based on the histological

results, BrdU incorporation findings and morphologically

identifiable markers, the classification for the antler pro-

liferation zone from Banks and Newbery [9] was further

refined into a distoproximally layer of RM including outer

and inner sublayers, layer of precartilage, layer of transi-

tion, and layer of cartilage [14, 16]. Due to the practicality

of this classification for sampling fresh antler tissues, it has

been widely used for the identification of novel factors

from cDNA libraries [14, 17–20], microarray analyses [21,

22], or proteomic approaches [23–25]. While those studies

have made a great contribution to the identification of

molecules that regulate the growth of antlers, they offered

little or no information about the spatial distribution of

molecules, or the intensity of expression within the tissue.

This is because localisation and the identification of

molecules within tissue sections through the classical

techniques present formidable tasks. This situation has

hampered progress in ascribing biological functions to the

identified molecules in the antler system.

The direct proteomic analysis of tissue sections by

matrix-assisted laser desorption/ionization imaging mass

spectrometry (MALDI-IMS) is well established. This

technique can be performed on intact tissue for the deter-

mination of the spatial distribution of the molecules and

their relative expression levels without the need to use

radio-labelled probes (in situ hybridization) or immuno-

chemical reagents. The MALDI-IMS technique has been

successfully used as a discovery oriented tool for non-tar-

geted investigations. This technique is particularly suitable

for localising the spatial distribution and expression of a

wide range of endogenous compounds such as proteins,

peptides, and lipids [26–30].

The aim of this study was to test the suitability of the

MALDI-IMS technique on antler tissue samples by directly

localising some of the selected molecules involved in antler

growth and consecutively confirming their identity using

gel-enhanced liquid chromatography-mass spectrometry

(GeLC–MS). Knowledge of the spatial distribution of these

molecules in the antler growth centre would thus help in

elucidating a possible role in antler growth.

Materials and methods

Materials

Ammonium bicarbonate, CHAPS, dichloromethane, etha-

nol, isopropanol, acetone, guanidine, methanol, potassium

hydroxide, Tris, and urea were obtained from Merck

(Darmstadt, Germany). Formic acid (FA) and TFA were

from BDH (Poole, Dorset, England). TPCK-trypsin was

obtained from Promega Corporation (Madison, WI, USA).

Tris(2-carboxyethyl) phosphine (TCEP) was obtained from

Fluka Chemie GmbH (Buchs, Germany). Sinnapinic acid

(SA) (D-7927) was from Sigma. Indium-tin oxide (ITO)

coated MALDI target slides and a-Cyano-4-hydroxy-cin-
namic acid (HCCA) were from Bruker Daltonik (Bremen,

Germany).

Antler tissue sampling

Three sticks of growing antlers were used for this study.

The first was an antler harvested at the incipient stage

(5 cm long on the top of a full grown pedicle from a

9-month-old red deer stag), which was collected from a

slaughter plant (Otago Venison) immediately after

slaughter. The second and the third were growing antlers

extended to 60 days post casting from two 3-year-old red

deer stags on two occasions (one antler/deer/occasion). The

antler removal procedure was in accordance with regula-

tions set by the New Zealand National Velveting Standard

Board. The distal 3 cm of the tip from each antler was cut

off and sectioned sagittally along the longitudinal axis. The

tip was then cut into 5-mm-thick slices along the same

plane. The slices were further cut into strips 1–2 cm across

(for further details see [16]. To include the full width of all

the tissue layers in an antler growth centre, only the strips

from the central regions were collected. The central pieces

were quickly frozen on dry ice and then stored at -80 �C.
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Tissue preparation

Frozen antler samples were quickly transferred to a freez-

ing microtome chamber (Leica CM 1850; Leica

Microsystems, Germany) that was maintained at -20 �C.
The samples were mounted onto cryostat specimen stubs

with a minimal amount of optimal cutting temperature

(OCT) mounting medium (Jung tissue freezing medium,

Leica Instruments, Germany) ensuring that OCT was not

present on the tissue sections. OCT is known to suppress

the formation of ions and interfere with MALDI-IMS [31].

The samples were allowed to equilibrate at -20 �C before

sectioning inside the cryostat chamber. Sections were cut at

15 lm thickness and mounted onto ITO slides. Liquid

whiteout was used to mark the corners of the sections to

serve as reference points to help align the images. A native

image was then obtained using a low resolution (1500 dpi)

scan.

To correlate the MS data obtained through MALDI-IMS

with the histological features of the same tissue section, a

sequential wash with 100 % methanol for 10 min followed

by 100 % acetone wash for 5 min was used to remove the

matrix and fix the tissue prior to staining. The sections

were then air dried and counter-stained using haematoxylin

and eosin/alcian blue [12].

Sample preparation for proteins below 20 kDa

for MALDI-IMS

Tissue sections placed on the ITO-coated slides were

sequentially fixed with 70 % ethanol followed by 90 %

ethanol to eliminate the presence of most phospholipids

and physiological salts. The sections were then dried in a

desiccator prior to MALDI matrix application. Matrix

solution consisting of 10 g/L SA in 60 % acetoniotrile

(0.2 % TFA) was evenly sprayed onto the surface of the

sample section using an ImagePrep device (Bruker) with

the standard SA method provided with the instrument. In

order to reduce the likelihood of lateral gradient formations

during application of the matrix, the spraying, incubation

and drying times were properly controlled.

MALDI images were acquired using a Bruker Ultraflex

III TOF/TOF using FlexImaging 2.1 (Bruker) in linear

positive ion mode in a mass range of 2000–20,000 Da with

a sampling rate of 0.1 gigasamples/s. Acquisition was

performed using a Smart beam laser with a repetition rate

of 200 Hz. A spatial resolution of either 100 or 200 lm
was used and each MS spectrum was obtained upon

accumulation of 400 consecutive laser shots. Images were

reconstructed using Fleximaging 2.0 and normalised using

a 0.5 Ymean/Ymax threshold.

External calibration of the spectra was performed using

a Protein Calibration Standard (Bruker) diluted threefold

with matrix solution, which was spotted on one corner of

the section.

Sample preparation for proteins above 20 kDa

for MALDI-IMS

Some previously identified molecules from growing antler

tips were found to be above 20 kDa [23] and to include

them in MALDI-IMS, required a modified method. To

increase the mass range of proteins that could be detected

using MALDI-IMS, the sandwich technique was used [32].

This technique involved co-crystallisation of the matrix

with the analyte. A drop of SA matrix at a concentration of

20 mg/mL in 90 % ethanol, 0.1 % trifluoroacetic acid

(TFA), and 0.5 % Triton X-100 was placed on a ITO-

coated slide and a tissue section positioned on it. The

matrix was then allowed to dry and a seed layer of SA

crystals dispersed in xylene was then added on the tissue

section. An additional layer of SA in 90 % ethanol con-

taining 0.1 % TFA was applied. This was then followed by

a final layer of SA in 50 % ACN and 0.1 % TFA.

External calibration of the spectra was performed using

a Protein Calibration Standard as described above.

GeLCMS

A routine bottom-up proteomic analysis was adopted to

identify proteins from the tryptic digests of antler tip

shavings using LC–MS/MS, to confirm whether the

molecular masses visualised by MALDI-IMS truly relate to

proteins in the antler tissue. Deer antler shavings were

solubilised using 7 M urea, 2 M thiourea, 4 % CHAPS,

50 mM DTT, and 2 % Pharmalyte pH 3-10 (v/v). Fifteen

ll of the extract was separated on a 4-20 % T SDS-PAGE

gel and stained with Blue Silver stain.

Six bands were excised, evenly spaced, from the region

of the gel with proteins 20 kDa and below. The gel slices

were then reduced with TCEP followed by alkylation with

acrylamide, after which they were digested using 2 lg
TPCK-trypsin in 10 % ACN, 50 mM ammonium bicar-

bonate for 18 h at 37 �C. The supernatants were collected

first, followed by further extraction of peptides from the

gels by vortexing for 10 min in 50 mM ammonium

bicarbonate, 50 % ACN, 0.5 % FA or 0.1 % TFA, and then

in 80 % ACN. The fractions were pooled and concentrated

using a vacuum centrifugal concentrator (Labconco, Kan-

sas City, MI, USA). The digests were subsequently anal-

ysed using LC–MS/MS.

LC–MS/MS

Nanoflow LC–MS/MS was performed on an LC-Packings

(Amsterdam, Holland) system, consisting of a Famos
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autosampler, a Switchos column-switching module, and an

Ultimate nanoflow pump. Ten lL samples were loaded on

an in-house packed pre-column (Varian MicroSorb C18,

20 cm, 75 lm ID, 300 Å
´
pore size, 5 lm particles) at a

flow rate of 8 ll/min. The pre-column was then switched

in-line with an in-house packed analytical column with the

same sorbent as that of the pre-column. The reversed-phase

elution gradient ran from 5 to 70 % ACN (including 0.2 %

FA) in 45 min, at 150 nl/min. The column outlet was

directly connected to a QSTAR Pulsar i (ABSciex, Foster

City, CA, USA) using a Proxeon stainless steel electro-

spray needle. The QSTAR software was programmed for

automatic acquisition of MS-TOF (MS-Time Of Flight)

survey spectra, followed by MS/MS-TOF fragmentation of

detected [M ? H]?, [M ? 2H]2? and [M ? 3H]3? peaks.

MS data were acquired from m/z (mass to charge value)

400–1200 and MS/MS from m/z 40–1600 accumulating

three cycles, each with 1.3 s duration.

Data analysis

After the LC-MS/MS run, the Mascot script for Analyst QS

1.1 (Matrix Science, London, UK) was used to extract peak

lists from the data. The peak lists were searched against the

NCBInr database (date: 11th March 2009) using an in-

house Mascot server (Mascot v2.2.06, Matrix Science).

Enzyme specificity was set to semi-trypsin and taxonomy

restricted to Bovidae, in the search criteria. Propionamide

was specified as a fixed modification and methionine oxi-

dation as a variable modification. Two missed cleavages

were allowed and the error tolerance was 0.2 Da for both

LC ESI–MS and MS/MS. ProteinScape 2.1 (Bruker) was

used to store peak list data and result analysis. Acceptance

thresholds for peptide and protein scores were set at 20 and

50, respectively, with at least one significant peptide

identity score calculated by the search engine required for

protein identification. Protein lists were compiled using the

Protein Extractor function and only those results assessed

as true matches were used for further analysis.

Results and discussion

Histological makeup of the antler growth centre

Based on staining with haemotoxylin and eosin/alcian blue,

each growing antler tip at the time of sampling was

determined to clearly consist of six layers: distoproximally

dermis, vascular, reserve mesenchyme, precartilage, tran-

sition, and cartilage layers. Compared to the layers of the

first antler (Fig. 1a), antlers at 60 days growth had wider

dermal, reserve mesenchyme, precartilage, and cartilage

layers but had a narrower vascular layer and a similar

transition layer (Fig. 1b). The reserve mesenchyme could

be divided into two sublayers: outer (pinkish, ORM) and

inner (bluish, IRM) sublayers. The precartilage region was

evident by the discrete vascular channels and the less

mature chondroblasts (the least stained region, precarti-

lage). The cartilage layer featured continuous vascular

channels and dark blue staining. Between the precartilage

layer and the cartilage layer, a transition layer was located,

within which discrete channels gradually merged into

continuous vascular channels.

LC-MS/MS approach

Over 40 different proteins were identified from the antler

tissue using a routine LC-MS/MS approach (Table 1). The

ion masses obtained from the MALDI-IMS, described

below, were then correlated with the identified proteins

from the LC-MS/MS study.

Use of MALDI-IMS technique for antler tissue

studies

Spatial distribution of the corresponding masses of pro-

teins, identified using LC-MS/MS, was determined from

ion images obtained using MALDI-IMS. Following

MALDI-IMS, the acquired ion images were superimposed

onto the histological sections of antler tips to correlate the

spatial distribution of the selected proteins with different

layers and cell types. A routine MALDI-IMS approach was

undertaken to visualise the spatial distribution of proteins

in the mass range m/z 2000 to 20,000. The global mass

spectrum acquired in the positive ion mode from m/z 4000

to 20,000 is shown in Fig. 2a. Although most of the ions

with high intensities were seen in the lower end of the scale

restricted below m/z 7000, a number of good signal

intensities were obtained up to m/z16,000.

Selection of specific molecular ions on tissue sections

Two protonated molecular ions, specifically m/z 8100 (red

bar) and 11,800 (green bar) were selected as these ions

possibly correspond to the reported masses of urocortin

precursor and thioredoxin, respectively (Fig. 2a). Both

these proteins were considered to be present in the antler

tissue as determined from the LC-MS/MS study (Table 1).

In order to determine their spatial distribution on antler

tips, superimposition of the ion images onto the corre-

sponding histological sections visually revealed a higher

ion intensity of m/z 8100 (urocortin precursor) in the

vascular layer, precartilage layer and the transition layer

compared to the rest of the layers of the antler tip (Fig. 2b).

However, the distribution of m/z 11,800 (thioredoxin)
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appeared to be evenly distributed throughout the antler tip

(Fig. 2c).

Urocortin belongs to the corticotropin-releasing factor

(CRF)/urotensin I family and plays biologically diverse

roles in several systems such as cardiovascular, reproduc-

tive, stress, and inflammatory responses. In the cardiovas-

cular system, urocortin has potent local vasodilatory effects

[33, 34]. Bale et al. [35] reported that urocortin 2 can

effectively suppress angiogenesis through binding to CRF

receptor 2. In the present study, a slightly higher intensity

of the molecular ion m/z 8100 (urocortin precursor) in the

vascular layer of antler tips indicates that this molecule

may play a role in relaxation of blood vessels in order to

cope with the high metabolic demand during rapid antler

growth [9]. In contrast, urocortin may have a role in

counter-balancing of vascular endothelial growth factor

(VEGF) function for controlling vascular system formation

in the precartilage layer and transition layer, because

VEGF is also expressed in these regions [36] and urocortin

inhibits angiogenesis [35].

Thioredoxin is an oxidative stress-inducible biological

antioxidant in mammalian cells and reduces its target

proteins using highly conserved thiol groups [37]. There-

fore, thioredoxin is very important for protecting cells from

the detrimental effects of reactive oxygen species. During

each spring and summer, antler growth can reach 2 cm/day

[5], arguably the fastest growing tissue in mammals. This

growth rate undoubtedly produces a high abundance of

reactive oxygen species in every cell type of the whole

antler growth centre, which could account for the presence

of the molecular ion m/z 11,800 possibly corresponding to

thioredoxin, throughout the antler growth regions.

Molecules known to be expressed in antler tissue

Two molecules namely VEGF and thymosin beta-10

known to be expressed in antler tip tissue were selected for

validation of the MALDI-IMS approach. Antler tip section

from 3-year-old deer was chosen for validation because

these two molecules were previously localised using in situ

hybridization on antler sections from 3-year [36, 42]. The

molecular masses of these two proteins correspond to m/z

6679 and 6200, respectively, in the ion spectrum (Figs. 3a,

c). The ion images superimposed on the histological sec-

tions of antler tips for VEGF (Fig. 3b) and thymosin beta-

10 (Fig. 3d), respectively, revealed that both of these

proteins were mainly concentrated in the transition and in

the precartilage layer, with nearly negligible amounts

present in the cartilage layer. However, VEGF protein had

very little and thymosin beta-10 had an appreciable pres-

ence in the vascular layer and in the dermis.

VEGF is a homodimeric glycoprotein, which plays a

major role in stimulating vasculogenesis and angiogenesis

[38, 39]. While studying angiogenesis in growing antlers,

Clark et al. [36] found that VEGF mRNA was mainly

localised in the precartilage region, but was not found in

the vascular layer, which is consistent with the findings in

the present study. Furthermore, these authors [36] reported

Fig. 1 Histological sections of growing red deer antler tips counter-

stained with haematoxylin and eosin, and alcian blue. These sections

clearly consisted of 6 layers distoproximally dermal (PD), vascular

(SLCT), reserve mesenchymal (RM), precartilage (PC), transitional

(TZ), and cartilage (C). a Antler tip section from a 9-month-old stag

calf. b Antler tip section from a 3-year-old stag
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that proliferation of the blood vessels occurs in the region

distal to the RM layer and proximal to the cartilage region.

The expression profile of VEGF mRNA in the precartilage

and transition layers would be supportive of these mole-

cules having a role in the growth of the vascular system.

No VEGF mRNA was found within the vascular layer,

suggesting that other factors must drive the growth of

vessels outside the precartilage zone, such as mechanical

stretch [40]. It is also possible that VEGF has important

direct and indirect effects on the process of chondrogenesis

and the subsequent formation of bone in antler growth, as it

has been reported that VEGF has significant direct effects

on mesenchymal stem cell recruitment and cartilage for-

mation [41].

Thymosin beta-10 was previously shown to be highly

expressed in the layers of the vascular, transition, and

cartilage in the antler tip [42], which is consistent with the

finding of the present study. Thymosin beta-10 plays an

important role in the organisation of the cell structure by

binding to and sequestering actin and thus modulating the

Fig. 2 Total ion count spectrum and the superimposed ion images

(resolution set at 200 um) on frozen antler tip sections from the

9-month-old deer in the range between m/z 4000 and 20,000. a Total

ion count spectrum showing two selected protonated ion intensities:

m/z 8100 (red bar) and m/z 11,800 (green bar). b Superimposed ion

image for m/z 8100 (urocortin precursor). c Superimposed ion image

for m/z 11,800 (thioredoxin). (Color figure online)
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Fig. 3 Total ion count spectrum and the superimposed ion images

(resolution set at 100 um) on frozen antler tip sections from a 3-year-

old deer in the range between m/z 3000 and 20,000. a Total ion count

spectrum, showing protonated ion intensity at m/z 6679 (red bar).

b Superimposed ion image for m/z 6679 (VEGF). c Total ion count

spectrum showing protonated ion intensity at m/z 6200 (brown bar).

d. Superimposed ion image for m/z 6200 (thymosin beta-10). (Color

figure online)
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cytoskeleton. This rearrangement of the cytoskeleton is

essential for the processes of angiogenesis and nerve

development during foetal development [43]. The abundant

expression of Thymosin beta-10 in vascular cells is con-

sistent with a role in the development of blood vessels

within antlers.

Extending the mass range beyond m/z 20,000

The techniques used for matrix application in the MALDI-

IMS, described so far, have yielded useful signals but

typically only with high intensities below m/z 20,000. A

robust imaging approach should therefore be explored to

increase this dynamic range as a large proportion of pro-

teins in antler tips lies above the m/z 20,000 range [23–25].

The sandwich technique used in this study dramatically

increased the signal sensitivity from proteins between m/z

20,000 and m/z 43,000 as depicted in the overall ion

spectrum (Fig. 4a). As an example, the distribution of a

51.4 kDa compound is clearly discernable (Fig. 4b). This

compound has a distinct distribution with the highest

density in the dermis and the precartilage and the lowest

density in the mesenchyme and the cartilage (Fig. 4b).

Both antler dermis and precartilage are known to synthe-

sise type I collagen [44]. Due to the nature of the distri-

bution of this 51.4 kDa molecule, it is highly probable that

it might play a role in type I collagen synthesis and

secretion.

Enhancement of the signal intensity of higher molecular

weight proteins was possibly due to the combination of

reagents used in the sandwich technique. Previous studies

have demonstrated the efficacy of Triton X-100 in solu-

bilising hydrophobic proteins [45] and favourably influ-

encing image quality in MALDI-IMS [32]. Although we

were not able to identify these high-molecular weight

proteins in the initial experiments, this technique does

demonstrate the potential in enhancing ion intensity at the

higher mass range, which could help understand the spatial

Fig. 4 Total ion count spectrum and the superimposed ion image

(resolution set at 200 um) on a frozen antler tip section from the

3-year-old deer in the range between m/z 20,000–80,000. a Total ion

count spectrum showing protonated ion intensity at m/z 51,475 (pink

bar). b Superimposed ion image for m/z 51,475. (Color figure online)
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distribution of a larger set of proteins in future antler

studies.

Technical aspects of MALDI-IMS for antler tissues

In order to properly visualise the spatial distribution of

proteins across the deer antler sections using MALDI-IMS,

various sample preparation techniques, each suited for the

protein mass range, were trialled in this study.

Sample preparation forms a vital role in obtaining

optimal ionisation of analytes to produce good quality ion

images. The steps involved in preparing samples should

include adequate rinsing as it is important to remove

endogenous contaminants such as lipids and biological

salts that can have an adverse effect on ionisation effi-

ciency [46]. The sequential washing in graded ethanol for

imaging proteins below the m/z 20,000 range, adopted in

this study, provided good signal intensities, possibly due to

the removal of lipids that can compete with proteins for

ionisation [47]. We employed a serial wash with ethanol

based on a previous study that clearly showed the efficacy

of ethanol washes compared to other non-polar solvent

washes [48].

Homogenous coating of the matrix is another critical

factor in obtaining good ion images [49, 50]. A balance is

required between the amount of wetness on the sample

surface and the time of drying between matrix applications.

This ensures efficient extraction of the sample compounds

and mixing with the matrix solution. A homogeneous

matrix coating was obtained for the deer antler samples

using a vibrational vaporisation device (Bruker) in this

study. This device allowed for an even distribution of

matrix droplets with controlled drying time in between

matrix applications for optimal extraction of analytes and

matrix thickness.

In order to establish optimal methodologies for imaging

experiments, the initial set of samples (for urocortin and

thioredoxin) were imaged at 200 lm resolution to get a

broader perspective of the functionally different regions of

the deer antler tip. A lower resolution of 200 lm was also

chosen for quicker scans to determine whether the sample

preparation method gave satisfactory signal intensities. The

100 lm high resolution in the later experiments proved

adequate for spatial correlation of ion images within antler

growth centre tissue layers.
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