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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
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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.
Keywords Deer - Antler - MALDI-IMS - Growth centre -
Proliferation

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
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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
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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 o-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 pum 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
IIT 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 um
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 Yean/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
pl 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 pg
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 pL samples were loaded on
an in-house packed pre-column (Varian MicroSorb C18,
20 cm, 75 um ID, 300 A pore size, 5 um particles) at a
flow rate of 8 pl/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]*" and [M + 3H]** 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. la), antlers at 60 days growth had wider
dermal, reserve mesenchyme, precartilage, and cartilage
layers but had a narrower vascular layer and a similar
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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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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

appeared to be evenly distributed throughout the antler tip
(Fig. 2¢).

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
VEGEF 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

1 mm

(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

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,
¢). 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

@ Springer



Mol Cell Biochem

¢ uoneprxQ IO AAAAVAINTANAL A 9CC—C¥S Sv9 [4 89¥¢80L
D NAAIV AINANALITOAALY 966—8¢ES L0S € 16€0°6CL
HYITTHATVLIO £€6-6¢¢ 8'6S 4 0608°L0S
HITTAATYLON M €ES—CS g'ge [4 €ov8ILS

11 :oprureuordord ADTAADITIHIS ™ 9L—69 (A7 € CELS LY £99 7S0S80£61118 Josmoard urungry
AYHVIVNVADL A evi—vel 8L 4 8L9T°S0S
AYHVIVNVADLAA™ evi-cel L'T8 [4 Y1€€v09
HIAVIAAANTANDTT A SII-¥01 8'8L [4 Pr8eEe9
JIOLMIAAATTYE 6£-0¢ 9Cs [4 T6S8°LEY
AADMAVIAY 9101 90T I 8C0¥°808

AADOMAVIAVY 918 9'v9 4 LOSL'SLY 091 69STTIII3 ©I9q JMUNQNS UIQO[SOWSH
VALDASAVH S LTT-0T1 1'6C [4 80IL Y1y
HAVTADd T 60101 §Te I 90€E¥I9
HAVTIDdTT 601—¢€01 1'8¢C I CTS6ELTL
HAVTADdTITY 601101 09¢ 4 6C0¢’LLY
I'YAJIANAISN'IN €L7¥9 ¢'8¢ [4 €S6L°0C9
S °C ‘uonepxQ I"dHAIANAASNINIOINY S €L-6S 796 [4 0001888
IN'VISSIDLAdHAO M 65—8¥ 8'0v € [4%:1: 2384
VISSIDLAdHAO 868y 08¢ 4 806L 78S

AAAANAASASH A 7r—9¢ gce 4 LELT 69S 6°¢l 791169913 JATH ‘T 11sn[d QUOISTH
9 ‘uoneprxQ HADNTIATL ST1-801 0've [4 CILL'SYY
HAIDNTIATL ST1-801 0¢C [4 809L°LEY
¥1 ‘uoneprxQo LAVINLALINALAVODLS S LOT-16 8°9Y [4 1126958
L TaNI4goa011say 88-CL oot [4 LY9¢°0C8
[T ‘uonepxQ L T1aNIAgoa011say 88-6CL L8 [4 10L£°8¢8
O MODDTLTONAIASS I 69-9¢ 6'SS C 99L8°LTL

A MOATIOASVALINAAL Y £6-8¢ SLE z S19%°628 69£9.GI18 unoe-ejaq-uryord

LADdAVVMASISA™ LE€-9C '8y 4 YI1€°L09 [a4! aur([eIsAId Jo armonns Ay ‘d urey)
¢ :uonepxQ AATVAAAANVIAL SL—¥9 ¥'C8 [4 61¥8°€99
AMATVAAAAINVIAL SL—¥9 LS9 [4 9018°SS9
AAVHALALA 19-6¢ 9°0¢ [4 00T’ STy
AAVHALALAY 19-v¢ 8y 4 8IVLYLY
AAVHALALAVAE 19-¢¢ Vv 4 EVLL LIS
AIIANATAA ™S 1S 1'9% [4 1€8T°S6¥
D ULIHAITOST T 6£-0¢ 879 [4 8€08°06S
AAIVIILIDO T 61-11 ey [4 68T CoV
A IIVDILIDOIN 6101 6’1y 4 1€8°8¥S

A AIVLLIDOING A 61-8 T0¢ € S68STYY L6 SP6908LTIIS H SUOISTH

UONEOYIPOA douanbag oSuey Q100g z "SBaW Z/W (e MIN JOQUINU UOISSAOOB/QWERU UI)0IJ

Jopue 199p wolj SIA/SIN—DT Suisn paynuapt sassew Surpuodsariod aoy) pue surdjold jo soouonbes opnded T diqe],

pringer

as



Mol Cell Biochem

MMATIAVOIN  8II-TIT LSS T 898TIt¥

A AATIAVOINATADOOVILA 811-001  60¢ € 6C8E Y9

NIIVIOTH I 88-78  T'0F T SLSL'STH
AMDHALIOTOV Y 6C-1C  L0S T €99LTLY  6°€1 T6VE996TENS 650 (SALRIUA)) YTH QUOISIH

SUALVIEAIATVIT  #6€+8€  €6L T 88€€'6£9

VIAAVIISATATISY  997T-SST 788 T SOE8°1S9
AMALSYA  601-€01 9Ty T €LOTYIY SIS 9G8TSOPTTIS £ unerssy

XMSLTALSANVTAS  8€1-LZ1 665 T L9FE 0V

TMANADAAI 86-C6 €T T THTL60F

| “UONEPIXO LLLdAS TAN Y 6€-1€  T'€S T 699TH¥S
LLLdAS TAN Y 6€-T1€  §9S T LSST9ES 61 66tCCIIS (urqors-eydry) eydye yungns uiqorSouwoH

“ddAOT 0€1-SZT T'ST T LI9EEhL

O ISATINNOM L6768  €€€ T 9L6TH9S

TIOLINAALS 80-19  T9E¢ T TOLTIEY

9 ‘UONEPIXQ HINNAL TS €hLE  TEE T T0ETEVY

[ [UONEPIXQ STIVAVTIANINY T+ OIS T LSOL'S6Y
SMIVAVIANINY Tv 9IS T LI9LL8Y  8FIT 69YS9THIIIS BGTS urajoxd [ewosoqry

ISAOOVVIANIVAINTY 62111 0T01 T +CI6HS8

AMAFADAD T 601-C0T  6'%E T SLEL'YSY

T IOTVOMVOVASI SL-99  T9E T 98EL0ES

9 :oprureuordoiq A MANAHTOINNAA S 0S-6¢  ¥'I¥ € 6¥bTols
AMOTINISAS S 8¢-1¢ 00y T 96£Tesy 8l CIEPITLSIS | unodfen

HYIOATMAL M IT1-601 88T T T60L+TH

H Y TEANIAAd LL=69  L'YE T 6ELLOLS

L
:oprwreuordoid

‘9 :uonepIXQ HALAADOOINADIT Y SS-TF SS9 T 96L8F18

L epiureuordorg HILAADDOINADIIT SS-tF  1'9S T S¥88'908
AOQVATEISA I ¥I-9  9€S T 90LT'8TS  +91 9%¢6818TI8 (v urrydorokd) v aserourost [AjoxdiApndad 0 rerurg
¢ :oprureuordorq TIIDAAVAOIVA'S 1L6-79S 085 T V6LTTI9S 199 TSS6CTIS uumqry

SBON

Qouanbag o3uey Q100§ Z z/w

“VIVVOLSVATY €85—1LS TSt I TLIS 76
O MAAIVAANANAL S 965—6¥¢ 6'CS 4 65TE00L

UonNeOYIPOJA Jouonbag a8uey 100§ z ‘seauwr z/uw (e MIN JoquInu UOISSAOoR/QURU UI)0I]

penunuod | dqe],

pringer

A



Mol Cell Biochem

O AJAHAIAA M 6C1—CCl TST T LSSL'1TS
g :oprwreuordold IADTOAMADTA £6—S8 TTS T 108T'8ES Syl 00LLLTYIIB Z1S ursjord ewosoqry
VILAAMNIAAIVTA 96— €6L T 96LETS8 191 $6990SHI13 61S urejoxd [ewosoqry
TIAOVSNIVAOIVA 1276 18 T YOPEVIL 811 €8L908LTIIS UrxopalomwJ,
TAdTAAVAIASYHSIAYE 99-CS 609 T LOOY'LC8 L01 6£6£6861 1118 M1[--9ZS urdjoid [ewosoqu SOy A4LIIATYd
AJHVIVAVADL'A Ie1-cel T6E T TEIL'S0S
AYHVIVAVADLAA™ 1€1-0C1 €LY € 899¢¢Ov LYl TTT6TTIIS ewwes UIQO[SOWAH
AANIALL Y 99-09 80C T ¢€6IL9TY
VATIHAANGS'S 0c—¢l L'TC T €TLLLYS £88666/18 PIOUNI ONAYIUAS B PUB PIOE JIOUNSI-SUBI-[[E [NIa Xo[dwod
VATTAAINASS 0C-11 9% T 8L8T'16S G'SI ur It pue I surdjord SurpuIq-proe-oIounar Jen{[eo Jo AImonns [e)sKId ‘e urey)
A AHIVVVAVSOVVAVVSOAVVSAVAVOOVIASYTIA ¥6—79 66T € 8L6¥'STo
TIDIOOVIAQHINJ 19-0S TS99 T 06£88C9 L'T1 €TSL08LTI187d ursjoxd ewosoqry
Y AdAVATILE YCI-LI1 0'6C T LSSLTYY
HADTTIAJATTI 09-1¢ 'L T LLYS'LYS  ¥91 OvLY199LII3 91§ urdjoxd [ewosoqur oy Je[uits :qHLOIATId
VIAAVIISATAINA Y0C—¢€61 09 T 6Tres99 '8¢ I8PE1EH0PIIS (SADRIUQ)) [enued (7/ UDRIY) TT9 UNBISY
VITTTTIVH - LT 6'LE T 6I¥STOL
TTITIVH- 91 9¢r I 9ELY'6L9
TTTIVH- Sl €ce 1 SLOV99¢S ['8 160009¢€[13 Tosmoard uniosoIn
AMASAdAFS LALLM 6L-69 L'y T 6l¢gy09
STHHLLAADDDINDV I 9—CS SeL T PLE]TTO Syl 6£LLTIIN8 sutroq—¢| urajoxd Surpuiq-utredsy
SANAMVEVAE YCe9I1¢ 99¢ T P¥ESTSSS
LALTLTHATA ™ LYT—6£T ¢SS T 008T9IS
AATASVTY r1-8¢1 09C T ¢LITSOY  8%S LL6SO8LTIS O uneroy
M YHAISIOSAAAAO M 1LE-65¢ 9vy € SYPT90S
IANLSdVIVLIA™ STe—CIe £€ee T ev0gTI8S
1 ‘uonepxQ WAIAVIOdANLLODSTALNVATAA 11¢-16C Ley € 099¢vrL 91y €OYI88LSTIIS unoe-eioq-urjyoid sur[[eIs£1o jo AImonys Ay v ureq)
A AALVINAINADADVVITY 99-CS 0Ly T ¢€rLEOEL
€l
soprwreuordord NAVOLNAVONIAVOALTOTIST Y Se91 L'8L T €T0SCT66 8Vl T6YTHO8LIB €771 ujoid [ewosoqry
¢ eprueuordoiq SHANASAOSdAITVILOA™ 901-16 SSL T vISYI988
g :oprwreuordord AATVAONNVTIATA 96—Cv L'0S T V8189 8Tl 1€9906#I18 0¢T urejoxd [ewosoqry
TIYINHdAAHTA SOT-L6 9'LT T 90LL€9S
O’ HTASTAVAVOD I £6—78 I'6S T T0LL'9ES 191 16TEEE091118 | uofisde ‘urqo[Sowar
INISHADHTILY 0LE—C9¢ L'eC T TBITLIS
9 ‘uoneprxQ TIINNTIOAQ I 0S¢—Tre L9¢ T 1¢STO6LS
MILOTAONOOATA I 68-8L 8°CS T 8CBL8EL [ 3Y TTYYTTITHIS (aaneIud)) [ened [e10[9ys0340 T odA 1] unerdy|
SBOIN
ouanbag o3uey Q100§ Z z/u

ponunuod | Jqel,

pringer

as



Mol Cell Biochem

14
‘¢ :oprureuordolq SATAIIADDAN 1 S8T-SLT € SH09'8LY
S
‘v :oprureuordorq S TAINADDAA T S8T¥LT € €LOE9IS
VILDIOSTY  +2T-8I1T T LLLTYTY
WAVATATAY EPI-LET T SE9TLSY
1
:oprureuordord A D TAADATLHIS 9L-69 € 9509'8LF €99

-“ATAAHHOSLANIAODA I 99p—1S¥ € 8¥L6TI9
4SaaoaITd  0Iv—€0r T 1S9L99%
rdsagogd Ty 01#-2ov T €1180¢€S
H IVINGIINNOIAAO T Y 8L£-S9¢ € ¥6L6'SLS
O WIVANNINYVASTAVA M 01€-$6C € 8866'C6S
AASTAMTAVHOINS  +67-€8C € €6¥6'80S
SOAMAAVADIN  T6T-€8C T P9rESS9
ANAVIANLTIOAAO  0LI-091 € L616'6TH
ANVIANLTOAAOY I 0L1-6S1 € 6196'18%
HYNFAIATAOT I SS1-9%1 T 8LT8LT9
SDOONTOFTEIV T £P1-0€1 € TEI0PIS
A AANTAOTHANANL I €I1-101 € I¥L6'6TS
SULVAADOISSL A 9—1S T 910€8%S
SULVAADOISSLATL I ¥9-1¢ T SLO6'9EL
LASLSAYTVSOTISAL Y 0S-Lg € S10€°66%

LYLSLLAASY 9€-6¢ T 89SLLSY  L'€ES S6L9TTSHIIIS UNuUaWIA

I TTALS ) ¥9-8S  T¥S T vPT9ly  TO01 LO868TSTIB V¢ A[Turey ‘duolsty ¢H 0} Te[ruig

LASVIALTAM  911-801  8%S T SL6T10S  6'SE LETOYTIIS WIOJOST cedge) = A Urxouuy

r4vadvaav-a 68-18 S19 T 9I¥TIIS T¢I 8LS9€LLLITS g uISuory

L IDSVAIIMLAAVY ) 809  1'€9 T 6€I8YOL  LSI 68L908LTI18 undIAyisueL],

SOSTSOPTIIS (1 ureloxd
Surpuiq uage[[oo) | Joquow ‘(/f urjord

TIADETISOSOLA Y SOr—v6E  8€9 T LLEELY9 SO yo0ys 1eay) H oped ‘Ionqryut osepndad urdrog

SUINAIOOSTISS  SYCI-9¢cl 887 T 00IEH6S  6'8E1 TSTYOrLLIS 1 eydre T 2dK) ‘usSerjo)

AMDIAIATATY  v€TI-STCT LOL T +TT8S9S 0'ISE 8LL699F6TIIS T wriojost T eydpe ‘[IX 2dA) ‘uaSe[[od :QALOIAAE
SBIIN
Qouanbag o3uey Q100§ Z z/u

ponunuod | Jqel,

pringer

A



Mol Cell Biochem

“HAYHVIVNVADLAA SyI-Tel € 790€°€0S
AMHVIVNVADIAAS ePI-Cel € 79T €0V
H AV TAAATANDTTY STI-01 4 LISY'€€9
I IOLMIAAATTE 6£—0€ 4 L968°LEY
ADOMAVIAVY Y 91-8 4 TS8LSLY 091 69STTIIIS ©1oq JTUNQNS UIQO[SOWSH
SUDALAAATAY €6ST—S¥ST 4 9TIE6LY
AINOTYOTVIV'I T1$T—20ST 4 YILEOLS
DYLOAVAS TITY 19€7-CS€T 4 T6TE°6CS
TIOTIASNO Y €181-9081 4 968C'S9¥
A MNADOIIAATAL T seci—seel € ¥819°6TF
A MNINALAFAANTLS €101-1001 € 0TT9°Ces
TINLSLLIASA™Y 1€8-7C8 4 TT8LEES
SOALITINA Y TSS—1S 4 6LIE S6Y QLL699Y61IIS | wiIojost
O USOLLAAITIAY 9L£-99¢ 4 6SLET6S 0'15¢ I eydpe ‘[1xX 2dA ‘uaese[[od :qALOIAHNd
¢ :opruwreuordord TISSILAONADIA ™ L6T-98C 4 999€'62L 69 LO6TSETIIS (VSd) Josimoaid urumqpe wniog
AEAddVITY See-8TE 4 £60€ 97
IMALSAVIV.LIE Y STE=SIE 4 €8€€18S
I'SIALSAV TV LITSION I STe—tie € 89L6'91S
A JANDLLIAODAd TAAS ) €67-8¢€T 4 TT66'S68
N TAALIAIOVIAT Y 061-LLI € L686'THS
VIANTdVALTIAdHAAdVA I TI1-$6 € 8L90°CS9
AN ILTION M L9-19 4 096L°00%
O WISOVAADAASA 19-08 € 9TYT TS
AMIODNDAIWADOH Y 6—6€ 4 €1T€98¢
H 4dIADAISAT A 8¢—0€ 4 0EE8 VIS YT T m——
H¥dADAISAIAY I 88T € LLYT 00% sareydsoyd die punoq unoe i xa[dwod
V- AdVAAOVADV LT-81 4 195L°88% 91y urgoid-unoe-rieq dUIA0Q JO AIMINNS ‘B UILYD
D MAAIVAINANAL Y 955-S¥S 4 0€6€°00L
HYTIIATVLIO £€6-6¢¢ [4 0T¥8°LOS
HITTHATV.LOM M €€5-1TS 4 1168°1LS
T 1 :oprureuordorq A ANATSALOD M £87—SLY 4 9G6L'€8S
¢ -oprwreuordoig O MLAMASAAIMAHTAD T YLY—65Y 14 866C 1LY
¢ :oprureuordord AMASAdIIAHTAD T 1LY—65Y € 10S9'81¢
¢ :eprureuordord LYAHTADTY Sor—65Y 4 LOLL'9SY
SUSIHATLALSAOI VI ¥ LTr€1Y € 1¥89°CTS
TATIASAVAAIHI A L¥E-9€€ € L6908V
¢ ‘¢ :opreuordorq SMATADIADIT A $8T9LC € 9L06'SEY
Qouanbog aguey 2100§ z SBIIN Z/W

penunuod | Jqel,

pringer

A's



Mol Cell Biochem

¢ :opruwreuordord LIADISSANADADIL A §96-TSS € 79£6'96%
¢ :oprureuordorq L IADTINDOONAIV 3 9TE—HI¢ € ¥19°99% 8'0CC €TEESHLENS ULdAIFTY
IISASTAOTY 60€-10€ 4 9TTE 68Y
TYTAOTVSI A 6£7-T€T 4 ¥S0€ 661
X MIOIIAINIAS €L—19 4 €YT8TIS L'8€ £68908. 7|18 uedIIIN|
AINIAOTAONL A SY1-9€1 4 19¥8°CC9
O MNSYITHSVAAOVIL M 611-50T € YLOE LYS
VIASDAVSAdLSHADAIS T 8T-1T € 89L9°ST9 $'8¢ T8698SELIIS TV Urxouuy
DAVDHAIOIOVIOVIDLADIADS £801-2901 ¢ SSLE 659 6'8€1 TSTHOPLLIS T vyde ‘T 2d£) ‘woejo)
¢ -oprureuordorq “dMHALOVATT Y0L=$69 € ILLSO1Y
I :oprweuordolg AMAIVAAONIATO Y 095—6¥S € ¥18C°09%
D MAVOLADAX I 87S—0vS 4 TT6T 6¥S
TIOWAINMOVS I TSI-€h1 4 L86L'0ES L'LL T8T9TEHT 118 ULLRJSULL],
TIANAIAA I 001-t6 4 9L 601
TYANAIAAIT 001-26 4 YEVEPPS
I LLAIS TN A €€ 4 9TTE9€S
WIATVAVOAIVVHAD A €61 € 1196'96% TSI €261€801 1113 eydye jungns urqo[Sowsy
N IANIATLOX I 967—88% 4 €€67°TSS
6 ‘¥ -oprueuordord O WIAHVVIOSNAID TSN I S8—0LY 14 0TLL'6LY
L oprureuordoiq TIOAVIANIOHO ¥ €6-¢h € ¥S06°L1¥
TISHOTATOALS ¥ 8¢-8C € YILT EVY YL $888.ZLSTII8 ura01d 9666£6D0T
TYDLITISOSOLA A SOv—6¢ 4 LOLE LYY
HYOTAHLATIAAD 61¢-60¢ € LL16'80% S0STSOFT1NS (T uraoxd Surpuiq ueSer[oo)
SUAIAAVASASSIOA T A 8FI—HE1 4 TE9Y'LES Sor [ Toquidwr ‘(L1 uroxd yooys 1eay) H ope[d “Ionqryut ssepnded urdiog
O MAAVVALTA I 618 4 $8TE°0TS
9 :oprureuordord HYdAOVVINAN'N 08—CL 4 80LT0¥S
OUSLTAVADINAIHT Y 0S-L€ ¢ 7586°0%S
TAAIAINNAYT 9¢-LT 4 86GETLS 00T €S0tFL80TIIS ¢-v1oq urngn,
VIAAINAIOVAOD'L S8L—SLL 4 0T+8°88S
XA IOIWNTIL I 9505t 4 6hYTITY
AT TOLSATOSAA Y 9Tr91¥ 4 96S€ 1SS
SMOHAAHVIASINN Y eIt € 6£85°9¢t
VAIOAALINA N 01-¢ 4 TSTE9YS €66 006L67STTI18 T 10308 UONESUO[d UonE[suen dnokreyng
VIIADAVALO Y 6ev-1¢t 4 8908°LSY
A TAVAT D 8LE-TLE 4 60278961
AIDAJALDIOOI N 997-9S¢ 4 6¥EC €IS
O SATTHOLLLS 0€-1¢ 4 1+€8°09S 1°0S 9LL6066TTI1S vyd[e | 1030€] UONESUO[d 0) Te[runts qHLOIATEd
Qouanbag a3uey Q100§ z SBOIN Z/W

ponunuod | Jqel,

pringer

as



Mol Cell Biochem

8L6¥0661 1115 87 ey

ODOXATTIATIVADLLYV'IN L1—C C S087°99L 6l Surpear uado ¢ swosowo) o) re[rwis HIIIATId
LIETL9Y6IIIS T wiojost | odky
¥ :uoneprxo NYTANIDTS 10L-569 C OSLT LTV 44! ‘esejeydsoyd-p-areydsoydAtod oxsour oy reqruts (qHLOIAHA
LOSVAdIMLEIAVY 89-9¢ C $998'v0L L'ST 68.908LTI18 undIAyisueL],
O MOODTLTONAIASS I 69-9¢ [4 ¥806°'LCL 611 69€9LGI1S unoe-e1ag-uryord our[eIskId jo a1monns oy ‘g ureyd
IISOOTHIHVVOATINSN I 96T-18C € 9L66'¥8S
O MONAIIATI L £€C—6CC C 10ceTces 89 6ILYSEYLIIS (eAnEIUR)) D/ urwe|
TIMVVAIOOA L6T—68C C 91¢018
AAVOAVAATTY 8¥—0v C 0¥18°00S €0y £68608LTI1S T urojoxd Sunyury oSeqnie)
¢ ‘1 :opruwrevordoig HYSTOVVDHIOOd 6¢1-0¢l [4 YC8L'8ES
D UINAIVINGTI T YCI—¢ll € IL19°L6Y I'evl 20980661 118 N uroseud) o) refruis :qgIOIqaYd
L -eprureuordorq “ADAIDINT Y POEI-96S¢El C yIce1es
TANAVIOLVINL ) 9STI-LYCI [4 £€TE66S
DUIOAVOHVIDAVOVIDd d ¥66-6L6 C 6CL8'S99 06cl L§2908.LTI8 T eyde ‘T 2d4) ‘uedefjo)
NULAVIIAVE SSY—8vy [4 106L°0Cy
9 :epruwreuordorq VASVIDILOIDLINY 9S—v C §96£°L89 6'LS 0LPOLIY6TIIS dposnw ‘aseury areantkd :qHIOIATYd
O WA TVAAAANYIAL A 9L~9 € £0v9'68%
OULIFAITOSI T 6£-0¢ C ¥0¥8°06S L6 SP6908LTIIS (([ented) ¥H QUOISIH
ANVAWIAIIHATY 10v—16¢ € €LE6°09Y
LLLVIVVNAQ™ 9ee-LTE [4 081€°805 69+0.860¢/13 xo[dwod urewop
TANINLALIIHIAIN G 6CC9I1C € LTLIELS 008 ayr-urunpess e ursdouwroyd-ouroryood-urngny ‘e urey)
4 Y 1ALAIAOVIE S 8L € 12E6'Str
A AITTALS ™S 98¢ 4 10,291y
HATVALDIIA T 0S¢y C L9T89IS 44t LO868T8TIIS V¢ AIuuey “auoisty ¢H 0 Iefrurs
Qouanbag a3uey Q100§ z SBOIN Z/W

ponunuod | Jqel,

pringer

as



Mol Cell Biochem

26 A

2

T T T T T T T
4000 5000 6000 7000 8000 9000 10000 11000

T T T T T T T T
12000 13000 14000 15000 16000 17000 18000 19000 mwz

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:

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

m/z 8100 (red bar) and m/z 11,800 (green bar). b Superimposed ion
image for m/z 8100 (urocortin precursor). ¢ Superimposed ion image
for m/z 11,800 (thioredoxin). (Color figure online)

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

@ Springer
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4000 8000 12000 16000 m/z

Fig. 3 Total ion count spectrum and the superimposed ion images b Superimposed ion image for m/z 6679 (VEGF). ¢ Total ion count
(resolution set at 100 um) on frozen antler tip sections from a 3-year- spectrum showing protonated ion intensity at m/z 6200 (brown bar).
old deer in the range between m/z 3000 and 20,000. a Total ion count d. Superimposed ion image for m/z 6200 (thymosin beta-10). (Color
spectrum, showing protonated ion intensity at m/z 6679 (red bar). figure online)
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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

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

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)

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

@ Springer
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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 pm resolution to get a
broader perspective of the functionally different regions of
the deer antler tip. A lower resolution of 200 pm was also
chosen for quicker scans to determine whether the sample
preparation method gave satisfactory signal intensities. The
100 pm high resolution in the later experiments proved
adequate for spatial correlation of ion images within antler
growth centre tissue layers.
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