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Histological and histochemical characterization of the musk gland
in forest musk deer (Moschus berezovskii): a preliminary study
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Musk is a biologically valuable secretion from the musk gland of male musk deer, with significant economic
and medicinal importance. Due to severe decline and depletion of wild musk deer population, captive breeding
of musk deer has become the primary approach for sustainable musk production. So far, the histological struc-
ture and secretion mechanism of the musk gland remain incompletely understood. In this study, we employed
histological and immunohistochemical (IHC) techniques, along with three-dimensional (3D) tissue reconstruc-
tion, to systematically analyze the cellular composition and secretory functions of the musk gland in forest
musk deer (Moschus berezovskii). Our results revealed that the musk gland was primarily composed of acinar
structures containing two distinct glandular cell (GC) types based on the histological observation. IHC results
showed type I glandular cells (GCls) predominantly expressed GALNT7 while type II glandular cells (GClls)
mainly expressed BMP6. The 3D reconstruction demonstrated structural heterogeneity along the gland's longi-
tudinal axis, with the proportion of the acinar area varying between 40% and 65%. This is the first time that a
detailed 3D view of musk gland in forest musk deer has been shown, which provides essential histological
insights into musk gland function in this species. These preliminary observations may provide useful ground-
work for future investigations into the regulatory mechanisms of musk secretion.
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Introduction

Musk, a secretion from musk gland of the male deer species
within the family Moschidae,!? is a valuable biological resource
with applications in traditional Chinese medicine and perfumery.>>
Due to overexploitation and habitat loss, wild musk deer popula-
tions have experienced a significant decline,® leading to a reliance
on captive breeding for sustainable musk production.” Currently,
the primary species being farmed is the forest musk deer (Moschus
berezovskii), which is also the main source of musk. Although both
wild and farmed populations of forest musk deer have seen a rela-
tive increase, the musk production from farmed deer still fails to
meet the market demand. Therefore, investigating the structure of
the musk gland in forest musk deer and elucidating the mecha-
nisms of musk secretion are of significant importance for both the
conservation and sustainable utilization of musk deer resources.

The musk gland, located in the abdominal region of male musk
deer, contains specialized glandular cells responsible for musk syn-
thesis. Previous studies have described its general histological struc-
ture, identifying acinar cells within the glandular epithelium, which
is surrounded by smooth muscle cells and interstitial cells.®!°
Moreover, single-nucleus sequencing has revealed two distinct
types of glandular cells in the musk gland, characterized by the
gene markers Galnt7 and Bmp6, respectively.!! However, the
detailed cytoarchitecture and specific roles of different glandular
cell types remain incompletely understood.

Three-dimensional tissue reconstruction technology provides a
feasible approach for visualizing the spatial structure of the musk
gland. By performing z-stacking of serial histological sections, we
successfully generated a three-dimensional reconstruction. This
optical sectioning technique effectively overcomes the limitations
of conventional histochemical analysis by enabling improved visu-
alization of deep tissue regions and mitigating technical chal-
lenges.'>'* This study aims to systematically characterize the tissue
structure and cellular composition of the musk gland in the forest
musk deer. By combining hematoxylin-eosin (H&E) staining,
immunohistochemistry (IHC), and three-dimensional (3D) recon-
struction, we seek to elucidate the spatial distribution of glandular
cells in the musk gland. These findings will provide a structural
basis for further molecular investigations and potential biotechno-
logical applications in musk production.

Materials and Methods

Sample collection

The musk gland tissue was collected from a captive adult male
forest musk deer in October, which is provided by the breeding
farm of Yanshe Biotechnology Development Company, Beijing,
China. The animal was housed in an outdoor environment, with 1-
2 individuals per enclosure. All experimental procedures were
approved by the Animal Ethic Committee at Experimental Center
of  Beijing Forestry University (approval No.
EAWC _BJFU_2025001), in accordance with the guidelines. The
musk gland tissue was fixed overnight at room temperature with
4% paraformaldehyde fix solution for histological and immunohis-
tochemical observations.

Histology

The fixed musk gland sample was dehydrated through a graded
ethanol series, cleared with xylene, and embedded in paraffin
wax.!® Serial sections (5 pum thickness) were obtained using a
rotary microtome, mounted on glass slides, and dried at 37°C for
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overnight. H&E staining was performed to assess the general tis-
sue architecture, following standard protocols. Stained sections
were visualized using an Olympus BX53 photomicroscope
(Olympus, Tokyo, Japan) equipped with PlanN (4-20%) or
UPlanFLN (40x) objectives.

Immunohistochemistry

The immunohistochemical protocol was described in a previ-
ous study.'® Briefly, paraffin-embedded sections were deparaf-
finized and rehydrated through a descending ethanol gradient.
Antigen retrieval was performed using citric acid buffer (pH 6.0),
heated at 100°C for 5 min, 80°C for 5 min and 40°C for 5 min.,
then followed by blocking with 3% hydrogen peroxide for 30 min
after cooling. The sections were incubated overnight at 4°C with
primary antibodies: rabbit polyclonal anti-GALNT7 (13962-1-AP,
Proteintech Group, Inc., Rosemont, IL, USA) and anti-BMP6
(55421-1-AP, Proteintech Group). Goat anti-rabbit [gG/HRP sec-
ondary antibody (bs-0295G-HRP, Bioss Biotechnology, Beijing,
China) was applied at 37°C for 40 min. The primary antibodies
were diluted at a concentration of 1:200 and the secondary anti-
body was diluted at a concentration of 1:1000. The slide rinsing
between steps was performed with phosphate buffered saline
(PBS) at a concentration of 10 mM. Immunoreactivity was visual-
ized using 3,3’-diaminobenzidine (DAB) chromogen solution
(0.02% w/v DAB in Tris-HCI buffer pH7.6 plus 17 puL 30% H,0,)
for 1 min, followed by hematoxylin counterstaining. Stained sec-
tions were also visualized using an Olympus BX53 photomicro-
scope (Olympus, Tokyo, Japan) equipped with PlanN (4-20x) or
UPlanFLN (40x) objectives. Six fields (with certain intervals)
were randomly sampled from each tissue to analyze the proportion
of positive regions. At the same time, each entire sheet was
scanned and analyzed. The maximum error of the obtained results
was discarded and the average value was calculated, and the quan-
tification of staining intensity was automatically measured with the
plugin of IHC profiler in Fiji software.!”!$

Three-dimensional reconstruction and result
analysis

Consecutive sections were grouped at 30 pum intervals, with
corresponding sections selected from each group for whole-slide
scanning using ImageView (Suzhou Jingtong Instrument Co., Ltd.,
Suzhou, China). A section sequence was generated using the
3DHISTECH’s Slide Converter (3D HISTECH Ltd., Budapest,
Hungary) and CaseViewer (3D HISTECH Ltd., Budapest,
Hungary), The pictures are arranged in sequence in CaseViewer
format and can be calibrated automatically. Tissue images were
aligned, processed, and stacked along the z-axis in the brightfield
mode, with a thickness setting of 6 pum. The 3D reconstruction
results were visualized using Voloom v3.0.0.0 (microDimensions,
Munich, Germany). Statistical analysis and chart generation were
performed with GraphPad Prism 10 (GraphPad Software Inc, CA,
USA).

Results

Histological analysis

The tissue specimen obtained from the forest musk deer’s
gland measured approximately 4 x 3 cm in cross-sectional dimen-
sions. Histological preparation yielded consecutive transverse sec-
tions encompassing a total tissue depth of 670 um (Figure 1a). The
structure of the musk gland was broadly divided into three parts:
the acinar region, the ductal region, and the interstitial region
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(Figure 1 b,f). The acinar region was predominantly characterized
by acinar structures, which constituted the principal cellular organ-
ization within the musk gland (Figure 1 c,e). The diameter of indi-
vidual acini ranged from about 60 to 180 um (measured along the
long axis for irregularly shaped structures). Moreover, the distribu-
tion of acini in the outer glandular regions, located near the glan-
dular periphery, was denser than that in the inner glandular regions.
A layer of myoepithelial cells with elongated nuclei and a flattened
morphology encircles each acinus, marking the boundary between
the acinar and stromal regions (Figure 1 c,e).

Based on cell nuclei location and cell morphology, glandular
cells in the musk gland of forest musk deer were categorized into
two types: type I glandular cells (GClIs) and type II glandular cells
(GClIs). GCIs were the predominant epithelial cells in the glandu-
lar epithelium, characterized by irregular columnar contours and
relatively small oval nuclei. In contrast, GCIIs were scattered with-
in the glandular epithelium, exhibiting round or ovoid shapes with
larger nuclear and cytoplasmic volumes (Figure 1 c,e).

The inter-acinar spaces containing stromal components formed
the interstitial region, which was composed of various types of
interstitial cells (Figure 1 c,e). The ductal region primarily consist-
ed of secretory ducts, lined by a single layer of ductal epithelial
cells surrounding the lumen (Figure 1 d,f). The ductal system was
concentrated in the central tissue region, facilitating the transport
of secretory products (Figure 1f).

Immunohistochemical analysis

As the marker of acinar cells, the immunostaining of GALNT7
and BMP6 was examined in the musk gland (Figures 2 and 3). The
positive staining of GALNT7 and BMP6 was mainly observed in
the glandular cells (Figure 2a and Figure 3a). At the overall level,
glandular cells located in the outer layer regions of musk gland
exhibited generally stronger immunoreactivity than those located
in the inner layer regions (Figure 2 b,c and Figure 3 b,c). In the
glandular cells of the inner layer region, GCIs exhibited relatively
strong GALNT7 immunoreactivity, whereas GCIIs showed weak-
er GALNTY7 staining (Figure 2d). In contrast, GCIs displayed rel-
atively weak BMP6 immunoreactivity, while GCIIs demonstrated
stronger BMP6 staining (Figure 3d). In addition, no positive stain-
ing for GALNT7 or BMP6 was observed in the ductal epithelial
cells, interstitial cells, or myoepithelial cells (Figure 2 b-d and
Figure 3 b-d; Table 1). The IHC results for GALNT7 or BMP6
were also quantified with ImagelJ, as shown in Figure 2e and
Figure 3e. The quantitative analysis of IHC staining for GALNT7
revealed that 4% of the cells exhibited high positivity, while
12.83% and 29.66% showed positive and low positive staining,
respectively (Figure 2e). Additionally, 53.51% of the cells were
negative for GALNT7 expression (Figure 2e). Similarly, the quan-
titative analysis of BMP6 immunohistochemical staining showed
that 2.45% of the cells exhibited high positivity, while 14.96% and
38.13% displayed positive and low positive staining, respectively
(Figure 3e). Moreover, 44.46% of the cells were negative for
BMP6 expression (Figure 3e).

Figure 1. Histological analysis of the musk gland in forest musk deer. a) The musk gland tissue originated from the male forest musk deer
(M. berezovskii). b) Overview of the histological structure of the musk gland. ¢) Magnified view of acinar regions near the periphery of
the musk gland tissue. d) Magnified view of the ductal area within the musk gland tissue. e) Magnified view of acinar regions in the central
part of the musk gland tissue. f) Schematic diagram of the musk gland based on histological observations. GC, glandular cells; GCI, type
I glandular cells; GCII, type II glandular cells; IC, interstitial cells; MC, myoepithelial cells; DEC, ductal epithelial cells.
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Three-dimensional reconstruction by a centripetal expansion of interstitial regions toward the tissue
core (Figure 4c). The proportion of the acinar area varied between
40% and 65% within the musk gland (Figure 4d). 3D model and
video can be found on online via the links
https://doi.org/10.6084/m9.figshare.28620986.v1 (mdv.),
https://doi.org/10.6084/m9.figshare.28620995.v1 (mdv.), https:/
/doi.org/10.6084/m9.figshare.28623104.v1 (videos).

3D histological reconstruction was performed using serial sec-
tion alignment and volumetric modeling. This approach provided a
detailed three-dimensional architectural representation of the musk
gland (Figure 4). The histomorphometric analysis of musk gland
cross-sections revealed structural heterogeneity along the longitu-
dinal axis. Progressive spatial analysis demonstrated a gradual
reduction and eventual disappearance of ductal areas, accompanied

Galnt7

B 4.00% High Postive
=1 12.83% Positive
J 29.66% Low Positive
= 53.51% Negative

Figure 2. Immunohistochemical results of GALNT?7 within the musk gland. a) Overview of immunohistochemical staining of GALNT7
in the musk gland. b) Immunostaining of GALNT7 in the acinar regions near the periphery of the musk gland tissue.
¢) Immunostaining of GALNT?7 in the ductal area within the musk gland tissue. d) Immunostaining of GALNT?7 in the acinar regions in
the central part of the musk gland tissue. (e) Evaluation of GALNT7 immunostaining in the musk gland tissue. GC, glandular cells; GCI,
type I glandular cells; GCII, type II glandular cells; IC, interstitial cells; MC, myoepithelial cells; DEC, ductal epithelial cells.

Bmp6

BE= 2.45% High Postive
=1 14.96% Positive
3 38.13% Low Positive
3 44.46% Negative

Figure 3. Immunohistochemical results of BMP6 within the musk gland. a) Overview of immunohistochemical staining of BMP6 in the
musk gland. b) Immunostaining of BMPG6 in the acinar regions near the periphery of the musk gland tissue. ¢) Immunostaining of BMP6
in the ductal area within the musk gland tissue. d) Immunostaining of BMP6 in the acinar regions in the central part of the musk gland
tissue. e) Evaluation of BMP6 immunostaining in the musk gland tissue. GC, glandular cells; GC I, type I glandular cells; GC I, type II
glandular cells; IC, interstitial cells; MC, myoepithelial cells; DEC, ductal epithelial cells.
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Discussion

Investigating the structural organization of the musk gland is
of paramount importance for elucidating the physiological mecha-
nisms underlying musk secretion, which has significant implica-
tions for both biomedical research and wildlife conservation. In
our study, histological staining revealed distinct zonal characteris-
tics within the musk gland, with region-specific distributions of
glandular cells in the acinar region, duct epithelial cells in the sec-
tary duct region, and interstitial cells in the interstitial region.
These findings are consistent with earlier observations reported by
Chen et al." and Yang et al.*® Those results confirm the glandular
cells, myoepithelial cells and interstitial cells presenting in the
musk gland, which validated the reliability of our histological
approach. Glandular cells are generally considered as the main
cells responsible for the musk production in the musk gland of for-
est deer.?">® Single-nucleus RNA and ATAC sequencing of the
musk gland identified 13 distinct cell types, including two glandu-
lar cell populations characterized by the expression of the genetic
markers GALNT7 and BMP6.!" In our current study, we also found

two types of glandular cells presenting in the musk gland based on
the cell morphology. Moreover, the immunoactivity of GALNT7
was mainly presented in the GCIs and the positive staining of
BMP6 was mainly observed in the GCllIs, especially in the inner
zone of glandular epithelium. Those data enhance the link between
the cellular gene expression and cell localization in the musk
gland. Furthermore, the immunoreactive density of GALNT7 or
BMP6 varied from inner to outer glandular epithelium, indicating
the protein expression differences among those cells. Together,
these results suggest the potential spatial heterogeneity among dif-
ferent types of glandular cells. Future studies employing spatial
transcriptomics and other advanced techniques are needed to fur-
ther investigate the classification and distribution of acinar cells
within the scent gland.

The current study is the first to apply three-dimensional histo-
logical reconstruction to delineate the detailed spatial architecture
of the musk gland. Our analysis revealed significant structural het-
erogeneity along the gland’s longitudinal axis. Notably, the pro-
gressive loss of ductal regions, combined with the centripetal
expansion of interstitial areas toward the core, suggests that dis-
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Figure 4. a,b). Different magnification of 3D reconstruction with musk gland sections based on the H&E staining. ¢) The average ducts
per section along with the z axis in the 3D view of musk gland. d) The proportion of acinar area per section along with the z axis in the

3D view of musk gland.

Table 1. The protein expression in different type of cells in the musk gland of forest musk deer.

Markers GCI GCII
GALNT7 + + +
BMP6 + + +

IC MC

GCI, type I glandular cells; GCI, type II glandular cells; IC, interstitial cells; MC, myoepithelial cells; +, positive staining; ++, strong positive staining; -, negative staining.
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tinct zones within the gland may have unique functional roles.
Moreover, the observed variation in acinar area (from 40% to 65%)
implies that the secretory capacity differ across regions. These
findings are consistent with previous studies on exocrine glands
tissues, which have demonstrated that spatial heterogeneity plays a
critical role in functional specialization. For example, research on
salivary and lacrimal has shown that variations in acinar and ductal
composition can be closely correlated with differences in secretory
output and cellular metabolism.?*2?¢ In addition, comparative tran-
scriptomic analyses between the musk gland and sebaceous gland
have confirmed similarities with other exocrine tissues, further
supporting the notion that spatial organization is integral to glan-
dular function.?’?® Like the physiological structure patterns of
other exocrine glands, the musk gland also has a branched struc-
ture which transports secreta produced in the acini through a tree-
like network of ducts,*-32 while the acini composed of differentiat-
ed epithelial cells that are able to differentiate to form functional
units. 334

Beyond the forest musk deer (M. berezovskii), chemosignal
production via specialized scent glands is a convergent evolution-
ary trait observed in phylogenetically diverse taxa facing similar
ecological pressures, such as territory marking, sexual attraction,
or predator deterrence. The present detailed histological character-
ization of the forest musk deer musk gland enables meaningful
cross-species comparisons. Although differing in anatomical loca-
tion and developmental origin, the musk-secreting structures of the
Chinese forest musk deer (current study), the muskrat (Ondatra
zibethicus), and the masked palm civet (Paguma larvata) share
core functional adaptations.>>¥” The musk glands of these three
musk-secreting animals have the hypertrophied glandular acini,
which could be optimized for high-volume secretion storage. The
glandular cells in the musk glands of these musk-secreting animals
are the main cells synthesizing the complex lipid and protein com-
pounds, which may function as pheromones to mediate chemical
communication. In addition to these similarities, notable differ-
ences in the histological structure also exist. For example, In the
forest musk deer, glandular epithelial cells exhibit a highly organ-
ized, ring-like arrangement around a lumen, secreting liquid-phase
musk precursors into musk gland sacs. Critically, within the musk
gland sacs, microbial communities facilitate a secondary fermenta-
tion process, transforming the liquid secretion into the mature,
solidified musk product.’° Conversely, in O. zibethicus, the glan-
dular cells do not form a well-defined, patent lumen:3-3¢ secretions
are directly released into the branching ductal networks where they
remain in a liquid state until being discharged externally.?>3¢

Given the status of the forest musk deer as a Class I nationally
protected animal in China, obtaining biological samples presents
substantial legal and ethical challenges, restricting both sample
size and population representation. This constraint inherently lim-
its the generalizability of our findings, as potential variations
across individuals, seasonal fluctuations, and population-level
diversity remain unexplored. Despite these limitations, this metic-
ulously collected sample represents a rare and scientifically valu-
able resource. Our study provides the 3D structure and detailed
morphological and histochemical characterization of the musk
gland in the forest musk deer. This preliminary investigation estab-
lishes an essential morphological foundation and would support
the biochemical, molecular and multi-omics investigation for the
future study.

Collectively, our study not only contributes new histological
data of the musk gland but also advances our understanding by
introducing a novel 3D perspective. These observations may pro-
vide useful groundwork for future investigations into the regulato-
ry mechanisms governing musk secretion.
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