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Abstract

The murine epididymis has 10 distinct segments that provide the opportunity to identify compartmentalized cell physiological mechanisms
underlying sperm maturation. However, despite the essential role of the epididymis in reproduction, remarkably little is known about
segment-specific functions of this organ. Here, we investigate the dramatic segmental localization of the ganglioside GM1, a glycosphingolipid
already known to play key roles in sperm capacitation and acrosome exocytosis. Frozen tissue sections of epididymides from adult mice were
treated with the binding subunit of cholera toxin conjugated to AlexaFluor 488 to label GM1. We report that GM1-enriched vesicles were found
exclusively in principal and clear cells of segment 2. These vesicles were also restricted to the lumen of segment 2 and did not appear to flow
with the sperm into segment 3, within the limits of detection by confocal microscopy. Interestingly, this segment-specific presence was altered
in several azoospermic mouse models and in wild-type mice after efferent duct ligation. These findings indicate that a lumicrine factor, itself
dependent on spermatogenesis, controls this segmental differentiation. The RNA sequencing results confirmed global de-differentiation of the
proximal epididymal segments in response to efferent duct ligation. Additionally, GM1 localization on the surface of the sperm head increased as
sperm transit through segment 2 and have contact with the GM1-enriched vesicles. This is the first report of segment-specific vesicles and their
role in enriching sperm with GM1, a glycosphingolipid known to be critical for sperm function, providing key insights into the segment-specific
physiology and function of the epididymis.

Summary Sentence
The GM1-enriched vesicles that transfer GM1 to the sperm plasma membrane during epididymal transit are highly abundant in segment 2 of the
murine epididymis, and their differential presence is regulated by luminal fluid factors.

Graphical Abstract
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Introduction

Sperm are produced in the seminiferous tubules of the testis
and then move into the rete testes from which they move
into the efferent ducts. In the mouse, these ductules anas-
tomose, forming a single tubule that turns into the initial
segment of the epididymis [1–3]. The epididymis is a long,
convoluted tubule that connects to the ductus deferens, which
itself leads to the urethra and expels sperm and seminal
fluid during ejaculation. Although sperm appear fully formed
when leaving the testis, they must undergo specific consecutive
biochemical changes during a maturational process in the
epididymis. This maturation enables acquisition of motility
and the ability to become fertilization-competent in the female
tract during the process of capacitation [4–11]. Despite the
fact that epididymal maturation is essential for physiologically
relevant reproduction, we lack a complete understanding of
this organ, particularly with regard to physiological/func-
tional differences among the segments.

The murine epididymis can be separated into four broad
regions: the initial segment, caput, corpus, and cauda. Each
region is responsible for different general functions, from fluid
resorption in the initial segment to sperm storage in the cauda.
Rodent sperm also shed their residual cytoplasmic droplets
during epididymal transit [12]. Within these broader regions
of the organ, the mouse epididymis is naturally divided into
10 smaller segments that are well delineated by connective
tissue septae [13, 14]. Based on previous descriptions of the
structure of the mouse epididymis, segments 1–5 comprise the
caput, segments 6–7 comprise the corpus, and segments 8–
10 comprise the cauda (see Figure 1C) [13, 15]. The number
of, and distinction between, segments varies widely among
species [15–19] making the mouse an excellent model to look
at sequential functions and processes. Gene expression in
these segments is tightly regulated, with differential expression
between segments being greater than the difference between
some distinct organs, such as the liver and kidney [13]. For
example, significant differences exist among segments in terms
of their immunological environments and responses [20–23].
In addition to being androgen dependent, epididymal devel-
opment and segmental differentiation have also been shown
to depend on other factors produced by the testes that are
released into the luminal fluid. When these lumicrine factors
are removed, a number of changes occur in the epididymal
tubule [4], including a de-differentiation of segments based
on gene expression in the rat [24].

Sperm are transcriptionally and translationally silent as they
transit through the epididymis [25, 26], and so, any changes
in them are likely to be acquired through post-translational
modifications or interaction with intraluminal factors. Epi-
didymosomes are small membrane-bound extracellular vesi-
cles (EVs) that have been implicated in some of the changes
that sperm undergo during epididymal transit. They have been
shown to transfer proteins, RNAs, lipids, and other factors to
the sperm in multiple species, including the human and mouse
[27–32]. The sperm plasma membrane also undergoes many
changes during epididymal transit. Mouse sperm notably con-
tain membrane raft domains that have a high proportion of
cholesterol, sphingolipids, and glycosylphosphatidylinositol
(GPI)-bound proteins [33]. Epididymosome membranes have
similar composition, and rafts in sperm have been postulated
to be binding sites for them [34, 35]. The exchange of lipids
and protein materials with the sperm is one mechanism that

could confer or change their functionality during epididymal
transit [36–38].

The ganglioside GM1 is a sialic acid–containing glycosphin-
golipid that is primarily found in the outer leaflet of plasma
membranes and can be found in many tissues but is most
studied in the nervous system where it is relatively highly
abundant. Gangliosides are known to participate in cell–
cell recognition, adhesion, and signal transduction specifically
within membrane raft domains [39]. Like other glycosphin-
golipids, gangliosides are primarily synthesized in the endo-
plasmic reticulum and modified in the Golgi apparatus by
sequential addition of sugar moieties to a lipid backbone.
This process is catalyzed by a series of specific glycosyltrans-
ferases, with five required for synthesis of GM1 [40]. The
process begins with the ceramide backbone, and then, sugar
residues are added onto the product of each previous step.
The enzymes involved are ceramide glucosyltransferase (Glc-
T), galactosyltransferase I (GalT-I), sialyltransferase I or GM3
synthase (ST-I), N-acetylgalactosaminyltransferase I or GM2-
synthase (GalNAc-T), and galactosyltransferase II or GM1-
synthase (GalT-II) [41].

We previously identified a novel mechanism of lipid reg-
ulation of calcium channels in sperm that, in turn, regulate
acrosome exocytosis (AE) [42]. Both the removal of sterols
and focal enrichments in GM1 can trigger calcium transients
through the voltage-gated calcium channel CaV2.3, priming
the sperm to undergo AE in response to calcium waves [42,
43]. The location of GM1 on the sperm head is conserved
across mice, cattle, and humans [44, 45], and different patterns
of GM1 localization in response to stimuli for capacitation
have been found to be predictive of male fertility in humans
[46, 47]. Knowing that this glycosphingolipid plays key roles
in sperm function, we set out to better characterize its local-
ization in the epididymis.

The objectives of this study were to (1) characterize the
localization of GM1 in the murine epididymis, (2) deter-
mine the source and factors controlling GM1-enriched vesicles
observed in the epididymis, and (3) determine whether sperm
were being enriched with GM1 during epididymal transit.

Here, we investigate a surprisingly dramatic segmental
localization of GM1 in the murine epididymis and characterize
its cell type and sub-cellular localization in vesicles. Through
the use of mouse models that do not produce mature sperm
and experiments involving efferent duct ligation (EDL), we
demonstrate that this segmental localization is dependent
upon a lumicrine factor that itself depends upon the presence
of normal spermatogenesis in the testis. Furthermore, we
confirm through differential gene expression analysis prior
findings that loss of lumicrine factors results in global de-
differentiation of the proximal epididymal segments. Lastly,
we report that surface localization of GM1 on sperm increases
as sperm transit from segment 2 to segment 3. Together, these
data provide novel insights into segment-specific organization
and function of the epididymis and sperm maturation in the
epididymis.

Materials and methods

Reagents and animals

All reagents were purchased from Sigma unless otherwise
noted. Wild-type C57BL/6 mice were bred onsite or obtained
from The Jackson Laboratory (Bar Harbor, ME, USA).
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Figure 1. Segmental localization of GM1 in the murine epididymis. (A) Tissue section of the murine epididymis treated with CTB-488 to label GM1,
revealing enriched localization in segment 2. (B) Difference in CTB-488 fluorescence pattern between segments 1, 2, and 3 in the epididymis. (C)
Diagram of segmental organization of the epididymis (adapted from Johnston et al., 2005) [13].

A knockout mouse model of MutS homolog 4 (MSH4−/−) and
a hypomorph mouse model of thyroid receptor interacting
protein 13 (Trip13gt/gt) were generous gifts from Dr. Paula
Cohen and Dr. John Schimenti at Cornell University,
respectively. All animal procedures were performed under
the guidelines of the Institutional Animal Care and Use
Committee at Cornell University (protocol 2002-0095).

Tissue handling for frozen tissue sections

Epididymides were obtained after euthanasia by cervical dislo-
cation. Epididymides were dissected free of connective tissue,
blood vessels, and fat and rinsed in phosphate-buffered saline
(PBS). Tissues were blotted dry with KimWipes and allowed
to equilibrate in Tissue-Tek OCT compound (Sakura Finetek
USA, Torrance, CA, USA) for 5 min at room temperature in a
small petri dish. Tissues were then blotted dry from excess
OCT compound with a KimWipe and placed into plastic
cryomolds and filled with fresh OCT compound. Molds were
placed in a −80◦C freezer overnight. No fixation or cryopro-
tective methods were performed on the tissues.

Tissue sections were cut on a Microm HM 50 5E cryo-
stat set at −21◦C at 5 μm thickness and thaw-mounted
onto Fisher SuperFrost Plus charged slides (Fisher Scientific,
Waltham, MA, USA). Slides were placed on a 37◦C warm plate
overnight and then immediately used for direct fluorescent
labeling of GM1 or indirect immunofluorescence.

Direct fluorescent labeling of GM1 with cholera
toxin

To label GM1, cryosections were rehydrated with three
washes of PBS, 5 min each. Tissue sections were outlined
with a hydrophobic pen. The binding subunit of cholera
toxin conjugated to Alexa Fluor 488 (CTB-488, Invitrogen
Molecular Probes, Eugene, OR, USA) was reconstituted with
PBS to a concentration of 1 mg/ml. CTB-488 was then diluted
1: 100 in PBS and applied to the rehydrated tissue sections
for 1 h at room temperature, protected from light in a humid
chamber. Next, the sections were washed three times with
PBS, 5 min each and mounted with VectaShield antifade
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mounting medium (Vector Laboratories, Burlingame, CA,
USA).

Epididymal cell type markers

Tissue sections were rehydrated with three washes of PBS,
5 min each, and then blocked with 1% bovine serum albumin
(BSA, w/v) in PBS for 30 min at room temperature. Primary
antibodies that are specific for distinct epididymal cell types
were diluted in 1% BSA blocking solution and applied to
sections overnight at 4◦C. For labeling principal cells, anti-
Aquaporin 9 antibody (AQP-009, Alomone Labs, Jerusalem,
Israel) was diluted at 1:100 [48, 49]; for basal cells, anti-
cytokeratin 5 antibody (ab53121, abcam, Waltham, MA,
USA) was diluted at 1:1000 [50, 51]; and for clear cells,
anti-V-ATPase B1 antibody (PA5–101951, Invitrogen Life
Technologies, Carlsbad, CA, USA) was diluted at 1:100 [52].
Sections were washed three times with PBS, 5 min each, and
appropriate secondary antibodies were used at 1:200 dilutions
for 1 h at room temperature. Slides were washed three times
with PBS, and then, CTB-488 1:100 was applied as above.
Slides were washed three times with PBS, 5 min each, and
Hoechst was applied at 1:10 000 dilution for 5 min. Slides
were washed three more times with PBS and mounted with
VectaShield antifade medium.

Efferent duct ligation

The EDL procedures were performed on 8–10-week-old
C57BL/6 mice under isoflurane anesthesia. A midline
abdominal incision was made, and the testis, epididymis, and
fat pad were externalized. Using a dissecting microscope, the
efferent ducts were located and ligated with 4–0 PDS suture
just before they entered segment 1 of the epididymis, with
care to avoid ligating blood vessels. A sham procedure was
performed on the contralateral epididymis of each animal
that involved externalizing the testis, epididymis, and fat
pad and locating the efferent ducts through the dissecting
scope, but no ligation was performed. The incision was closed
by suturing the abdominal wall (4–0 PDS), and then, tissue
glue was applied to close the skin. The animals were treated
with buprenorphine for analgesia and housed individually
following the procedures. At 3 weeks post-EDL, animals
were euthanized by cervical dislocation and epididymal tissue
was collected and processed for direct fluorescence labeling
of GM1 or for segment isolation for RNA extraction and
sequencing.

Epididymal segment isolation

Mice were euthanized by cervical dislocation. Epididymides
were immediately removed, and excess fat was trimmed using
sharp dissection. They were placed in cold PBS on ice and
then positioned and immobilized by pinning them with 1-
in. 30-gage needles. The tunica covering the epididymis was
removed using sharp dissection under a dissecting microscope.
Once the tunica was removed, the epididymides were again
placed in cold PBS and blunt dissection was used along the
plane of the septae delineating the individual segments so the
single tubule passing between segments could be visualized
through the dissecting microscope. This portion of the tubule
was then cut to separate the segments from one another.
Segments used for RNA extraction were immediately placed
in RNAlater solution and stored at 4◦C for 24–48 h until
RNA extraction was performed or were moved to −80◦C for

long-term storage. Segments used for sperm collection were
immediately transferred to fresh PBS.

RNA extraction and sequencing

The RNA extraction was performed using TRI Reagent LS
(Molecular Research Center, Inc., Cincinnati, OH, USA). The
RNA sequencing was performed on samples of epididymal
segments 1, 2, and 3 of the epididymis on control epididymides
without EDL (C1, C2, C3) and 3 weeks after EDL (L1, L2,
L3). Tissue samples of each epididymal segment were pooled
from two mice during RNA extraction to increase RNA yield
of each segment and to minimize variation between segment
isolations and individual animals. A total of 12 pooled sam-
ples were sequenced, 2 from each segment and condition.
Library preparation and sequencing were performed by the
Transcriptional Regulation & Expression Facility at Cornell
University in Ithaca, NY. Briefly, directional RNA-seq libraries
were prepared from 500 ng total RNA using the NEBNext
Directional Ultra II RNA Library Prep Kit for Illumina (New
England Biolabs, Ipswich, MA, USA), with initial polyA+
isolation with the NEBNext Poly(A) mRNA Magnetic Iso-
lation Module (New England Biolabs, Ipswich, MA, USA).
Sequencing was performed on a NovaSeq 6000 (Illumina, Inc.,
San Diego, CA, USA) targeting 20 M raw reads per sample.
Reads were trimmed for low quality and adaptor sequences,
and mapped to the Mus musculus genome GRCm38/mm10.
RNA extraction, library preparation, and sequencing were
performed in two batches, each containing one replicate of
each sample listed above.

Differential expression analysis

Differentially expressed genes (DEGs) analysis was performed
on all data using the DESeq2 R package [53] controlling for
batch (library preparation and sequencing run) and condition
(ligated or control) to compare gene expression between com-
bined segments 1, 2, and 3 without ligation (control, samples
C1, C2, C3) and after EDL (ligated, samples L1, L2, L3).
Separate analyses were performed to compare each individual
non-ligated (control) segment with its ligated counterpart [i.e.,
segment 1 ligated (L1) compared to segment 1 control (C1)],
by running DESeq2 and controlling for batch (library prep
and sequencing) and group (C1, C2, C3, L1, L2, or L3) and
then setting contrasts to compare L1 to C1, L2 to C2, and L3
to C3. DESeq2 provides statistical routines for determining
differential expression in digital gene expression data by using
a model based on a negative binominal distribution. The
resulting p-values from the Wald test were adjusted using
Benjamini and Hochberg’s approach for controlling the false
discovery rate [53]. Genes with absolute fold change |fc| ≥ 2
and an adjusted p-value (q-value) < 0.05 as calculated by
DESeq2 were considered differentially expressed.

Functional enrichment analysis using DAVID and
enrichment map

The acquired DEG lists were filtered for protein coding genes
and then analyzed for gene set enrichment with the DAVID
[54, 55] tool using functional annotation databases of Gene
Ontology and KEGG pathways and setting the species to
M. musculus. Based on microscopy results that showed a
shift in GM1 localization after EDL (a sharp decrease in
GM1 localization in segment 2 and a modest increase in GM1
localization in segment 1), we analyzed lists of downregulated
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DEGs in segment 2 and upregulated DEGs in segment 1. The
EASE score (modified Fisher exact p-value of enrichment) was
set to 0.1. A functional enrichment network was built based
on DAVID output charts of gene-set enrichment genes that
were upregulated in segment 1 and downregulated in segment
2 and filtered for terms that included “lipid” or “ganglioside”
using the Enrichment Map [56] app in Cytoscape [57] (version
3.9.1).

GM1 quantification on sperm heads

Epididymal segments were isolated as described above from
WT mice (n = 9 mice). To isolate sperm from the individual
segments, each segment was individually minced in 500 μl PBS
and sperm were allowed to seep out from the minced tissue for
15 min. The liquid was collected and centrifuged at 100× g
for 1 min in a swinging bucket rotor in a 15 ml conical tube
to pellet tissue debris. The supernatants containing the sperm
were moved to 14 ml round-bottomed tubes, resuspended in
an additional 500 μl PBS, and centrifuged at 400× g for 8 min
to pellet sperm. A set volume of supernatant was carefully
removed without disturbing the loose sperm pellet, leaving the
sperm in 300 μl of PBS. The sperm pellet was resuspended in
this remaining volume of PBS and 1 μl of CTB-488 (1 mg/ml)
was added to the tube. The tube was incubated in a 37◦C
water bath and protected from light for 20 min before imaging
on the Olympus FluoView 3000 microscope with the 100×
objective (n = 221 sperm from segment 1; n = 217 sperm from
segment 2; n = 183 sperm from segment 3). All sperm within
a given experiment were imaged using the same objective and
settings for laser power, gain, and zoom.

Analysis was performed using ImageJ by cropping each
image to the smallest rectangle that included the sperm head.
Integrated density of the cropped image was measured. A
portion of the background visible in this cropped image was
also measured for integrated density and then multiplied by
the area of the image and subtracted from the original inte-
grated density yielding a more accurate measurement of CTB-
488 signal coming from each sperm head by removing the
background signal that varied across images. These corrected
integrated densities were then compared across the segments
by performing one-way ANOVA.

Experiments examining the effects of 4 h incubation were
performed by collecting sperm from individual segments as
described above (n = 5 mice), immediately imaging aliquots
of sperm from each segment after 20 min of incubation with
CTB-488, and allowing the other half of the sperm sample
to incubate in a modified Whitten medium (MW; 22 mM
HEPES, 1.2 mM MgCl2, 100 mM NaCl, 4.7 mM KCl, 1 mM
pyruvic acid, 4.8 mM lactic acid hemi-Ca2+ salt, pH 7.35)
[58] supplemented with 5.5 mM glucose. This is a non-
capacitating medium as no mediators of sterol efflux were
added for these experiments and was used to maintain sperm
for 4 h at 37◦C before they were incubated with CTB-488 for
20 min and then immediately imaged. Analysis was performed
as described above, and the integrated density of the CTB-
488 fluorescence between sperm isolated from one segment
and sperm isolated from that same segment after 4 h of
incubation was compared by using Student t-tests (n = 125
for segment 1 sperm with no incubation and n = 116 for
segment 1 sperm after 4 h incubation; n = 121 for segment
2 sperm with no incubation and n = 95 for segment 2 sperm
after 4 h incubation; and n = 102 for segment 3 sperm with

no incubation and n = 105 for segment 3 sperm after 4 h
incubation).

Image acquisition and image analysis

Imaging was performed on an Inverted Olympus FV3000 con-
focal microscope (Olympus, Center Valley, PA, USA). Multi-
area tile scans were used to capture large areas of tissue sec-
tions and then stitched together using the Olympus FluoView
3000 software FV31S-SW (version 2.4.1.198). Integrated den-
sity measurements were performed in ImageJ [59] [version
1.51 (100)], and calculations were performed with Microsoft
Excel (version 16.72).

Experimental design and statistical analysis

GM1 localization was examined in the epididymis of WT mice
by labeling frozen tissue sections with CTB-488 (n = 10 mice).
Frozen tissue sections of the epididymides of azoospermic
mouse models (n = 3 mice) were labeled with CTB-488 to
confirm that GM1 was present in the absence of sperm. The
EDLs were performed on WT mice (n = 11 mice), and frozen
tissue sections of the whole epididymis were made 1 week
post-EDL (n = 1 mouse), 2 weeks post-EDL (n = 1 mouse),
and 3 weeks post-EDL (n = 5 mice), and the remaining ani-
mals (n = 4 mice) were used for epididymal segment isolation
for RNA extraction and sequencing 3 weeks post-EDL.

To quantify GM1 on sperm extracted from individual epi-
didymal segments, first, segments 1, 2, and 3 were isolated
from the epididymides of WT mice (n = 9 mice) and sperm
were collected from each of the segments and then labeled
with CTB-488. To assess whether passage of time had an effect
on the amount of GM1 on the sperm from individual segments,
epididymal segments were isolated from WT mice (n = 5 mice)
and sperm were extracted and incubated for 4 h prior to CTB-
488 labeling.

Statistical analysis to compare the quantity of GM1 on
the heads of sperm collected from epididymal segments 1, 2,
and 3 was performed using one-way ANOVA with multiple
comparisons to compare segments 1 and 2, segments 1 and 3,
and segments 2 and 3. Unpaired t-tests were used to compare
one individual segment without and with a 4 h incubation. All
statistical calculations were performed using GraphPad Prism
(version 6 for Windows, La Jolla, CA, USA).

For this study, we use the term “vesicle” to describe
the small GM1-enriched structures observed via microscopy
within epididymal epithelial cells and within the epididymal
lumen that can interact with sperm.

Results

GM1 localization in the epididymis and factors
controlling its localization

The GM1 was highly localized to segment 2 of the caput region
of the mouse epididymis (Figure 1) and, as noted below, was
also found in the efferent ductules. Within segment 2, GM1
was present in vesicles that were seen within the cells of the
epithelium and in the lumen (Figure 2). The vesicles ranged
in size up to 500 nm; limitations in resolution for confocal
microscopy do not allow accurate detection or measurement
of vesicles smaller than ∼200 nm [60, 61]. Antibodies were
used as cell markers for principal cells, clear cells, and basal
cells (Figure 3). Anti-Aquaporin 9 (Figure 3A4) and anti-V-
ATPase B1 (Figure 3B4) both labeled cells that were also



D.M. Sosnicki et al., 2023, Vol. 109, No. 6 869

Figure 2. Detection of GM1-enriched vesicles in a cross section of an epididymal tubule in segment 2. (A) CTB-488 was used to label GM1-enriched
vesicles. (B) Hoechst was used as a DNA stain. (C) Merged channels showing CTB-488 and Hoechst staining. (D) Magnified image of the rectangular
inset in (C) that shows labeled GM1 in vesicles (arrows) within epithelial cells and in the lumen with sperm heads.

labeled with the CTB-488 signal, indicating that principal
cells and clear cells produce or contain GM1-enriched vesi-
cles. Note that these antibodies show which types of cells
contain the GM1-enriched vesicles. We are not claiming co-
localization between these markers and GM1 within these
cells. Anti-keratin 5 labeled cells had no signal from CTB-488
(Figure 3C4), indicating that basal cells did not produce or
contain GM1-enriched vesicles.

To assess whether the GM1-enriched vesicles could be orig-
inating from the sperm, such as cytoplasmic droplets that are
shed from the sperm during epididymal transit, instead of the
epididymal epithelium, we checked the GM1 localization in
the epididymis of two different azoospermic mouse models
(Figure 4). GM1 was still detected in the absence of sperm,
but its localization in both azoospermic mouse models was
altered from that in WT mice. The MSH4−/− mouse model
(Figure 4A) had relatively high localization of GM1 in segment
2, although the segments in these mice were shaped differently
than in WT mice; however, compared to WT, GM1 was not
as sharply confined to one specific segment, and there was

also increased labeling in adjacent segments 1 and 3 when
compared to WT. The Trip13gt/gt mouse model (Figure 4B)
had GM1 localization in a smaller area of the epididymis when
compared to the MSH4−/− mouse, and most of the GM1 was
localized to segment 1. The presence of GM1-enriched vesicles
in the epididymides of these models even in the absence of
sperm in the lumen suggested that they were originating from
the epididymal epithelium.

GM1 localization in the epididymis after EDL

To confirm that the vesicles were not originating from the
testes and traveling in the luminal fluid apart from the sperm,
and to determine whether the factor controlling GM1 localiza-
tion in the epididymis was lumicrine or endocrine in nature,
we performed EDLs on WT mice so that we could assess
the GM1 localization in the epididymides of WT mice with
fully functioning testes undergoing complete spermatogenesis,
but without any sperm or luminal fluid factors entering the
epididymis from the testis. Successful ligation was confirmed
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Figure 3. Cross sections of an epididymal tubule in segment 2. IIF was performed using antibodies for cell-specific marker (A1, B1, C1) cells with specific
staining for each marker on select individual cells are shown with arrow; CTB-488 was used to label GM1-enriched vesicles (A2, B2, C2); and Hoechst
was used as a DNA stain (A3, B3, C3). Far right images (A5, B5, C5) are magnified images of the rectangular insets in the merged images (A4, B4, C4).

by microscopy via the lack of sperm in the epididymal lumen
of the caput and proximal corpus on the frozen tissue sections.
Additionally, it was noted that the ligated epididymis was
smaller than the contralateral epididymis that only received
the sham procedure. The tissue sections were labeled with
CTB-488, and the control epididymis had consistent localiza-
tion of GM1 in segment 2, as was seen in the WT mice without
any procedures and was expected (Figure 4C). In contrast,
the ligated epididymis of each animal showed altered GM1
localization (Figure 4D). Localization of GM1 was no longer
confined to segment 2 of the epididymis, and instead, GM1
was detected more proximally, with increased localization in
segment 1 of all mice observed.

RNA sequencing and differentially expressed genes
analyses in the epididymis

Based on our microscopy results after EDL, we performed
RNA sequencing to determine if we were seeing gene
expression changes in segments 1–3 of the epididymis that
could account for the change in GM1 localization. The RNA
sequencing results showed a clear difference between control
samples from segments 1, 2, and 3 of non-ligated epididymides
indicating that segments were cleanly isolated with minimal
contamination from adjacent segments. Principal component
analysis (PCA; Figure 5) indicated that samples C1, C2, and
C3, which were isolated from non-ligated epididymides,
plotted more distinctly from one another, but samples L1,
L2, and L3, which were isolated from ligated epididymides,
clustered more closely together indicating that gene expression
became more similar between segments after ligation was
performed.

When comparing DEGs from ligated segments 1, 2, and 3
to control segments 1, 2, and 3, 1578 DEGs were identified
(Supplementary Table S1). Of these, 1115 were protein coding
genes (Supplementary Figure S1A). Of the protein coding
genes, 922 were downregulated (ligated compared to control)
and 193 were upregulated.

When comparing DEGs from ligated segment 1 to
control segment 1, 4067 DEGs were identified (Supplemen-
tary Table S2). Of these, 3226 were protein coding genes
(Supplementary Figure S1B). Of the protein coding genes,
1386 were downregulated (ligated compared to control) and
1804 were upregulated.

When comparing DEGs from ligated segment 2 to
control segment 2, 1322 DEGs were identified (Supplemen-
tary Table S3). Of these, 1089 were protein coding genes
(Supplementary Figure S1C). Of the protein coding genes,
770 were downregulated (ligated compared to control) and
319 were upregulated.

When comparing DEGs from ligated segment 3 to
control segment 3, 395 DEGs were identified (Supplemen-
tary Table S4). Of these, 349 were protein coding genes
(Supplementary Figure S1D). Of the protein coding genes,
305 were downregulated (ligated compared to control) and
44 were upregulated.

Functional enrichment analysis

To better attempt to determine the cause of the change in
GM1 localization we observed via microscopy, we focused our
functional analysis on the genes that were downregulated in
segment 2 (where there was a decrease in GM1 localization)
and genes that are upregulated in segment 1 (where there

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad120#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad120#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad120#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad120#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad120#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad120#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad120#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad120#supplementary-data
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Figure 4. Tissue sections of the caput epididymis treated with CTB-488
to label GM1. (A) GM1 localization in MSH4−/− azoospermic mouse. (B)
GM1 localization in Trip13gt/gt azoospermic mouse model. (C) GM1
localization in non-ligated, sham-operated surgical control epididymis of
WT mouse 3 weeks after surgery. (D) GM1 localization in the contralateral
epididymis, which underwent EDL, 3 weeks after the surgical procedure.

Figure 5. The PCA plot of RNAseq data from epididymal segments 1–3
after EDL (samples L1, L2, L3) and control segments (non-ligated)
(samples C1, C2, C3). Results indicate a de-differentiation of the
segments in response to EDL and are similar to previous findings in the
rat by Turner et al [24].

was an increase in GM1 localization). Functional analysis in
DAVID returned 22 annotation clusters based on the genes
that were upregulated in segment 1 after ligation (Supple-
mentary Table S5) and 13 annotation clusters based on the
genes that were downregulated in segment 2 after ligation
(Supplementary Table S6), indicating that there was a robust
response to ligation and the removal of all lumicrine factors
and sperm from the luminal environment of the epididymis.
The network map produced by filtering for results that related
to lipids and/or gangliosides (Figure 6) shows that many of the
same processes that are downregulated in segment 2, as shown
in red, are upregulated in segment 1, as shown in blue.

GM1 quantification on sperm heads

We hypothesized that these GM1-enriched vesicles could be
adding GM1 to the sperm during epididymal transit; therefore,

Figure 6. Large-scale changes in processes involving lipids based on
differential expression of genes in response to EDL. Genes involved in
processes that were upregulated in segment 1 are color-coded as blue
nodes and lines connecting overlapping gene sets. Genes involved in
processes that were downregulated in segment 2 after ligation are
color-coded as red nodes and lines connecting overlapping gene sets.
The node sizes are proportional to the number of genes that were in our
dataset for each functional gene set term. Note the very broad impacts
upon lipid biology in these segments upon loss of exposure to the
lumicrine factor(s). Lipid biosynthesis increased overall in segment 1 after
EDL, and genes involved in lipid glycosylation decreased in segment 2
after EDL.

we developed a method to quantify the GM1 on the sperm
isolated from the segment having GM1-enriched vesicles (seg-
ment 2), as well as the adjacent segments (segments 1 and
3) (Figure 7). There was a statistically significant increase of
GM1 on sperm heads collected from segment 3 versus segment
1 (p = 0.02) and on sperm heads collected from segment 3
versus segment 2 (p = 0.001) (Figure 7D). Although these
data reflected an increase in the amount of surface GM1
capable of being bound by CTB as sperm move spatially from
segment 1 to segment 3, we also wanted to consider that
there could be a temporal factor responsible for this increase;
therefore, we incubated sperm isolated from each segment
for a period of 4 h at 37◦C to see whether there would be
an increase in surface labeling of GM1. After this incubation,
we observed a significant increase in GM1 in sperm collected
from segment 2 (p = 0.02) (Figure 7E). We also observed a
significant increase in GM1 in sperm collected from segment
3 after incubation (p = 0.02). In contrast, we observed a
decrease in GM1 between sperm from segment 1 and sperm
from segment 1 after a 4 h incubation (p = 0.02) (Figure 7E).

Discussion

Our findings provide important new insights into segmental
physiology and function of the epididymis and sperm matura-
tion within the epididymis. We revealed that GM1 was highly
localized in vesicles produced by epithelial cells in segment 2
of the mouse epididymis, that both this segmental localization
and segmental differentiation based on gene expression in the
caput epididymis as a whole were dependent on lumicrine

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad120#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioad120#supplementary-data
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Figure 7. Representative images of CTB-488 labeling on sperm heads isolated from (A) segment 1, (B) segment 2, and (C) segment 3. For the purposes
of quantification, integrated density of CTB-488 fluorescence was measured from images such as these, and used to (D) quantify the amount of GM1
present in the sperm heads from each segment. A one-way ANOVA was performed and showed a significant increase in GM1 after sperm transited
through segment 2. Error bars show standard error of the mean. ∗p < 0.05, ∗∗p < 0.01. (E) CTB-488 fluorescence was used to quantify the amount of
GM1 present on the sperm heads collected from each segment immediately after collection and after a 4 h incubation. T-tests were performed and
showed a significant increase in GM1 after sperm incubation for segments 2 and 3 (after sperm were in segment 2) and a significant decrease after
incubation in segment 1. Error bars show standard error of the mean. ∗p < 0.05.

signaling factors arising from testes supporting spermatogen-
esis and that these GM1-enriched vesicles contributed to GM1
incorporation into the sperm during epididymal transit.

Using high-magnification confocal microscopy, we observed
GM1-enriched vesicles exclusively in principal cells, clear
cells, and the lumen of segment 2. This finding is consistent
with previous literature indicating that principal cells and
clear cells in the caput are the primary cell types producing
epididymosomes [62] and is also consistent with prior
literature showing GM1 in membrane raft sub-domains of
caput EVs in cattle, although segmental localization was not
noted [63].

To determine whether the GM1-enriched vesicles derived
from the epididymal epithelium or from the sperm, possibly
as shed cytoplasmic droplets, we first examined two different
azoospermic mouse models. Epididymides from Trip13gt/gt

mice [64] and MSH4−/− mice [65], which both contain genetic
mutations that stop meiosis from reaching completion, both
showed GM1 localization in the absence of mature sperm.

However, the GM1 localization was altered compared to WT
mice. Instead of being restricted to segment 2, we found that
GM1 was localized in multiple segments in the MSH4−/− mice
and with relatively increased localization in segment 1 in the
Trip13gt/gt mice. Although these models showed that GM1
localization in the epididymis did not depend on the presence
of mature sperm, they left open the question of whether
the localization was under endocrine control, given that the
androgen profiles of these mice have not been characterized.
It has previously been suspected that inadequate crosstalk
between developing male germ cells and Leydig cells can result
in perturbations to normal androgen levels and behaviors
[66]. Because these models were not undergoing complete
spermatogenesis and their androgen profiles have not been
fully assessed, we next wanted to evaluate whether the factor
controlling GM1 localization was lumicrine or endocrine in
nature. Therefore, we performed EDL on WT mice to keep the
endocrine environment intact but remove potential lumicrine
factors.
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After EDL, we saw that the GM1-enriched vesicles were still
present in the absence of sperm, but the GM1 localization had
again been altered, with GM1-enriched vesicles in segments 1
and 2. These data are consistent with the presence of one or
more lumicrine factors that are produced by a testis that sup-
ports complete spermatogenesis. Although it has been known
for decades that lumicrine factors play a role in epididymal
development, and it has been shown in the rat that removal
of these lumicrine factors via EDL causes a de-differentiation
to occur across segments [24], most lumicrine factors remain
unidentified. In fact, the first testis-derived lumicrine factor
was only recently identified in 2020 [67]. Although identi-
fication of the lumicrine factor at work here is beyond the
scope of this set of studies, segmental GM1 localization pro-
vides an easily accessible marker of differentiation for those
future studies. This finding also provides a new approach
for isolation of segment-specific vesicles, as a step toward
understanding segment-specific physiology. We hypothesize
that these GM1-enriched vesicles are a subpopulation of EVs,
possibly epididymosomes, that originate from the epithelial
cells lining segment 2 of the murine epididymis and aid in
sperm maturation as sperm transit through segment 2 and are
able to interact with them. In accordance with the guidelines
of the International Society for Extracellular Vesicles (ISEV)
[68], the term “extracellular vesicle” is preferred by the ISEV
when an isolated sample has not been further analyzed for EV
subtypes (i.e., exosome, microvesicle, etc.).

Gene expression changes in response to EDL

Our RNA sequencing results show many DEGs in each of
the first three epididymal segments as a result of EDL, with
many more being identified when the transcriptome changes
are analyzed on a segmental level. The mouse epididymal
transcriptome was previously reported using microarray anal-
ysis [13], and the effect of EDL on the proximal segments in
the rat also based on microarray analysis was reported by the
same group [24]. Our findings are the first report of the effect
of EDL in the proximal segment of the mouse using next-
generation sequencing and show a de-differentiation response
similar to that reported in the rat after EDL [24]. Despite
our current lack of complete understanding of epididymal
regulation, it is clear that lumicrine factors play a substantial
role in maintaining the distinct luminal milieus in each of
the epididymal segments that are necessary for the sequential
changes that are needed for proper sperm maturation. Our
data show a larger impact (more DEGs) on segment 1 than
on segment 2 and on segment 2 than on segment 3. These
comparisons indicate that lumicrine factors may play an even
larger role regulating the most proximal epididymal segments,
compared to more distal ones.

Despite observing a substantial change in segmental local-
ization of GM1 after EDL, the relative changes in RNA tran-
script expression associated with GM1 production did not rise
to the top of the lists based on significance or enrichment.
This finding suggests a global de-differentiation and not one
specific to the production of gangliosides. To explore the
cause of the change in GM1 localization, we focused our
functional analysis on the gene set enrichment resulting from
the genes that were downregulated in segment 2 and genes that
are upregulated in segment 1 and filtered for terms related
to lipids and gangliosides. From the network (Figure 6), it
is evident that many of the processes have opposite gene
regulation responses in segment 1 and segment 2, as evidenced

by the nodes and connecting edges that appear red for gene
sets that are based on downregulated gene lists from segment
2 and nodes and connecting edges that appear blue for gene
sets that are upregulated in segment 1 (Figure 6).

The gene set within this filtered network that had the
highest number of genes was “lipid metabolic process” with
131 input genes contributing to it. This indicates that there
are many biological processes related to lipid metabolism that
are being affected by EDL. Also noteworthy is the gene set
for lipid biosynthesis, which is only enriched by upregulated
genes in L1, as shown by the node and connecting edges only
being blue (Figure 6). This shows that there is an increase
of lipid synthesis occurring in segment 1 after ligation and
may partially explain the increased localization of GM1 that
we observe by microscopy and direct fluorescent labeling,
although there are clearly many other lipid-related changes
beyond the scope of GM1 localization that are occurring.

Ganglioside biosynthesis involves specific glycosyltrans-
ferases that transfer specific sugar residues to a proper
lipid or oligosaccharide moiety. Of the genes responsible
for the production of these transferases, only B4GALNT-1,
which codes for GM2-synthase, was differentially expressed
in any of our segment comparisons. It was downregulated
in L1 compared to C1, which is unexpected because L1 has
an increased expression of GM1-enriched vesicles. Because
none of the other genes in the pathway were differentially
expressed, the change in GM1 production/localization was
likely due to some other perturbation of the system.

Cholera toxin preferentially binds to GM1 and does
not have a strong affinity for other gangliosides [69]. It
is possible that upregulation of neuraminidase expression
led to cleaving off the sialic acid residue of GM1 thereby
decreasing our ability to detect it using CTB-488. Of the four
mammalian neuraminidases, only Neu1 and Neu2 were
differentially expressed in our samples, unexpectedly being
upregulated in L1. However, Neu3 has been shown to act
most strongly on gangliosides [70], whereas Neu1 and Neu2
have other targets that we would not have observed changes
in with our use of CTB-488.

Although our sequencing data did not pinpoint a specific
perturbation of the GM1 synthesis pathway or a catabolic
pathway to explain our observed response to EDL, the func-
tional analysis results make clear that many genes related to
lipid processes were regulated differentially. These findings
suggest that screening for changes in other lipids/glycosph-
ingolipids should be undertaken beyond GM1, or the typical
focus on proteins. It is also possible that although expres-
sion of specific genes in the GM1 synthetic pathway did not
change, there were changes at the level of translation/protein
abundance or other factors that modified the activity of the
relevant enzymes; these are inherent limitations in interpreting
the functional effects of changes in expression of specific RNA
transcripts.

Increase in sperm surface GM1 by segment

Surface labeling of GM1 increased in sperm isolated from the
spatial segments after they had completed passage through
segment 2, the segment containing high concentrations of
GM1-enriched vesicles, and there was also an increase in
surface labeling of GM1 after incubation of sperm that had
entered or passed through segment 2. We hypothesize that one
function of these vesicles may therefore be to enrich sperm in
GM1 during epididymal transit. The increases from segments
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1 to 3 and from 2 to 3 are consistent with our hypothesis that
sperm are exposed to the GM1-enriched vesicles upon entering
segment 2 during their epididymal transit. These vesicles are
then able to bind to the sperm plasma membrane and transfer
the GM1.

However, multiple alternative explanations for the increased
surface labeling of GM1 exist and must be considered. The
first could be that the GM1 was already present but was
not properly oriented in the outer leaflet of the plasma
membrane for CTB-488 to bind it. It has been reported
that membrane cholesterol can induce a tilt in the glycolipid
receptor headground that renders cholera toxin unable to bind
to it [71]. This would be consistent with plasma membrane
fluidity increasing as sperm transit through the epididymis
[29]. However, our experiments comparing the amount of
surface-labeled GM1 before and after a 4 h incubation showed
significant increases in GM1 after incubation, and these were
performed in a defined medium that did not include mediators
of sterol efflux. Also, this increase in GM1 was not observed
after incubation of sperm from segment 1, which had not
yet been exposed to the GM1-enriched vesicles present in
segment 2.

The next alternative explanation for the increase in labeling
upon incubation in vitro could be that the sperm from segment
1 were undergoing AE more than sperm from segments 2 or
3. To test this possibility, we performed Coomassie staining
(data not shown) to assess whether sperm from each segment
were undergoing AE during the 4 h incubation. We found that
rates of spontaneous AE slightly increased as sperm moved
from segment to segment, making any apparent increases
in surface GM1 a conservative estimate and rendering this
possible explanation unlikely.

Yet another alternative could be de novo synthesis of GM1 in
the sperm. This is highly unlikely, as sperm lack the machinery
(e.g., the endoplasmic reticulum), necessary to carry out this
process. The next alternative mechanism is that GM1 could be
present in internal stores of the sperm as they leave the testis
and is being trafficked to the outer leaflet of the plasma mem-
brane. Similarly, there is no evidence suggesting that there are
intracellular vesicles moving between membranes within the
sperm, such as between the acrosome and plasma membrane.
Lastly, GM1 might not be present in internal stores, but might
be associated with the inner leaflet. The action of floppases—
enzymes that transport lipids from the inner to outer leaflet—
could newly externalize GM1. This mechanism cannot be ruled
out by our current data, but is unlikely given that in most cells,
GM1 associates with the outer leaflet of the plasma membrane
and only faces inward in intracellular membranous structures
directly involved in trafficking GM1 to the plasma membrane
after it is synthesized in the endoplasmic reticulum or after
endocytosing EVs.

Together, our findings suggest that GM1-enriched vesicles
transferred GM1 to the sperm. There is still much to learn
about this interaction and transfer, which will be a focus for
future studies. The first possible mechanism for transfer is that
sperm could be endocytosing vesicles containing GM1, and
then trafficking GM1 to the sperm plasma membrane, similar
to how other cell types might acquire vesicles containing GM1.
This is unlikely as sperm lack the endocytic machinery that
would be necessary, and there is lack of evidence for any
intracellular vesicles that would be capable of moving GM1
from one membrane to another.

Second, there could be some mechanism that allows for
the CTB-488 to be able to bind GM1 on the sperm surface
more efficiently. In one variation of this mechanism, contact
with the vesicles might lead to changes in membrane fluid-
ity and GM1 orientation as described above, enabling more
binding with CTB. Another variation is that there could be an
“unmasking” of GM1 that occurs during epididymal transit. It
is known that components of seminal plasma are able to mask
GM1 on ejaculated sperm [72], and there may be a component
of testicular fluid that masks GM1 in a similar way but is
removed during epididymal transit.

The third possible explanation, which we think the most
likely, is that GM1 is being added to the sperm plasma mem-
brane by GM1-enriched EVs binding to the sperm surface
and transferring GM1 directly to the plasma membrane via a
transient fusion model, whereby small amounts of membrane
from the EVs are transferred to the sperm plasma membrane.
It is already known that EVs in the epididymis bind to sperm
in this manner to transfer lipid, proteins, and microRNAs [29,
34, 73–75]. Additionally, GM1 is enriched in membrane raft
domains, which may serve a targeting function [35], as well
as binding sites, for the EVs. In this mechanism, GM1 facing
inward in the EV, would, upon fusion, be facing the sperm
cytoplasm and would reside on the inner leaflet. As the sperm
restored membrane bilayer asymmetry through the actions of
flippases, floppases, and/or scramblases, the GM1 would then
move to the outer leaflet. This mechanism would be consistent
with both the need for contact with the EVs in segment 2 and
why after that contact, incubation in a defined medium with
no lipid acceptors would result in an increase in outer leaflet
localization.

Conclusions and future directions

To our knowledge, this is the first report of a possible sub-
population of epididymal vesicles (likely epididymosomes)
originating from a single segment of the murine epididymis.
Further characterizations of these vesicles enriched in GM1
at the lipidomic and proteomic levels, as well as studies on
sperm membrane trafficking, will enhance our knowledge of
epididymal segmental physiology and provide new insights
into sperm maturation in the epididymis. Our gene expression
data also provide important insights into lumicrine control of
segmental differentiation and epididymal function. Together,
this knowledge can lead to improved assisted reproductive
technologies across taxa and help identify potential contra-
ceptive targets.
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Supplementary data are available at BIOLRE online.
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