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a b s t r a c t
Felid spermatozoa are sensitive to cryopreservation-induced damage, but functional losses can be mitigated by post-thaw swim-up or density gradient processing methods that selectively recover motile or
structurally-normal spermatozoa, respectively. Despite the importance of sperm energy production to
achieving fertilization, there is little knowledge about the inﬂuence of cryopreservation or post-thaw processing on felid sperm metabolism. We conducted a comparative study of domestic cat and cheetah
sperm metabolism after cryopreservation and post-thaw processing. We hypothesized that freezing/
thawing impairs sperm metabolism and that swim-up, but not density gradient centrifugation, recovers
metabolically-normal spermatozoa. Ejaculates were cryopreserved, thawed, and processed by swim-up,
Accudenz gradient centrifugation, or conventional washing (representing the ‘control’). Sperm glucose
and pyruvate uptake, lactate production, motility, and acrosomal integrity were assessed. Mitochondrial
membrane potential (MMP) was measured in cat spermatozoa. In both species, lactate production, motility, and acrosomal integrity were reduced in post-thaw, washed samples compared to freshly-collected
ejaculates. Glucose uptake was minimal pre- and post-cryopreservation, whereas pyruvate uptake was
similar between treatments due to high coefﬁcients of variation. In the cat, swim-up, but not Accudenz
processing, recovered spermatozoa with increased lactate production, pyruvate uptake, and motility
compared to controls. Although confounded by differences in non-speciﬁc ﬂuorescence among processing methods, MMP values within treatments were positively correlated to sperm motility and acrosomal
integrity. Cheetah spermatozoa isolated by either selection method exhibited improved motility and/or
acrosomal integrity, but remained metabolically compromised. Collectively, ﬁndings revealed a metabolically-robust subpopulation of cryopreserved cat, but not cheetah, spermatozoa, recovered by selecting
for motility rather than morphology.
Published by Elsevier Inc.

Introduction
Despite extensive research to optimize sperm cryopreservation
protocols for the domestic cat [1] and various wild felids [2], freezing/thawing causes signiﬁcant damage to these cells [3–6]. The
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degree of cryo-injury is particularly severe in the cheetah and
other species that produce teratospermic ejaculates containing
high proportions of sperm pleiomorphisms [7–12]. In such cases,
thawed spermatozoa consistently exhibit reduced motility and
decreased proportions of cells with intact acrosomes [3–12]. This
cellular damage is linked to disruption of sperm membranes from
osmotic stress during freezing, thawing, and/or cryoprotectant
removal [9,13–15]. It is possible that the physiological stress experienced by spermatozoa during cryopreservation also disrupts
cellular metabolism. For example, one recent investigation of epididymal spermatozoa from the domestic cat determined that mitochondrial membrane potential (MMP) declined rapidly after
cryopreservation and post-thaw washing [16]. Sperm MMP also
is impaired in frozen-thawed ejaculates from the human [17], boar
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[18], ram [19], stallion [20], bull [21], and elephant [22]. Such published observations reinforce the need to explore the impact of
cryopreservation on metabolic function of felid spermatozoa. Our
recent studies of the domestic cat and cheetah have provided an
understanding of baseline sperm metabolism (i.e., metabolism of
freshly-collected ejaculates) for these felids and have revealed
intriguing species differences in metabolic function [23–25]. In
both species, sperm glucose metabolism was minimal, while rates
of pyruvate uptake and lactate production were correlated positively to cellular function (i.e., sperm motility, acrosomal integrity,
and/or normal morphology) [24]. Sperm MMP was essential for
lactate production [25], and these metabolic indicators were substantially reduced in cheetah compared to domestic cat ejaculates
[24,25].
Although being a potential source of osmotic stress, post-thaw
removal of sperm cryoprotectant [26] provides an opportunity to
isolate functionally-normal spermatozoa. For example, sperm
‘swim-up’ into fresh medium increases the proportions of motile,
structurally-intact cells in cat ejaculates [27,28] and improves
sperm morphology in cryopreserved cheetah samples [29]. Evidence in other mammals indicates that, in addition to improved
motility and/or morphology, spermatozoa isolated by selective
processing also exhibit high metabolic rates. In the ram, density
gradient processing of thawed ejaculates improves sperm MMP
[19], whereas swim-up processing has the same inﬂuence on bull
spermatozoa [20] and increases oxygen consumption by 20-fold
in freshly-ejaculated human semen [30]. While either approach
could enhance metabolic function in thawed felid ejaculates,
swim-up processing (targeting vigorous, motile cells with high
rates of ATP production) [31–33] might be expected to recover
the most metabolically-robust spermatozoa. By contrast, density
gradient processing (targeting cells with normal morphology)
may be less effective, because it is known that metabolism can
be impaired in structurally-normal cheetah spermatozoa [24].
Our general aim was to determine the impact of cryopreservation and post-thaw processing on the metabolic function of felid
spermatozoa. This novel approach compared two species (domestic cat and cheetah) for which baseline patterns of sperm metabolism are well-characterized [23,24]. Because felid sperm
metabolism is inﬂuenced both by teratospermia [24] and species
physiology [23–25], domestic cats previously known to produce
low proportions of structurally-normal spermatozoa [24] were included for comparison with the teratospermic cheetah. To assess
the inﬂuence of cellular function versus morphology, metabolism
was assessed in thawed spermatozoa selected on the basis of
motility (swim-up) or normal morphology (density gradient). We
hypothesized that the metabolism of cat and cheetah spermatozoa,
speciﬁcally rates of pyruvate and lactate utilization, would be impaired by cryopreservation. Given the known differences in cryosensitivity and baseline metabolism in spermatozoa from these
species, we expected sperm metabolic cryo-damage to be more
severe in the cheetah compared to the domestic cat. We also predicted that a subpopulation of thawed spermatozoa in each species
would exhibit robust metabolic function (similar to baseline values) and would be recovered more effectively by isolating motile
rather than normal-appearing cells.

Materials and methods
Animals
All animal procedures were approved by the National Zoological
Park’s Animal Care and Use Committee (ACUC) and similar committees of the White Oak Conservation Center (WOCC) and the
San Diego Zoo Safari Park (SDZSP). Electroejaculates were collected
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from domestic cats and cheetahs using methods described below.
For the former, a total of 16 semen samples were recovered from
ﬁve adult males (ages, 1.5–8 yr) that were known to consistently
produce either normospermic or teratospermic ejaculates
[23–25]. Teratospermia has been described previously in felids
and is deﬁned as the ejaculation of <40% structurally-normal spermatozoa [34]. Three normospermic cats were used to produce ﬁve
ejaculates (1–2/individual) and two teratospermic males produced
ﬁve samples (2–3/individual). Three additional ejaculates were collected from one male in each group for the optimization of Accudenz density gradients (described below). The management
protocol for domestic cats maintained at the Smithsonian Conservation Biology Institute (SCBI, Front Royal, VA) has been described
in detail [24].
Electroejaculates (1/individual) were collected from 11 adult
cheetahs (ages, 2.5–10 yr). These animals were managed at the
Cheetah Conservation Fund (CCF, Otjiwarongo, Namibia, n = 9),
WOCC (Yulee, FL, n = 1), or the SDZSP (Escondido, CA, n = 1). Males
at CCF and the WOCC were wild-caught and captive-born, respectively, and maintained under previously described protocols
[24,29]. The male at SDZSP was captive-born and managed with
two male siblings off-exhibit in a 1300 m2 outdoor enclosure and
fed a commercial carnivore diet (Natural Balance Pet Foods Inc.,
Pacoima, CA).
Semen collection
A surgical plane of anesthesia was induced in domestic cats and
cheetahs according to protocols determined by institutional veterinarians for these species [29,35]. Semen was collected using a rectal probe of 1 cm (domestic cat) or 1.9 cm (cheetah) in diameter
and an electrostimulator (P.T. Electronics, Boring, OR) as described
previously [24,36]. A sample of raw semen containing 2  105
spermatozoa was ﬁxed in 0.3% glutaraldehyde in phosphate-buffered saline for assessment of sperm morphology according to previous descriptions for our laboratory [9,24,36].
Sperm processing and metabolic assessments
Each ejaculate was diluted immediately with an equal volume
of a chemically-deﬁned, protein-free, modiﬁed mouse tubal ﬂuid
medium (cMTF) [37] supplemented with 2% polyvinyl alcohol
(PVA) [38]. The cMTF medium was prepared as described previously [24] and contained 98.4 Mm NaCl, 4.78 mM KCl, 1.19 mM
MgSO4, 1.19 mM KH2PO4, 25 mM NaHCO3, 1.71 mM CaCl2, 1 mM
glucose, 1 mM Na-pyruvate, 25 mM 3-(N-morpholino) propanesulfonic acid (MOPS) buffer and 0.02 mg/mL phenol red. Sperm concentration was determined using a Nucleocounter SP-100
(Chemometec, Allerød, Denmark) [39]. Osmolality of the ﬁnal cMTF
medium (300–345 mOsm) was determined using a vapor pressure
osmometer (Wescor, Inc., Logan, UT) and was within 10% of the
physiological value of domestic cat semen (323 mOsm).
A sample containing 3  106 motile spermatozoa was removed from each diluted ejaculate, washed by centrifugation for
8 min (300g for domestic cat, 100g for cheetah), resuspended in
fresh cMTF, and then incubated (37 °C) in the dark in a microcentrifuge tube (3  106 motile sperm/ml) under oil to prevent evaporation, as described previously [24]. Assessments of sperm
percentage motility (% M), forward progression (FPS), and acrosomal integrity were made at 0, 1, 3, 5, and 7 h of incubation. However, the low percentages of spermatozoa recovered in samples
processed by swim-up or gradient centrifugation (see below) precluded sampling at more than three time points. Therefore, data
obtained at 1 and 5 h were omitted from analysis. Motility was
assessed visually (200), and FPS was rated on a 0–5 scale, with
a rating of ﬁve equivalent to most rapid, linear progress [36]. A
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sperm motility index was calculated using the formula (%
M + (FPS  20)  2) [28]. Spermatozoa (2  105 cells) were ﬁxed
in 4% paraformaldehyde and stained with Coomassie Blue G-250
(Fisher Biotech, Springﬁeld, NJ) to evaluate acrosomal integrity,
as described previously [7,40].
Glucose and pyruvate uptake and lactate production also were
assessed at each time point, and metabolic rates were calculated
from substrate concentrations at 0, 3, and 7 h of incubation. To
determine metabolic substrate concentrations, medium samples
(110 ll) were centrifuged for 8 min (1000g) through a CoStar
Spin-X 0.22-lm nylon ﬁlter tube (Corning Incorporated, Corning,
NY) and stored at –80 °C until analysis using a HK/G6PDH (glucose), or LDH (pyruvate and lactate) ﬂuorescence assay, as
described previously [24,41]. Rates of substrate utilization were
calculated as the change in medium substrate concentration over
time divided by sperm concentration.
Sperm cryopreservation
After removing a sperm sample for metabolic assessment, the
remainder of each diluted ejaculate was cryopreserved in 4% glycerol as described previously [7,29]. Brieﬂy, each diluted ejaculate
was centrifuged for 8 min (300g domestic cat, 100g cheetah),
resuspended in TEST-yolk buffer (TYB) refrigeration medium without glycerol (Irvine Scientiﬁc, Santa Ana, CA), and cooled slowly
(3.5 h) in a water bath from ambient temperature (19–22 °C) to
4 °C. After cooling, an equal volume of TYB containing 8% glycerol
(prepared as a 1:2 mixture of refrigeration medium and TYB with
12% glycerol, Irvine Scientiﬁc) was added in a step-wise manner
over 30 min (1=4 volume at 0 min, 1=4 volume at 15 min, and ½ volume at 30 min). Samples were loaded into 0.25-ml plastic straws
(Veterinary Concepts, Spring Valley, WI) with a ﬁnal sperm concentration of 60  106 motile spermatozoa/ml, frozen in liquid
nitrogen vapor (1 min at 7.5 cm and 1 min at 2.5 cm above
liquid nitrogen), and then plunged directly into liquid nitrogen.
Samples were stored in liquid nitrogen until thawing (2 days to
30 months).
Comparison of post-thaw processing methods
Cryopreserved straws were thawed individually for 10 s in air
(19–22 °C) followed by immersion in a 37 °C water bath for 30 s
[7,29]. Each straw was dried, and its contents emptied into a sterile
microcentrifuge tube. After thorough mixing, sperm motility, acrosomal integrity, and morphology were assessed as described
above. Each sample was divided among three processing treatments: (1) wash, (2) swim-up, and (3) Accudenz density gradient.
For wash and swim-up treatments, 100 ll of the thawed sample
was diluted to 1 ml by the slow, drop-wise addition of cMTF medium [29]. Each washed sample was centrifuged for 8 min (100g),
the supernatant removed, and the pellet resuspended in 500 ll of
cMTF medium. Each swim-up sample was centrifuged as above,
the supernatant removed, and the sperm pellet gently overlaid
with 100 ll of cMTF medium. These samples were maintained at
ambient temperature for 45 min in the dark to allow motile spermatozoa to enter the supernatant. The top 90 ll of supernatant
was removed and diluted to 500 ll in fresh cMTF.
For the Accudenz treatment, 100 ll of thawed sperm solution
was gently layered on top of a 4–10% (wt/vol) discontinuous density gradient in cMTF (except for domestic cat samples, described
below) [29]. The Accudenz gradient was created by layering
100 ll of 10% solution underneath 500 ll of 4% solution in a microcentrifuge tube. After adding the sperm sample, each gradient was
centrifuged for 8 min (100g). The entire suspension formed three
distinct layers after centrifugation: (1) the top layer (predominantly composed of TYB), (2) the interphase layer containing

motile spermatozoa (except for domestic cat samples, described
below), and (3) the bottom layer containing non-motile cells. The
interphase (80 ll) was removed and diluted to 500 ll. To recover
sufﬁcient Accudenz and swim-up processed spermatozoa for metabolic assessments, treatments were replicated in separate microcentrifuge tubes (3–5 replicates/treatment for each thawed
ejaculate, depending on the ejaculate volume available) and combined before determining sperm concentration. For each processing treatment, the combined sample was diluted to a standard
concentration (3  106 motile spermatozoa/ml), and ﬁnal volumes
ranged from 0.5 to 1.4 ml. Processed samples were incubated
(37 °C) and motility, forward progression, acrosomal integrity,
and metabolic rates were evaluated at 0, 3, and 7 h, as described
above. A volume of sample (containing 2  105 cells) was
removed at the start of incubation for assessment of sperm morphology, as described above.
Sperm mitochondrial membrane potential (MMP) of domestic
cat samples was evaluated immediately post-thaw and after processing at 0, 3, and 7 h of incubation. Cheetah sperm MMP was
not assessed because too few spermatozoa were recovered from
swim-up and Accudenz treatments. Additionally, a recent study
from our laboratory demonstrated that MMP values of fresh cheetah ejaculate are extremely low [24], suggesting that it would be
impossible to detect differences among post-thaw treatments for
this species. At each time point, 48 ll of domestic cat sperm suspension were removed, combined with 2 ll of 12.5 nM MitoTrackerÒ Red CMXRos (Molecular Probes, Inc., Eugene, OR) in cMTF
(0.5 nM ﬁnal concentration), and incubated (1 h at ambient temperature) in the dark. To quantify MMP, 100 spermatozoa per ejaculate were individually analyzed (400) using a BX40 ﬂuorescence
microscope (Olympus America Inc., Center Valley, PA, 555 nm excitation) and a Sensicam qe high performance camera (Cooke Corp.,
Romulus, MI) and IP Lab v4.04 software (BD Biosciences, Rockville,
MD). Spermatozoa with MMP values below the background ﬂuorescence threshold were considered to have non-functional mitochondria. The presence of sperm structural abnormalities in MMP
samples was recorded as described previously [25], with each spermatozoon classiﬁed as being one of the following ﬁve morphotypes: structurally-normal, midpiece droplet, ﬂagellar droplet,
spermatid, and ‘other.’ The ‘other’ category included less common
abnormalities (head deformities, malformation of the midpiece or
ﬂagellum) that collectively represented 610% of spermatozoa in
domestic cat ejaculates.
Accudenz gradient optimization for domestic cat spermatozoa
Initial attempts to process domestic cat samples by Accudenz
density gradient centrifugation resulted in very low sperm recovery (<5%), compared to percentages of cheetah spermatozoa recovered by the same method in this study and previously (25%) [29].
This double layer gradient (4–10%) centrifugation for 8 min (300g)
method resulted in a high concentration of motile spermatozoa in
the pellet, suggesting that the density of the medium was below
that needed to localize these cells in the target interphase layer.
Therefore, we tested the efﬁcacy of a triple layer gradient
(4–10–30%) and reduced centrifugation speed (100g). This higher
concentration was chosen because a 12–30% discontinuous Accudenz gradient has been successfully used to recover motile spermatozoa in the chicken, with the cells isolated from the interface
between the two layers [42,43]. Cryopreserved sperm samples
from two domestic cats (one normospermic, the other teratospermic, n = 3 ejaculates per male) were thawed as above. Each thawed
sample was mixed thoroughly, and the total volume (90–150 ll)
was divided equally among three centrifugation treatments: (1)
double gradient at 300g, (2) triple gradient at 300g, (3) triple gradient at 100g. Double gradients were prepared as described above.
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Triple gradients were prepared using 200 ll each of 4%, 10%, and
30% (wt/vol) Accudenz in cMTF. The solutions were added to the
microcentrifuge tube in order of increasing density, with each
new layer added underneath the previous. After centrifugation,
each layer was transferred to a new tube (in the order of interphase, top, and bottom layer) and assessed for sperm motility index and percent recovery. Sperm morphology and acrosomal
integrity also were evaluated in the interphase layer. The interphase was considered to be the volume at the interface of the 4%
and 10% solutions for the double gradient, or the 10% and 30% solutions for the triple gradient.

Table 1
Characteristics of domestic cat* post-thaw sperm samples recovered from Accudenz
density gradients. Error bars represent means ± SEM.
Parameter

Chemicals
All reagents were purchased from Sigma Aldrich (St. Louis, MO)
except enzymes (LDH, GPT, HK, and G6PDH) that were obtained
from Roche Applied Science (Indianapolis, IN) and Accudenz, which
was from Accurate Chemical and Scientiﬁc Corporation (Westbury,
NY).

Density gradient
Double

Triple

Triple, low speedà

Interphase (target layer)
Sperm recovery (%)
Sperm motility index
Intact acrosomes (%)
Normal sperm morphology (%)
Macro/microcephaly (%)

4 ± 7a
32 ± 5a
34 ± 6
54 ± 4
12 ± 1a

24 ± 7a
40 ± 5a,b
43 ± 6
65 ± 4
4 ± 1b

70 ± 7b
48 ± 4b
43 ± 6
52 ± 4
3 ± 1b

Top layer
Sperm recovery (%)
Sperm motility index

2 ± 4a
35 ± 7

3 ± 4a
25 ± 7

18 ± 4b
39 ± 7

Bottom layer and sperm pellet
Sperm recovery (%)
Sperm motility index

94 ± 7a
53 ± 5

73 ± 7a
42 ± 5

12 ± 7b
44 ± 5

*

n = 2 males, 3 ejaculates per male.
8 min at 300g.
à
8 min at 100g.
a,b
Within rows, values with different superscripts differed (P < 0.05).

Statistical analyses
Data were analyzed with statistical analysis software (SAS) version 9.1 (SAS Institute, Cary, NC), and percentage data were arcsine-transformed before evaluation. Within species, the inﬂuence
of post-thaw processing method was assessed at each time point
using a General Linear Model (GLM) [44], with sperm motility index, acrosomal integrity, metabolic rates, percent normal morphology (0 h only), mean MMP (domestic cat only), and mean percent
non-functional mitochondria (domestic cat only), included as response variables. Within domestic cats, the inﬂuence of teratospermia on sperm cryo-damage was investigated by testing for an
interaction between treatment (freshly collected or post-thaw
wash, swim up, or Accudenz) and group (normospermic or teratospermic) in a GLM that included all time points and response variables. Differences in MMP (0 h only) among sperm morphotypes
were assessed using a GLM with data for all processing treatments
combined. Accudenz gradient optimization data were analyzed
using a separate GLM for each gradient layer (top, interphase,
and bottom). Gradient type and male were considered class variables, and sperm percent recovery, motility index, acrosomal integrity (interphase only), and morphology (interphase only) were
included as response variables. When treatment effects were signiﬁcant, differences among means were evaluated using Duncan’s
Multiple Range Test. Pearson’s correlation was used to evaluate the
relationships among sperm motility index, acrosomal integrity,
and metabolic metrics. Results were considered signiﬁcant at
P < 0.05 and are reported as least-squares (LS) means ± SEM.
Results
Accudenz density gradient optimization for domestic cat spermatozoa
Although motile spermatozoa were recovered from all layers of
each gradient, most (P73%) were isolated from the pellet-containing bottom layer when centrifuged at 300g (Table 1). However
when the centrifugation speed was reduced (100g), the percentage
of spermatozoa recovered from the target interphase layer of the
triple gradient increased (P < 0.05) 3 to 20-fold (Table 1). Reduced
centrifugation speed also was associated with a 50% improvement (P < 0.05) in sperm motility index (SMI) compared to the
double gradient (Table 1). Acrosomal integrity (% IA) and percentages of structurally-normal spermatozoa were not different
(P > 0.05) among gradient treatments (Table 1). Primary head
abnormalities (i.e., macro/microcephaly) were more prevalent

(P < 0.05) in the double versus triple gradient (Table 1). Other malformations did not differ (P < 0.05) among gradient treatments
(data not shown). There was no interaction (P > 0.05) between
male and gradient treatment.
Comparison of post-thaw processing methods
Domestic cat
There was no interaction (P > 0.05) between treatment (freshly
collected or washed, swim-up, or Accudenz-processed) and
domestic cat group (normospermic or teratospermic) for SMI, lactate production (DL), glucose uptake (DG), sperm MMP, or the percentage of cells with non-functional mitochondria (% NFM). A
treatment/teratospermia interaction was observed (P < 0.05) for
acrosomal integrity (data not shown), and this reﬂected the known
sensitivity of teratospermic ejaculates to cryo-induced acrosomal
damage [8]. A treatment/teratospermia interaction also was
detected (P < 0.01) for pyruvate and was driven by higher rates of
uptake in teratospermic compared to normospermic post-thaw,
swim-up samples. However, coefﬁcients of variation for pyruvate
uptake of these samples were relatively high (17–140%), and this
pattern was not observed with respect to lactate uptake, which
was previously determined to be a more reliable indicator of sperm
function due to the inherent qualities of the corresponding ﬂuorescence assays [24]. Given the lack of a treatment/teratospermia
interaction for SMI, DL, DG, MMP, and % NFM, data from normospermic and teratospermic cats were combined for subsequent
analyses.
Cryopreservation and post-thaw washing of domestic cat spermatozoa resulted in decreased (30–70%, P < 0.05) SMI, % IA, and
DL compared to freshly-collected ejaculates (Fig. 1A–C). Although
values of pyruvate uptake (DP) were lower in washed versus
freshly-collected samples, this difference was non-signiﬁcant
(P > 0.05, Fig. 1D). Consistent with previous ﬁndings [24], sperm
lactate production was correlated positively (P < 0.05) to SMI and
% IA (Table 2), whereas DG was minimal and was not inﬂuenced
(P > 0.05) by cryopreservation or post-thaw processing (Sup.
Fig. 1A). Swim-up processing recovered metabolically-robust cells
with SMI, DL, and DP values that were increased (P < 0.05) compared to washed samples and similar to (P > 0.05) or greater than
(P < 0.05) corresponding values for freshly-collected ejaculates
(Fig. 1A, C, and D). There was no change (P > 0.05) in DL and DP
of swim-up samples after 3 h, indicating that normal metabolic
function was maintained for an extended time period (Fig. 1C
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Fig. 1. Sperm motility index (A), acrosomal integrity (B), lactate production (C), and pyruvate uptake (D) in domestic cat ejaculates before cryopreservation (open bar) and
after post-thaw processing by swim-up (lined bar), Accudenz (gray bar), or wash (black bar) methods. Within each time interval, bars with different superscripts differed
(P < 0.05). Error bars represent means ± SEM.

Table 2
Correlation coefﬁcient (r) values for metabolic indicators versus domestic cat or cheetahà sperm quality metrics after
cryopreservation.
Metabolic indicator

à

Sperm motility index

Intact acrosomes (%)

Domestic cat
Lactate production (nmol/106sperm/h)
Mitochondrial membrane potential
Non-functional mitochondria (%)

0.54c
0.25a
0.33b

0.55c
0.28b
0.27b

Cheetah
Lactate production (nmol/106sperm/h)

0.41c

0.25b

n = 5 males, 10 total ejaculates.
n = 11 males, 11 total ejaculates.
P = 0.07.
b
P < 0.05.
c
P < 0.0001.
a

B

40
35
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20
15
10
5
0

Non-functional
mitochondria (%)

Mitochondrial
membrane potential (×103)

A

100
80
60
40
20
0

0

3
Time (h)

7

0

3
Time (h)

7

Fig. 2. Sperm mitochondrial membrane potential (A) and percentages of cells with non-functional mitochondria (B) in domestic cat ejaculates after cryopreservation and
post-thaw processing by swim-up (lined bar), Accudenz (gray bar), or wash (black bar) methods. Error bars represent means ± SEM.

and D). Although swim-up processing increased (P < 0.05) % IA relative to washed samples, this improvement was not (P > 0.05) sustained after 0 h, and values remained reduced (P < 0.05) compared
to fresh ejaculates (Fig. 1B). In contrast to spermatozoa isolated by
swim-up, the subpopulation recovered by density gradient centrifugation experienced impaired cellular function (SMI, % IA, DL, and
DP) similar (P > 0.05) to washed samples (Fig. 1A–D).

Post-thaw processing did not inﬂuence (P > 0.05) sperm MMP or
% NFM (Fig. 2A and B). However, high levels of non-speciﬁc ﬂuorescence were observed in spermatozoa from washed and Accudenz
treated samples relative to swim-up counterparts (Sup. Fig. 2A–
C), possibly confounding a treatment effect. We suspected that
non-speciﬁc ﬂuorescence was related to the amount of cryopreservation buffer (TYB) carryover, which likely was minimal in
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Table 3
Correlation coefﬁcient (r) values for mitochondrial function versus domestic cat
sperm quality.
Non-functional mitochondria
(%)

SMI

% IA

SMI

% IA

NS
0.63a
0.59a

0.56a
0.48a
0.44b

NS
0.63a
0.51a

0.60a
0.47a
NS

Mitochondrial
membrane potential (×103)

SMI = sperm motility index, % IA = acrosomal integrity.
NS = not signiﬁcant (P > 0.05).
n = 5 males, 10 total ejaculates.
a
P < 0.05.
b
P = 0.07.
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5
0

Fig. 3. Sperm mitochondrial membrane potential in relation to cellular morphotype
for all domestic cat post-thaw processing treatments combined. Among sperm
morphotypes, bars with different superscripts differed (P < 0.05).

swim-up samples. We also observed high percentages (85–100%)
of spermatozoa with non-ﬂuorescent mitochondria immediately
post-thaw (data not shown), suggesting that high concentrations
of TYB inhibited MitoTrackerÒ staining.
When data from all sperm treatments were combined, both
MMP and % NFM were correlated (positively and negatively,

Sperm motility index

A 100
a

a

bb
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c

a

bb
c
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a,b
a,b
b

20
0

Lactate production
(nmol/10 6 sperm/h)

Discussion
Our investigation of cellular metabolism in cryopreserved felid
spermatozoa yielded four signiﬁcant discoveries. First, conventional cryopreservation protocols for felid spermatozoa not only

B 100

80

C

Cheetah
The inﬂuence of cryopreservation and post-thaw washing on
cheetah spermatozoa was consistent with results for the domestic
cat. Sperm SMI, % IA, and DL in washed samples was markedly
reduced (30–70%, P < 0.05) compared to freshly-collected ejaculates (Fig. 4A–C), and DP also appeared to decrease, although
non-signiﬁcantly (P > 0.05, Fig. 4D). Similar to results for cat spermatozoa, cheetah sperm DG was minimal before and after cryopreservation (Sup. Fig. 1B). Selective processing by swim up and
Accudenz methods increased (P < 0.05) SMI compared to washed
samples, but values remained decreased (P < 0.05) relative to fresh
ejaculates, and this improvement was not maintained after 3 h
(Fig. 4A). Similarly, Accudenz centrifugation improved (P < 0.05)
% IA compared to washed samples, but after 3 h there were no differences (P > 0.05) among processing treatments (Fig. 4B). Sperm
DL and DP were similar (P > 0.05) among all three processing
treatments (Fig. 4C and D). Finally, DL was correlated positively
with SMI and % IA (Table 2).
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Intact acrosomes (%)

Wash
Swim-up
Accudenz

Mitochondrial membrane
potential

Pyruvate uptake
(nmol/10 6 sperm/h)

Treatment

respectively, P < 0.05) to sperm motility and acrosomal integrity,
although the relationship between MMP and motility represented
a trend (P = 0.07, Table 2). Compared to sperm lactate production,
MMP and % NFM were less accurate predictors of motility and
acrosomal integrity (Table 2), likely due to the confounding inﬂuence of non-speciﬁc ﬂuorescence after MitoTrackerÒ staining.
Sperm MMP and % NFM were better correlated to motility and
acrosomal integrity when treatment groups were analyzed individually (Table 3), although certain relationships became nonsigniﬁcant due to the smaller sample sizes. Finally, consistent with
previous ﬁndings in freshly-collected cat and cheetah ejaculates
[25], MMP was greater (P < 0.05) in spermatozoa with a retained
cytoplasmic droplet at the midpiece or ﬂagellum compared to
other cellular morphotypes (Fig. 3).
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Fig. 4. Sperm motility index (A), acrosomal integrity (B), lactate production (C), and pyruvate uptake (D) in cheetah ejaculates before cryopreservation (open bar) and after
post-thaw processing by swim-up (lined bar), Accudenz (gray bar), or wash (black bar) methods. Within each time interval, bars with different superscripts differed (P < 0.05).
Error bars represent means ± SEM.
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impaired sperm motility and membrane integrity (as determined
previously [7,8]), but also disrupted pathways of cellular metabolism, as demonstrated by decreased rates of lactate production.
Second, despite an overall reduction in metabolic function of
post-thaw ejaculates, a subpopulation of domestic cat spermatozoa appeared to be unaffected by cryopreservation as indicated
by high rates of pyruvate uptake and lactate production. Third, in
contrast to the domestic cat, cheetah spermatozoa were unable
to sustain baseline metabolic proﬁles after thawing (despite using
an identical cryopreservation protocol), indicating species-speciﬁcity in metabolic cryo-sensitivity. Perhaps the mechanistic basis of
this ﬁnding is related to the more overt morphological deﬁcits of
spermatozoa from this genetically impoverished species [45–47].
Finally, we determined that it was possible to isolate the most metabolically-robust domestic cat spermatozoa post-thaw by targeting motile, rather than structurally-normal cells. Given the link
between sperm metabolism and cellular function [23–25], we predict that this subpopulation of thawed cells has the greatest chance
of achieving fertilization.
Although the extent of injury was different between domestic
cat and cheetah spermatozoa, our observations revealed that both
species experienced sperm metabolic cryo-damage. Therefore, felids appear to be similar to other mammalian species, including
in the human [17], boar [18], ram [19], stallion [20], bull [21],
and elephant [22], that produce ejaculates exhibiting impaired
post-thaw metabolism. The exact origin of this disruption remains
to be elucidated. However, it was important to consider that cryopreservation-induced stress to plasma membranes could cause
leakage of sperm glycolytic enzymes [48]. Therefore, we postulated
that sperm metabolic rates (measured by changes in medium glucose, pyruvate, and lactate concentrations) might falsely appear to
be increased post-thaw due to greater activity of enzymes released
into the medium. Cytoplasmic droplets (a common abnormality in
cat and cheetah spermatozoa [24,47]) are particularly susceptible
to post-thaw LDH leakage [48], and this could confound the use
of lactate production as an indicator of cellular quality in thawed
ejaculate. Nonetheless, there was no evidence of glycolytic enzyme
leakage from cat or cheetah spermatozoa. On the contrary, rates of
pyruvate and lactate metabolism were reduced (non-signiﬁcantly
in the case of pyruvate), and glucose uptake remained minimal
post-thaw. Furthermore, rates of lactate production were correlated positively to sperm motility, acrosomal integrity, and MMP.
This ﬁnding provides strong support of our previous studies
[23–25] and indicates that lactate production is a reliable metric
of sperm function in both the domestic cat and cheetah.
Although rates of lactate production revealed metabolic cryodamage in both the domestic cat and cheetah, we also identiﬁed
an important species difference in the extent of cellular injury. Unlike the domestic cat, metabolic function in cheetah spermatozoa
was uniformly impaired by cryopreservation and not improved
by selective processing via swim-up or density gradient centrifugation. Therefore, future efforts to improve the post-thaw function of
cheetah spermatozoa should focus on preventing damage to the
freshly-collected cells, perhaps by testing alternative cryoprotectants (e.g., non-permeating sugars [49]) or preservation approaches (e.g., vitriﬁcation [50]). Regardless, the revealed
differences re-emphasize the value of conducting cross-species
comparisons, and, for felids, the importance of the domestic cat
as a research model [8,23–25,28,35,51,52]. Besides determining
what reproductive mechanisms are conserved, this comparative
approach can identify unique traits for a given species that eventually may permit large-scale, systematic cryo-banking of germplasm. Because the present study demonstrated that a proportion
of domestic cat spermatozoa survived cryopreservation with their
metabolic machinery intact, this cellular subpopulation could be
especially useful for future research studies designed to

understand the key biological factors that contribute to sperm
cryo-survival.
The relatively high rates of substrate utilization in cat ejaculates
processed by swim-up versus Accudenz centrifugation conﬁrmed
our prediction that post-thaw sperm metabolic function was more
closely linked to cellular motility than morphology. Although impaired in teratospermic felids, sperm lactate production also is
compromised in freshly-collected cheetah ejaculates that contain
high proportions of structurally-normal spermatozoa [24]. We have
speculated [24] that disrupted metabolism could explain why even
structurally-normal spermatozoa from teratospermic ejaculates often are incapable of fertilization [27]. Furthermore, we previously
discovered important differences in sperm glycolytic [23] and oxidative metabolism [25] between the cat and cheetah that were related to species physiology rather than sperm morphology. For
example, sperm MMP was 95% lower in the cheetah compared
to both normospermic and teratospermic domestic cats [25]. Based
on these collective observations, one would expect metabolicallyrobust spermatozoa to be recovered post-thaw by isolating cells
on the basis of motility rather than structural integrity. Furthermore, results of the present study suggest that structurally-normal
cells are as susceptible to metabolic cryo-damage as their abnormal
counterparts. However, because only structurally-intact spermatozoa are capable of achieving fertilization [27], cellular morphology
remains an important consideration for optimizing post-thaw
sperm fertilizing potential. Indeed, it now appears that the most
effective cryopreservation and processing protocols should yield
post-thaw samples containing high proportions of structurally-normal, motile, and metabolically-robust cells.
In conclusion, our ﬁndings conﬁrmed that important differences
exist in gamete physiology among felids and in the inherent ability
of spermatozoa to retain metabolic function after cryopreservation.
In this case, cheetah spermatozoa, well known for a high incidence
of structural pleiomorphisms [45,47,53,54], was particularly susceptible to metabolic cryo-damage. In contrast, a proportion of
domestic cat spermatozoa retained normal metabolism after thawing, and perhaps this cellular subpopulation can provide clues for
improving sperm cryo-survival in other species or populations
with less vigorous ejaculate quality. Finally, our results conﬁrmed
that sperm metabolism, speciﬁcally the rate of lactate production,
is a reliable metric of cellular quality that can be applied to evaluate and enhance sperm cryo-survival.
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