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Mammalian sperm migration within the complex and dynamic
environment of the female reproductive tract toward the fertiliza-
tion site requires navigational mechanisms, through which sperm
respond to the tract environment and maintain the appropriate
swimming behavior. In the oviduct (fallopian tube), sperm
undergo a process called “hyperactivation,”which involves switch-
ing from a nearly symmetrical, low-amplitude, and flagellar beat-
ing pattern to an asymmetrical, high-amplitude beating pattern
that is required for fertilization in vivo. Here, exploring bovine
sperm motion in high–aspect ratio microfluidic reservoirs as well
as theoretical and computational modeling, we demonstrate that
sperm hyperactivation, in response to pharmacological agonists,
modulates sperm–sidewall interactions and thus navigation via
physical boundaries. Prior to hyperactivation, sperm remained
swimming along the sidewalls of the reservoirs; however, once
hyperactivation caused the intrinsic curvature of sperm to exceed
a critical value, swimming along the sidewalls was reduced. We
further studied the effect of noise in the intrinsic curvature near the
critical value and found that these nonthermal fluctuations yielded
an interesting “Run–Stop” motion on the sidewall. Finally, we
observed that hyperactivation produced a “pseudo-chemotaxis”
behavior, in that sperm stayed longer within microfluidic chambers
containing higher concentrations of hyperactivation agonists.
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The navigational mechanisms that regulate sperm migration
through the complex and dynamic physical and chemical

environments of the female reproductive tract to the site of fer-
tilization are poorly understood (1, 2). Over many years, studies
have revealed that the biophysical navigational cues for sperm
in the female tract include fluid flow (3–7), wall architecture
(8–12), ambient rheological properties such as fluid viscoelastic-
ity (13), and possible temperature gradients (14, 15). There is
also evidence that biochemical cues from the female tract serve
to modulate sperm migration (16). These may include chemoat-
tractants (17, 18), molecular triggers that change sperm flagel-
lar beating patterns (19–21), and sperm receptors on the
epithelium of the tract that anchor sperm (22–24).

The in vivo biochemical factors that transform sperm flagel-
lar beating patterns are not precisely known (16), but in vitro
exposure to certain chemical stimuli results in similar transfor-
mation of the flagellar beating pattern (25). Specifically,
exposure to certain chemical stimuli results in the rise of cyto-
plasmic Ca2+ in sperm (26, 27) through either activation of
CATSPER membrane ion channels and flux of exogenous Ca2+

ions into the flagellum (28, 29) or by mobilization of intracellu-
lar Ca2+ stores (30–32) or both. In turn, this rise of cytoplasmic
Ca2+ concentration results in an increase of asymmetry in the
flagellar beat cycle. This process is called “hyperactivation,”
and it is required for fertilization (33, 34), as it enhances the
ability of sperm to penetrate the matrix of the oocyte’s cumulus

oophorus and zona pellucida to reach the plasma membrane of
the oocyte (21). Furthermore, there is evidence that hyperacti-
vation assists sperm swimming through viscoelastic substances
in the female reproductive tract (35) and plays a role in detach-
ing sperm from epithelial cells in the oviduct (36). It has been
observed that hyperactivation is stimulated via a concentration-
dependent mechanism (21).

Although past findings have revealed roles that hyperactiva-
tion plays in supporting the success of fertilization, it remains
elusive whether this functional state of motility is directly
involved in sperm navigation within the female reproductive
tract. Accordingly, we hypothesized that hyperactivation influ-
ences sperm–sidewall interactions and thus regulates sperm
navigation via nearby wall architecture. Furthermore, we expected
this regulatory mechanism to be dependent on the concentration
of hyperactivation agonists.

Here, using microfluidic experimentation with bovine sperm as
well as theoretical and computational modeling, we investigated
the effect of hyperactivation on hydrodynamic sperm–sidewall
interactions in both standard and viscoelastic media. We used two
established pharmacological agents to trigger hyperactivation in
sperm: caffeine (25) and 4-aminopyridine (4-AP) (37). We dem-
onstrated that hyperactivation directly regulates sperm inter-
actions with sidewalls of our microfluidic reservoirs and thus
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navigation via physical boundaries. As a result of this concentration-
dependent regulatory mechanism, we observed a “pseudo-
chemotaxis” phenomenon in which sperm accumulated within
reservoirs with higher concentrations of hyperactivation agonists.
Our results revealed a potential role of hyperactivation in the
navigational response of sperm to biochemical cues within the
female reproductive tract.

Results
Quantitative Characterization of Hyperactivated Motility. Our micro-
fluidic device consisted of a main channel that was connected
by smaller channels to side circular reservoirs (Fig. 1A). The
diameter and height of the circular reservoirs were 600 and
30 mm, respectively. These dimensions were chosen to mimic
the generic high–aspect ratio geometry of the sperm swimming
environment in the female reproductive tract, specifically
microgrooves (4) and narrow spaces between mucosal folds
that line areas of the tract (SI Appendix, Geometry of Sperm
Environment within the Female Reproductive Tract). We further
explain the rationale for choosing a circular geometry in the
next section. These circular reservoirs were filled with a stan-
dard bovine sperm medium, Tyrode albumin lactate pyruvate

(TALP) medium (7), containing the agonist caffeine or 4-AP to
stimulate hyperactivation. Caffeine and 4-AP were chosen as
hyperactivation agonists because they have been used by vari-
ous laboratories to trigger hyperactivation in bovine and other
species of mammalian sperm (25, 36–38). In some experiments,
1% polyacrylamide (PAM) was also added to increase viscoelas-
ticity of the solution (39) to model the levels present in some
parts of the female reproductive tract (SI Appendix, Rheological
Properties of Standard and Viscoelastic Solutions). When we
injected diluted semen into the main channel, sperm showing
normal motility swam along the sidewalls of the main channel
and subsequently entered the reservoirs, where they became
exposed to a treatment. We should note that only progressively
motile sperm entered the reservoirs; immotile and weakly
motile sperm remained behind near the injection point.

Motility of freely swimming sperm in a standard (nonviscoe-
lastic) solution (TALP) with and without the treatment were
seen to be composed of two components, two-dimensional (2D)
flagellar beating (40) and sperm rolling about its longitudinal
axis (41, 42), as shown in Fig. 1B. Because quantifying the flagel-
lar beating pattern was challenging when sperm were rolling, we
first suppressed the rolling component by tethering the sperm
head to the bottom glass surface of the reservoir (Fig. 1C) to

Fig. 1. Characterization of hyperactivated motility. (A) The microfluidic reservoir. The diameter and height of reservoir are 600 and 30 mm, respectively.
(B) Sequential images of free sperm flagellar beating in the standard solution with 5 mM 4-AP. The time between two consecutive images is 0.08 s.
(C) Asymmetric flagellar beating of a tethered, 4-AP–treated sperm yields rotation about the tethering point. (D) Existence of a zeroth harmonic in the
frequency domain results in the flagellar asymmetry and thus the sperm’s angular velocity about the tethering point. (E) Xin increases with the concentra-
tion of treatments. (F) TR remained unchanged by 4-AP or caffeine. (G) Circular motion of sperm in viscoelastic (1% PAM) solution with and without
5 mM 4-AP. Rolling was suppressed in the viscoelastic solution. These images were obtained by combining consecutive images taken from sperm for 200
ms at 50 frames/s. (Scale bar, 50 mm.) Treatment with 5 mM caffeine or 4-AP increased sperm propulsive velocity (H) and circular path curvature in the vis-
coelastic solution (I). Units of Vp and jin are lm � s�1 and lm�1. *P value < 0.025 and **P value < 0.0001. These P values were obtained from two-tailed
t tests, with adjustments for multiple comparisons (Bonferroni correction).
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characterize the beating pattern (43). We observed that asymme-
try in the sperm flagellar beating yields a rotation about the teth-
ering point with a time-averaged angular velocity of Xin (Fig. 1C
and Movies S1 and S2). While measuring the bending in the
midpiece of the flagellum and taking its fast Fourier transform
(P�ðxÞ; Fig. 1D and SI Appendix, Sperm Flagellar Beating
Pattern), we observed that asymmetry in the flagellar beating pat-
tern is caused by existence of a zeroth harmonic (static compo-
nent) in the frequency domain of sperm flagellar beating (40).

To characterize transformation of sperm motility by caffeine
or 4-AP treatments, we selected a range of 0 to 5 mM of the
agonists, because our preliminary observations showed that, at
caffeine or 4-AP concentrations higher than 5 mM, more than
40% of sperm became immotile (SI Appendix, Motility of
Agonist-Treated Sperm). Measuring Xin for tethered sperm at 0
to 5 mM 4-AP or caffeine, we found that these agonists
increased Xin in a concentration-dependent manner (Fig. 1E).
According to our regression model with the least-squares
approach, Xin ¼ 0:15c2 þ 1:75 (R2 ≈ 0.95) for 4-AP and Xin ¼
0:14c2 þ 1:17 (R2 ≈ 0.96) for caffeine. Note that c represents
the agonist concentration in mM. In contrast, TR (the time
average of the time frames between two consecutive occur-
rences of rolling in a sperm) did not change in the nontethered
sperm in response to the treatments with 4-AP or caffeine
(Fig. 1F). Therefore, mammalian sperm hyperactivation involves
an increase of asymmetry in the flagellar beat and the corre-
sponding Xin without a significant change in rolling.

When we added 1% PAM to approximate viscoelasticity
levels in parts of the female tract (39), sperm rolling was
suppressed in most (>95%) sperm (SI Appendix, Motility of
Agonist-Treated Sperm). Therefore, in the viscoelastic fluid,
sperm swam in circular paths, the curvatures of which were
related to the level of asymmetry in the flagellar beating pattern
(40) (Fig. 1G). Upon hyperactivation, sperm propulsive velocity

Vp

� �
and circular path curvature jin ¼ Xin

�
Vp

� �
were increased

significantly (Fig. 1 H and I), which agrees with the results
shown in Fig. 1 E and F. For the sake of consistency, we refer
to the sperm intrinsic curvature as jin in the rest of the manu-
script. This term must not be confused with the average curva-
ture of the sperm flagellum. Note that sperm motility featured
frequent rolling in the standard solution with and without the
agonist treatment. This frequent rolling appeared to counteract
the effect of asymmetric beating by alternating the asymmetry
direction, which resulted in progressive motion in the majority
(>90%) of sperm with and without treatments (SI Appendix,
Motility of Agonist-Treated Sperm and The Effect of Rolling).

Effect of Hyperactivation on Sperm—Sidewall Interactions. Like
other microswimmers (44, 45), sperm physical interactions with
nearby walls influences its motion. We observed that in both
standard and viscoelastic solutions, with and without treat-
ments, sperm swam consistently close to (<5 mm) the bottom or
top surfaces, which agrees with previous studies. Because of
this consistent swimming in proximity to the bottom or top sur-
faces, sperm motion was effectively 2D. Based on previous
studies, hydrodynamic interactions between rolling sperm and
these surfaces results in a circular motion (SI Appendix, The
Effect of Bottom (Top) Surface on Sperm Motion). Note that this
circular motion is caused by sperm frequent rollings (42) and
should not be confused with the circular motion caused by
asymmetry in sperm flagellar beating. To characterize this circu-
lar motion caused by rolling, we measured the average curva-
ture of the circular motion in rolling sperm just before the
sperm contacted the sidewall of the reservoirs and, as our
measurements indicate, jR ¼ 0:860:3 × 10�3 lm�1. Since the
curvature of this circular motion is much lower than that of our
microfluidic reservoirs (jw ¼ 3:3 × 10�3 lm�1), we neglected

the effect of top or bottom surfaces on sperm motion and
developed simple 2D models to focus on sperm hydrodynamic
interactions with sidewalls. For clarity, we refer to sperm hydro-
dynamic interactions with sidewalls as sidewall interactions
throughout the manuscript.

In general, sperm–sidewall interactions result in stable swim-
ming along the walls, known as boundary-following motion (8).
Sidewall interactions, which are sensitive to the architectural
features of the wall, are known to contribute to sperm naviga-
tion in confined spaces, such as in the female reproductive tract
(4). According to our experimental measurements of sperm ori-
entation with respect to the sidewall (SI Appendix, Sperm-Wall
Interaction before Contact), we did not observe a substantial
change in the orientation before sperm contacted the sidewall.
Therefore, based on previous studies about hydrodynamic
interactions of sperm (or bacteria) with flat sidewalls (46, 47),
we developed a simple model to understand the governing
physical principles of sperm–sidewall interactions, as follows.
Once a high–aspect ratio swimming rod that represents a single
progressively motile sperm contacts a flat sidewall, it experien-
ces a rotation imposed by the sidewall i:e:, Xwð Þ, which depends
on the rod angle with respect to the line perpendicular to the
sidewall at the contact point ði:e:, uðtÞÞ, its propulsive velocity
ði:e:, VpÞ, and fluid properties such as viscosity (SI Appendix,
Sperm-Wall Interaction after Contact). Because of the linearity
of the Stokes equation, and as our simulations confirmed, Xw is
linearly correlated with Vp, and it can be written as

Xw ¼ Vp � g uð Þ: [1]

Note that gðuÞ has a dimension of curvature and describes the
dynamic of the rod rotation after contacting the sidewall. Com-
putational, theoretical, and experimental characterizations of
gðuÞ validate that sperm–wall dynamics are bistable with stabili-
ties u¼ p

2 , � p
2 and instability at u¼ 0 (SI Appendix, Sperm-

Wall Interaction after Contact). Consequently, sperm stably
swim along the sidewall after the contact so that the direction
of swimming in either u¼ p

2 or � p
2 direction depends on the ini-

tial incidence angle.
Corners (48), where two flat sidewalls meet, and the gradient

of sidewall curvature (49) influence the motion of a micro-
swimmer on a wall. We expanded our model to study sidewall
interactions in the vicinity of corners, where sperm experience the
weighted superimposed effects from both sidewalls (SI Appendix,
Sperm-Wall Interaction after Contact). Our expanded model sug-
gested that when a sperm that is swimming along a flat sidewall
encounters an acute angle corner, the sperm cannot pass across
the corner and thus fails to begin swimming along the adjacent
sidewall. However, as a corner’s angle increases and becomes
wide, sperm eventually pass across the corner, reorient to become
parallel to the adjacent sidewall, and begin swimming along it.
The time required for sperm to reorient at corners results in
slower motion and temporary accumulation of sperm within the
corner. However, sperm velocity and thus distribution are uniform
around a circular sidewall with zero gradient of sidewall curvature
and no corners. To experimentally verify the results obtained from
our model, we combined frames of the videos acquired from
sperm in the standard solution within triangular, square, pentago-
nal, hexagonal, and circular reservoirs and measured the optical
intensity of the sperm layer formed on the perimeter of each res-
ervoir. The optical intensity of the sperm layer verified the accu-
mulations of sperm at the corners and uniform distribution
around the circular sidewall (SI Appendix, Fig. S12).

To study the effect of hyperactivation on sidewall interactions, a
circular reservoir was chosen as it eliminated the temporary accu-
mulations and complexities associated with corners and curvature
gradients in the sidewalls. Accordingly, our observations are solely
caused by the influence of hyperactivation on sperm–sidewall
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interactions rather than geometrical features on the sidewall. Fur-
thermore, because the diameter of the circle (600 μm) was much
greater than sperm length (50 μm), we could approximate the
sidewall as a plane in our models of sperm–sidewall interactions.

In viscoelastic solutions, in which the rolling component was
suppressed, the curvature of the sperm’s circular path increased
with hyperactivation as expected (Fig. 2A). Consequently, fewer
wall contacts and interactions occurred with hyperactivation,
even after long periods of observation (∼10 min). For the sake
of simplicity, we first characterized sperm hydrodynamic inter-
actions with the sidewall when rolling was suppressed (SI
Appendix, Reciprocal Theorem and the Effect of Intrinsic
Curvature). Recalling that gðuÞ describes the dynamic of inter-
actions between progressive sperm and sidewall after contact,
g� uð Þ (Eq. 2) captures the influence of sperm intrinsic curva-
ture jinð Þ in the dynamic.

g� uð Þ ¼ g uð Þ þ jin 1þ l2g2 uð Þ� �
, [2]

where l is sperm length, and jin can be positive or negative
at the contact point. In Eq. 2, we neglected the effect of side-
wall curvature (jw) as jw ≪ ð2lÞ�1 . The defining potential func-
tion U uð Þ ¼ �∫ g� uð Þdu is bistable with one unstable ðuuÞ and
two positive and negative stable equilibrium points at us

(Eq. 3) that correspond to positive and negative values of Δj
(Fig. 2B):

us ¼ g�1 Δjð Þ,

Δj ≈
�1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4l2j2in

q
2l2jin

:
[3]

For Δj > 0, the sperm swims along the sidewall with a final ori-
entation of us with respect to the sidewall (Fig. 2C), and thus,

its averaged swimming velocity on the sidewall depends on Δj
(i.e., Vw ¼ Vpsinus ¼ Vpsin g�1ðΔjÞ� �

), whereas for Δj < 0 the
sperm detaches after temporarily swimming along the sidewall
with an angle of uout ¼ p

2�us (Fig. 2D). Interestingly, as the
sperm intrinsic curvature increases and j Δj j>max gðuÞf g, cir-
cular motion dominates the wall effect regardless of the curva-
ture’s sign at the contact point, and consequently the sperm
swims in circular paths with curvature of jin and negligibly
influenced by the sidewall (Fig. 2E). Therefore, for sperm with
intrinsic curvatures above a critical value (Eq. 4), the sidewall
interactions diminish and the sperm swim independently of
nearby sidewalls:

jC ¼max
g uð Þ

1þ l2g2 uð Þ
� 	

: [4]

While measuring Vw
�
Vp

for the sperm with Δj > 0 and uout for

the sperm with Δj < 0 (Fig. 2F), we found the critical value of
jC ¼ ð7:0860:83Þ × 10�3lm�1. In agreement with our prior
observations, 70 6 5% of sperm with 5 mM 4-AP treatment
and 60 6 7% with 5 mM caffeine treatment exhibited jin > jC,
as opposed to the control, in which 5 6 2% exhibited jin > jC.

To summarize, the sidewall interactions for nonrolling sperm
fall into four categories (Fig. 2G): 1) j jin j< jw, which results in
Δj > 0, and thus, there is stable swimming along the sidewall;
2) j jin j> jw with Δj < 0, which results in detachment after
temporarily swimming along the sidewall (Movie S3);
3) j jin j> jw with Δj > 0, which results in stable but slower
swimming as compared to 1) (Movie S4); and 4) wall-
independent swimming, which corresponds to jin > jC (Movie
S5). Treatment with 4-AP or caffeine, resulted in more sperm
falling into Category IV, in which a sperm’s circular motion
would not be influenced by its nearby physical side boundaries.

Fig. 2. Effect of hyperactivation on sperm–sidewall interactions. (A) Time projection of sperm motion in viscoelastic solutions with and without 5 mM
4-AP. These images were obtained by combining frames acquired from sperm (25 frames/s) within circular reservoirs over 1-min periods. (B) Modeling
sperm as a high–aspect ratio rod, the defining potential function of sperm–sidewall interactions is bistable, and sperm swimming behavior on the sidewall
depends on the magnitude and sign of its intrinsic curvature (Xin=Vp) at the contact point. x-axis, u, Xin, Vp, and Xw are depicted in the schematic. For
Δκ>0, a sperm swims along the sidewall (C), while for Δκ<0, a sperm detaches after a temporary retention on the sidewall (D). (E) For jin > jc, no swim-
ming along the sidewall occurs. Images shown in C, D, and E are obtained by combining four images taken from sperm at 100-ms intervals. (F) For Δj< 0,
sperm velocity on the wall, and for Δκ>0, detachment angle with respect to the intrinsic curvature. The solid red line is obtained from simulation, while
blue dots represent experimental measurements. Error bars are used to indicate the estimated error in a measurement. The units for uout and κin are
degrees and lm�1. (G) Four categories of sperm–sidewall interactions.
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Remarkably, unlike sperm in the control TALP solution,
agonist-treated sperm did not distribute uniformly around the
sidewalls; instead, irregular and sporadic accumulations were
observed with 5 mM 4-AP or 5 mM caffeine treatments (Fig. 3
A and B and Movies S6 and S7). Furthermore, the thickness of
sperm layers significantly increased with the treatment, which
indicates that the angle between sperm and the sidewall had
increased with onset of hyperactivation (SI Appendix, Sperm-
Wall Interaction with and without Treatments).

To understand the dynamic of sidewall interactions in the
standard solution, we emphasize that, in the standard solution,
sperm roll frequently, which repeatedly changes the sign of jin
at the contact point on the sidewall. We captured the frequent
rolling in our analysis with a function Π tð Þ, such that jin tð Þ ¼
ΠðtÞ � jin (Eq. 5 and SI Appendix, The Effect of Rolling).

g� u, tð Þ ¼ g uð Þ þΠ tð Þ � jin 1þ l2g2 uð Þ� �
, [5]

g� u, tð Þ ≈ g uð Þ: [6]

Note that Π t¼ 0ð Þ ¼ 1, and it multiplies by �1 at each inci-
dence of rolling, which yields Π tð Þ ≈ 0. Accordingly,
sperm–sidewall interactions alternate between Categories 2 and
3 (positive and negative Δj) with each incidence of rolling, and
stability shifts between us and p�us (or �us and us � pÞ fre-
quently. Frequent shifts between us and p�u (or �us and us �
pÞ push stability toward its mean value, which depends on jin
and approaches p

2 (or � p
2) as jin ! 0. In other words, frequent

rolling counteracts the influence of intrinsic curvature (13) and,
thus, reduces its time-averaged effect on the sidewall interactions
(Eq. 6 and SI Appendix, The Effect of Rolling). Therefore, rolling

sperm reorient after contact with the sidewall and swim along it
isotropically in both directions, depending on the initial sign of
Δj at the moment of contact (Fig. 3 C and D and Movie S6).

However, hyperactivated rolling sperm with jin > jC did
not swim along the sidewall and maintained perpendicular
orientation with respect to the wall (Fig. 3C, 5 mM 4-AP and
Fig. 3D, 5 mM 4-AP and 5 mM caffeine). In a standard solu-
tion, 84 6 5% of sperm maintained perpendicular orientation
with respect to the sidewall with 5 mM 4-AP treatment and
79 6 8% with 5-mM caffeine treatment. To understand the
dynamic of sidewall interactions after hyperactivation, we
recall Eq. 2, which describes the dynamic of sidewall interac-
tions for nonrolling sperm. Once hyperactivation results in a
rise of intrinsic curvature above the critical value, the contribu-
tion of the first term of Eq. 2 in the dynamic of sidewall interac-
tions diminishes. Thus, the dynamic of sidewall interactions for
hyperactivated sperm in the presence of rolling can be written
as the following:

g� u, tð Þ ≈ Π tð Þ � jin 1þ l2g2 uð Þ� �
: [7]

Note that the time-average effect of intrinsic curvature in Eq. 7
is zero Π tð Þ ≈ 0

� �
, which yields:

g� u, tð Þ ≈ 0: [8]

By measuring uin for 40 hyperactivated sperm, as well as solv-
ing Eq. 7, we noticed that our model agrees with experimental
observations and hyperactivated rolling sperm with jin > jC
contact the sidewall perpendicularly (because of steric repul-
sions) and maintain their orientation with respect to the

Fig. 3. Effect of hyperactivation on sperm–sidewall interactions. (A) Time projection of sperm motion in standard medium with and without 5 mM 4-AP.
These images were obtained by combining frames acquired at (25 frames/sec) of sperm in circular reservoirs over 1-min periods. (B) The normalized opti-
cal density of the sperm layer formed around the circular sidewall with and without 5 mM 4-AP. The distribution of sperm around the sidewall was uni-
form in the control, whereas treatments with hyperactivation agonists yielded irregular accumulations along the sidewall. Similar results were obtained
for 5 mM caffeine (shown in SI Appendix). (C) Rolling sperm reorientation after sidewall contact in the control medium. With 5 mM 4-AP (or caffeine),
sperm maintained perpendicular orientation with respect to the sidewall. (D) Experimental measurements of sperm orientation with respect to the side-
wall with and without treatment. (E) Rise of intrinsic curvature above the critical value yields Stop motion on the sidewall. Definition (F) and experimental
measurements (G) of Z parameter at different concentrations of caffeine or 4-AP. Each point and error bar corresponds to three replicates.
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sidewall after contacting it (Eq. 8 and SI Appendix, Reciprocal
Theorem and the Effect of Intrinsic Curvature and The Effect of
Rolling). Consequently, sperm average velocity on the sidewall
is reduced to zero, as was also observed experimentally. We will
refer to this behavior as “Stop” (Fig. 3E). In contrast, rolling
sperm with jin < jC swam along the sidewall after contacting it.
We will refer to this behavior as “Run” (Fig. 3E and SI
Appendix, Sperm-Wall Interaction with and without Treatments).

To characterize the transition from the isotropic Run motion
on the sidewall that was observed in the absence of hyperactiva-
tion agonist to the Stop motion that was observed in most
sperm treated with 5 mM of 4-AP or caffeine, we defined Z¼
V̂ � ðN̂ þ T̂Þ parameter. Note that V̂ is a unit vector represent-

ing the sperm orientation on the sidewall, while N̂ and T̂ repre-
sent the normal and tangential directions of the sidewall at the
contact point. Since Z is an average over the ensemble, it is
equal to 0 when all sperm are exhibiting the Run motion iso-
tropically on the sidewall, whereas Z¼ 1 corresponds to the
situation in which all sperm exhibit Stop behavior on the side-
wall (Fig. 3F). Experimental measurements of Z parameter at
different concentrations of caffeine or 4-AP (Fig. 3G) indicate
that transition from Z¼ 0 to Z¼ 1 obeys a logistic curve:

Z¼ 1

1þ e�b c�coð Þ , [9]

with b¼�1:0160:38 and co ¼ 2:2260:48 for 4-AP and b¼
�1:0960:21 and co ¼ 2:0760:46 for caffeine. These values

obtained from a linear regression model fitted to ln 1�Z
Z

� �
using

the least-squares approach.

Noise in the Sperm Intrinsic Curvature. Nonrolling sperm swim in
circular paths, with curvature jin that depends on the level of
asymmetry in the flagellar beating pattern. However, our meas-
urements of the intrinsic curvature with and without the
treatments indicated that it obeys a Gaussian distribution
(Kolmogorov–Smirnov test) and thus may be simply written as
jin tð Þ ¼ jin þ gðtÞ, where gðtÞ is a delta-correlated, zero-mean
white Gaussian noise. As a result of this noise in the intrinsic
curvature and as our experimental measurements indicate, the
center of the circular path diffuses in time (50) with diffusion
coefficient Ds (Fig. 4A and Movies S8 and S9). Note that Ds is
inversely correlated to the signal-to-noise ratio of the intrinsic
curvature (SI Appendix, Sperm Diffusive Circular Motion). This
diffusive circular motion that is observed in nonrolling sperm
with and without agonist treatments is less susceptible to the
sidewalls than are the movements of rolling sperm and becomes
even less susceptible with hyperactivation. Therefore, this non-
rolling circular motion could serve as a surface exploration
mechanism through which the swimmer searches the top and
bottom surfaces of the microfluidic reservoir enclosed by
nearby physical side boundaries (Fig. 4B).

Our experimental measurements showed that with hyperactiva-
tion, the intrinsic curvature increased while the corresponding dif-
fusion coefficients decreased significantly. As expected, nonrolling

Fig. 4. Noise in the sperm intrinsic curvature. (A) Diffusivity of nonrolling sperm’s circular motion caused by the noise in the intrinsic curvature. This
image was obtained by combining frames taken from sperm circular motion at 50 frames/s. (Scale bar, 50 mm.) (B and C) Definition of j, D and TD. (D) TD
increased significantly with hyperactivation induced by 5 mM caffeine or 4-AP. **P value < 0.0001. These P values were obtained from two-tailed t tests,
with adjustments for multiple comparisons (Bonferroni correction). (E) Sperm Run–Stop motion on the sidewall in a standard solution after treatment
with 3 mM 4-AP, which incorporated change in the direction of swimming on the sidewall. Experimental measurements of sperm–sidewall orientation in
Stop (5 mM 4-AP) (F) and Run–Stop (3 mM 4-AP) (G) types of motion. (H) Normalized sperm–sidewall orientation was proportional to the normalized arc
length swum by sperm on the sidewall. (I) Probability density function of sperm intrinsic curvature with and without treatments. Noise promoted
Run–Stop motion near the critical point.

6 of 11 j PNAS Zaferani et al.
https://doi.org/10.1073/pnas.2107500118 Mammalian sperm hyperactivation regulates navigation via physical boundaries

and promotes pseudo-chemotaxis

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
21

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107500118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107500118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107500118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107500118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107500118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107500118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107500118/-/DCSupplemental


www.manaraa.com

hyperactivated sperm swept smaller areas than activated sperm.
However, we were interested to know whether this decrease in the
swept areas was solely due to the increase of the intrinsic curva-
ture. To answer this question, we measured the characteristic time
required for the center points of the sperm’s circular paths to dif-

fuse the corresponding radii TD ¼ 2Ds j2in
� ��1

� �
with (control)

and without 5 mM 4-AP or 5 mM caffeine treatments (Fig. 4C).
Importantly, significant increase of TD with agonist treatment (Fig.
4D) indicated that hyperactivation not only increases the curvature
of paths but also results in relatively less noisy and more consistent
pathways, which consequently yields decrease in the swept areas.

At 3 to 5 mM 4-AP (caffeine), we observed that 30:26
8:5% 26:2611:3%ð Þ, 10:862:4% ð14:168:7%Þ, and
3:561:0% ð7:863:7%Þ, respectively, of rolling sperm exhibited
a “Run–Stop” motion on the sidewall. In this mixed type of
motion, a sperm Run on the sidewall was interrupted by inter-
mittent Stops. Remarkably, intermittent Stops could change the
direction of swimming (Fig. 4E). To characterize this type of
motion, we experimentally measured sperm orientation with

respect to the sidewall ðV̂ � T̂Þ for Stop (at 5 mM 4-AP; Fig. 4F
and Movie S10) and Run–Stop (at 3 mM 4-AP; Fig. 4G and
Movie S11) types of motion on the sidewall. Note that the
change in the slope sign (Fig. 4G) indicates a change in the
sperm swimming direction on the sidewall. Furthermore, we
found that the normalized length swam by sperm on the wall S�ð Þ
in the Run–Stop motion is correlated to the V̂ � T̂ (Fig. 4H).

To demonstrate that this Run–Stop behavior happens
through increase of the intrinsic curvature above (or decay
below) the critical point as well as the noise in the jin near the
critical point, we measured sperm intrinsic curvature at 0, 3,
and 5 mM of 4-AP, the distribution of which is shown in Fig. 4I.
Since the intrinsic curvature obeys a Gaussian distribution
∼N jin,Dð Þð Þ with the mean of jin and variance of D, the prob-
abilities of sperm exhibiting Run PRð Þ and Stop PSð Þ and the
phases of motion can be calculated as follows:

PR jinð Þ ¼ ∫ jc
0
N jin,Dð Þdj ≈

1

2
1þ erf

jc � jinffiffiffiffiffiffi
2D

p

 �
 �

,

PS ¼ 1�PR: [10]

Note that the Gaussian noise in the intrinsic curvature is
assumed to be delta correlated. Accordingly, the probability of
transition between Run and Stop phases is:

PR$S ¼ 2PSPR ≈
1

2
1� erf2

jc � jinffiffiffiffiffiffi
2D

p

 �
 �

: [11]

Eq. 11 indicates that the probability of sperm exhibiting transi-
tions between Runs and Stops (Run–Stop phases) is maximum
at jin ¼ jC and decays as jin moves away from the critical point.
We measured PR and PR$S for distributions shown in Fig. 4I
(using Eqs. 10 and 11) and, in agreement with our observations,
PR ¼ 0:99 for nontreated sperm (Run), PR ¼ 0:59 for sperm
treated with 3 mM 4-AP (Run–Stop), and PR ¼ 0:09 for sperm
treated with 5 mM 4-AP (Stop). Furthermore, PR$S ¼ 0:02 for
nontreated sperm, PR$S ¼ 0:48 for sperm treated with 3 mM
4-AP, and PR$S ¼ 0:14 for sperm treated with 5 mM 4-AP,
which agrees with our observation that Run–Stop was observed
mostly at 3 mM 4-AP (or caffeine) and therefore at an interme-
diate level of hyperactivation.

Note that at each transition from Stop to Run, sperm may
change the direction of swimming depending on the sign of Δj
at the time of transition. Assuming that the probability of
change in the swimming direction after each Stop to Run tran-
sition is 1

2, this Run–Stop type of motion can be modeled by a
one-dimensional Markovian random walk (51), with effective
diffusion coefficient of the following:

D
Run�Stop
eff ¼ 1

2
V 2
p s �

PR

PS


 �
: [12]

Note that s refers to the time of sperm rotation from u¼ 0 to
u¼6 p

2 and thus the transition from Stop to Run (SI Appendix,
Sperm Run-Stop Motion on the Sidewall). While experimentally
measuring D

Run�Stop
eff for sperm performing Run–Stop motion at

3 to 4 mM 4-AP, we noticed that the effective diffusion coeffi-
cient decreased with concentration (SI Appendix, Experimental
Measurements of Deff

Run�Stop). The results that we presented in
this part reveal that while the implications of noise in the
sperm’s intrinsic curvature are negligible without agonist, upon
hyperactivation, noise promotes new swimming behaviors on
the sidewall.

Sperm Pseudo-Chemotaxis. The concentration-dependent modu-
lation of sperm intrinsic curvature and thus sidewall interac-
tions by agonists that induce hyperactivation in vitro indicates
that in vivo sperm guidance by walls is regulated by biochemical
stimuli. One aspect of this important phenomenon became
apparent when we investigated sperm movement between two
connected reservoirs (Fig. 5A), one of which (the source) was
filled with control TALP solution and the other (the sink) was
filled with 0, 3, or 5 mM 4-AP or caffeine in TALP. Note that
there was negligible fluid flow introduced into the device at the
time of the experiments. All sperm cells were initially within
the source reservoir, and as time proceeded, we observed
sperm migration from the source to the sink. After 5 min, we
gently washed the source with control TALP and counted the
number of sperm that exited the sink reservoir noutð Þ.

Calculating Nout ¼ ∫ noutdt, we noticed that, with no caffeine
or 4-AP in the sink, more than 98.0 6 1.0% of sperm evacuated
the sink and returned to the source in 58.2 6 3 s. However, as
we increased the concentration of caffeine in the sink to 3 mM
and 5 mM, only 44.2 6 4.3% and 12.4 6 3.7% of sperm left the
sink and returned to the source in 60 s (Fig. 5B). These num-
bers for 3 mM and 5 mM of 4-AP in the sink were 24.1 6 3.4%
and 5.7 6 1.3% in 60 s, respectively (Fig. 5D). These fractions
increased to 53.0 6 6.3% (3 mM caffeine), 14.8 6 2.1% (5 mM
caffeine), 35.3 6 8.1% (3 mM 4-AP), and 6.2 6 1.4% (5 mM
4-AP) after 120 s (SI Appendix, Table S1 in SI Appendix, Sperm
Pseudo-chemotaxis). To ensure that these results were solely
caused by agonist treatments in the sink rather than other
potential factors, we set the agonist concentration equal to 0 in
the sink and added caffeine or 4-AP to the source. The source
treatments were 3 or 5 mM of caffeine or 4-AP. Our results (SI
Appendix, Sperm Pseudo-chemotaxis) indicate that these treat-
ments did not influence sink evacuation time and sperm return
to the source in 64.7 6 3.8 s.

We call this behavior “pseudo-chemotaxis” as it enables
sperm to accumulate within reservoirs with higher concentra-
tions of hyperactivation agonists. We stress that pseudo-
chemotaxis is not a drift motion toward a region with higher
concentrations of chemical stimuli, which was reported previ-
ously for sperm of sea urchin and known as chemotaxis (52,
53). Pseudo-chemotactic behavior in standard solution is
caused by two effects of hyperactivation: 1) hyperactivation
decreases sperm average path velocity (VAP) prior to sidewall
contact and 2) hyperactivation increases sperm intrinsic curva-
ture above the critical value, which reduces sperm motion on
the sidewall, as described in Figs. 3 and 4. In fact, VAP of sperm
without treatment is higher than that of sperm treated with caf-
feine or 4-AP, which results in a subsequent increase of the
sperm residence time within reservoirs with higher concentra-
tions of caffeine or 4-AP. Furthermore, VAP of a sperm without
treatment drops to zero upon contact with the sidewall and, in
less than 1 s, returns to the initial VAP (before contact) and
swims along the sidewall until it exits the sink. However, VAP of
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a single sperm treated with 5 mM of 4-AP (or caffeine) drops
to zero upon contact and does not return to the initial VAP (SI
Appendix, Sperm Pseudo-chemotaxis). Therefore, the decrease
in sperm average path velocity as well as the negligible guiding
effect of sidewalls on hyperactivated sperm contribute to the
observed pseudo-chemotactic behavior.

Similar observations were made when we added 1% PAM to
increase viscoelasticity in the sink to mimic the effect of mucus
in areas of the female reproductive tract (Fig. 5 C and E). At 0
mM caffeine or 4-AP in the viscoelastic sink, 46.5 6 8.7% of
sperm returned to the source after 120 s, and this number
reached a plateau of 61.6 6 8.3% after 300 s. As we increased
the concentration of caffeine to 3 mM and 5 mM, 36.8 6 3.4%
and 17.2 6 2.6% returned to the source after 120 s. These
numbers increased to 53.0 6 8.5% and 22.4 6 5.0% after 300 s.
When we used 3 mM and 5 mM of 4-AP instead of caffeine,
30.0 6 4.3% (39.1 6 8.7%) and 8.2 6 3.4% (9.4 6 4.7%) of
sperm returned to the source after 120 s (300 s) (SI Appendix,
Table S1 in SI Appendix, Sperm Pseudo-chemotaxis).

This pseudo-chemotactic behavior in viscoelastic solution is
caused by two other effects of hyperactivation: 1) hyperactiva-
tion increases the characteristic time of the diffusive circular
motion of sperm and 2) hyperactivation increases sperm intrin-
sic curvature above the critical value, which reduces sidewall
interactions. In fact, the increase in the characteristic time of
the diffusive circular motion implies that the center of the cir-
cular path diffuses more slowly, which subsequently increases
sperm residence time in the reservoirs with higher concentra-
tions of agonists. Furthermore, the increase of sperm intrinsic
curvature above the critical value during hyperactivation transi-
tions sidewall interactions from Categories 1, 2, and 3 to
Category 4 and thus reduces sperm guidance via sidewall inter-
actions, even close to the sidewall. To support this claim, we cal-
culated the portion of sperm that evacuated the viscoelastic
sink by swimming along the sidewall in the viscoelastic solution
at different concentrations of agonists and noticed that more
than ∼90% of sperm evacuated the viscoelastic sink via sidewall

interactions (SI Appendix, Sperm Pseudo-chemotaxis). That is,
the transition of sidewall interactions from Categories 1, 2, and
3 to Category 4, which occurs through hyperactivation, directly
contributes to the observed pseudo-chemotactic behavior.

These percentages, obtained from sperm return to the
source after entry to the sink, indicate that difference in the
viscoelasticity as well as difference in the concentration of
hyperactivation-inducing agonists directly influence sperm
movement between two connected reservoirs and could do so
for similarly connected regions in the female tract. Based on
the numbers obtained for Nin and Nout after 120 s, we calcu-
lated Nout

�
Nin

, which represents the portion of sperm that exited
from the standard and viscoelastic sinks after agonist treat-
ments and returned to the source (Fig. 5F). While comparing
the values obtained for Nout

�
Nin

, one notices that this fraction
decreases with increase of the agonist concentration in the sink
for both standard and viscoelastic solutions. A more interesting
conclusion was obtained when we compared this fraction
between standard and viscoelastic solutions with identical agonist
concentrations. In controls, this fraction for the viscoelastic sink
(0.44 6 0.06) was much lower (P value < 0.0001) than that from
the standard sink (0.99 6 0.01), meaning that, in the absence of
chemical stimuli, the difference between viscoelasticity of the
source and the sink highly influences sperm migration between
two reservoirs. As the concentration of caffeine or 4-AP
increased to 3 mM, the difference between Nout

�
Nin

for viscoelastic

and standard sinks decayed. Eventually, for 5 mM of caffeine or
4-AP, the difference between Nout

�
Nin

for viscoelastic and standard
sinks decayed to a negligible degree. The decay in the difference
between Nout

�
Nin

for viscoelastic and standard sinks with the ago-
nist treatments implies that the biochemical factors contributed
more strongly to sperm movement between the two reservoirs
than did the viscoelasticity difference between the reservoirs.

Progesterone Induces Similar Responses in Bovine Sperm. Although
the pharmacological agonists for mammalian sperm hyperactiva-
tion (25–27, 36, 38, 54) have been well established, physiological

Fig. 5. Sperm pseudo-chemotaxis. (A) Two circular reservoirs (diameter: 600 mm) connected by a narrow channel (width: 40 mm). The left reservoir
(Source) is filled with standard solution and no agonist; the right (Sink) contains treatments. Viscoelastic sinks contained 1% PAM. Nout as the cumulative
percentage of sperm that exited the standard (B) and viscoelastic (C) sinks at 0, 3, and 5 mM caffeine. Nout as the cumulative percentage of sperm that
exited the standard (D) and viscoelastic (E) sinks at 0, 3, and 5 mM 4-AP. All transparent lines indicate replicates, while the lines with solid colors indicate
the means. (F) Nout

�
Nin

ratios, corresponding to viscoelastic and standard sinks with different concentrations of caffeine or 4-AP. The P values were
obtained from two-tailed t tests.
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agonists that induce hyperactivation in vivo have not yet been
firmly established. Nevertheless, progesterone (P4) has recently
been reported to induce hyperactivation in frozen/thawed bull
sperm (55), so we tested P4 to determine whether it induces the
same hyperactivation swimming patterns that we observed for
caffeine and 4-AP. To measure the percentage of hyperactivated
sperm after each treatment, we set a quantitative definition of
hyperactivation and identified sperm with φ< 60˚ as hyperacti-
vated. Note that for a full Stop, φ∼ 0˚�15˚, and for a full Run,
φ∼ 70˚�90. We found that treatment with 10, 50, and 250 nM
P4 resulted in 4265% (total count = 50, 48, and 51), 4562%
(total count = 67, 52, and 68), and 4168% (total count = 42, 41,
35) hyperactivation, respectively, which differed significantly
from the control (P < 0.001, t tests with Bonferroni corrections).
We also observed transition from Run to Stop on the sidewall in
sperm hyperactivated with P4, and the measured Z parameter
increased accordingly with P4 treatments (SI Appendix, The
Effect of Progesterone). It should be noted that our microfluidics
devices were constructed using polydimethylsiloxane (PDMS),
currently the most widely used polymer for biomicrofluidic devi-
ces, because it is transparent, flexible, binds strongly to glass
slides, and is permeable to oxygen (56). PDMS has been found
to absorb steroids like P4 (56, 57), and therefore, the concentra-
tion of P4 available to the sperm throughout the experiment
may have varied. Further studies using other construction mate-
rials for devices, such as agarose (58), are warranted.

Discussion
To summarize, our results revealed the effects of hyperactiva-
tion on sperm–sidewall interactions. We found that sperm
undergoing hyperactivation exhibited higher intrinsic curvature,
depending on the concentration of the hyperactivating agonist,
while the rate of rolling remained unaffected. Remarkably, we
found that the transformation of motility by hyperactivation
diminished the guiding influence of sidewalls on sperm move-
ment when the intrinsic curvature of sperm exceeded a critical
value. We further found that the reduction of the influence of
sidewalls on sperm movement resulted in a pseudo-chemotactic
behavior through which sperm accumulated within reservoirs
with higher concentrations of hyperactivating agonist. We called
this phenomenon “pseudo-chemotaxis,” because it was mainly
due to an increase of sperm residence time in reservoirs with
higher agonist concentrations rather than to a deterministic
drift of sperm toward higher concentrations.

Since the intrinsic curvature exhibited nonthermal Gaussian
noise, we also investigated the effect of this noise on sperm
motion and subsequent sidewall interactions. Considering that
the noise in the intrinsic curvature produced a diffusive compo-
nent into the circular motion of nonrolling sperm, we found
that the diffusivity and the characteristic time of the circular
motion decreased significantly with hyperactivation, and circu-
lar motion exhibited more consistency. Moreover, noise in the
intrinsic curvature of rolling sperm (standard solution) near the
critical value resulted in a remarkable Run–Stop motion along
the sidewall. This Run–Stop motion is a one-dimensional Mar-
kovian random walk that incorporates changes into the swim-
ming direction of sperm on the sidewall.

Our results are obtained from investigating sperm motion
within high-aspect, circular microfluidic reservoirs. These reser-
voirs are designed to be high aspect ratio so that they mimic
narrow channels in surfaces and narrow spaces between muco-
sal folds (SI Appendix, Materials and Methods) within the female
reproductive tract. Although the circular and smooth shape of
the sidewalls of reservoirs might not fully represent the side-
walls of the female reproductive tract, this specific geometry
was chosen to minimize the influence of geometrical features
such as corners and curvature gradients on sperm motion. That

is, our results are solely due to the effect of hyperactivation on
sperm–sidewall interactions rather than other potential factors.

The biochemical factor(s) that trigger hyperactivation in vivo
have not been firmly established and various factors may trigger
hyperactivation at different functional regions within the female
reproductive tract. Furthermore, the signaling pathway involved
in the induction of hyperactivation in vitro depends on the bio-
chemicals used for such a purpose. For instance, caffeine, as
one of the hyperactivation-inducing agonists used in this study,
activates CATSPER channels and elevates the cytoplasmic
Ca2+ concentration by influx of exogenous Ca2+ (59). There is
evidence that caffeine cannot induce hyperactivation in Ca2+-
depleted medium (32). In contrast, there is evidence that 4-AP
induces hyperactivation by mobilizing intracellular stored Ca2+

as well as by activating CATSPER channels, and accordingly,
4-AP can induce hyperactivation in Ca2+-depleted medium
(60). Our use of caffeine and 4-AP as commonly used agonists
with different mechanisms for induction of hyperactivation and
yet obtaining quantitatively similar outcomes suggests that our
results stand independent of the factors that trigger hyperacti-
vation. Therefore, these results are likely to be broadly applica-
ble to the other agonists of hyperactivation, particularly the
factors that induce hyperactivation in vivo.

Previous studies suggested that hyperactivation occurs first in
the oviduct, as hyperactivated sperm have not been observed to
pass through the uterotubal junction (61). If this is true, the
Run phase of motion on the wall may contribute to sperm navi-
gation within the lower part of the female reproductive tract
and before reaching the oviduct. Low concentrations of the bio-
chemical factor(s) that trigger hyperactivation did not eliminate
the Run mode, thereby allowing wall-determined navigation to
continue to function. However, once the concentration rose to
a critical threshold that corresponded to the critical intrinsic
curvature, rolling sperm would exhibit Run–Stop motion on the
sidewalls of the female reproductive tract. This motion might
be the sperm navigational mechanism at intermediate distances
from a source of agonists or at a low concentration of agonists
in vivo. Eventually, once the concentration exceeded the critical
threshold by some amount, navigation along walls would be
diminished, and the sperm would Stop on its position on the
wall.

In regions within the female reproductive tract where fluid
viscoelasticity is high, rolling would be suppressed. Based on
our results, we anticipate that the motion of sperm in these
regions would be diffusive and circular, so that radii, sidewall
interactions, and diffusion coefficients would decrease with
hyperactivation. That is, as sperm swim in higher concentra-
tions of hyperactivation agonists, they would perform tighter
and more consistent circular motions, which are not susceptible
to nearby sidewalls.

Modulation of sperm motility via hyperactivation results in
pseudo-chemotactic behavior, through which sperm accumulate
within reservoirs with higher concentrations of hyperactivation
agonists. In contrast to the chemotaxis observed in sperm of
sea urchins, this pseudo-chemotactic behavior is due to the
increase of sperm residence time in regions with higher con-
centrations rather than to a deterministic drift of sperm
toward higher concentrations of biochemical stimuli (53). This
behavior suggests that as sperm ascend the female reproductive
tract and move into regions with high concentrations of
hyperactivation-inducing factors, they become less likely to
leave those regions and return to the regions with lower
concentrations.

Our results reveal the potential role of hyperactivation in
mammalian sperm navigation within the female reproductive
tract. Our findings demonstrate that hyperactivation regulates
sperm–sidewall interactions and navigation via physical bound-
aries, which suggests that a combination of biochemical and
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biophysical cues organizes sperm navigation within the confined
and complex environment of the female reproductive tract.
Furthermore, since hyperactivation occurs in the oviduct far
from the oocyte and even before ovulation, most likely through
biochemicals secreted from the female reproductive tract
(62–64), our results suggest that the contribution of biochemi-
cal factors to sperm navigation may not be limited to chemo-
taxis at close distances from the oocyte, and they modulate
sperm navigation even at far and intermediate distances from
the oocyte.

Materials and Methods
Sperm Preparation and Chemicals. Commercially available cryopreserved
semen of Bos taurus (5.5 to 6.5 y of age) diluted in egg yolk extender were
generously donated by GENEX under the URUS holding company, Ithaca. The
ejaculate concentration was 50 × 106 sperm per straw (0.25mL)with prefreeze
motility of 65%. A combination of gentamicin, tylosin, lincomycin, and spec-
tinomycin were added to the semen as antibiotics prior to cryopreservation.
For each experiment, two straws were thawed in a 38°C water bath for 30 s
and then diluted with 1 mL TALP (36). The sperm samples and microfluidic
device were maintained at 38°C throughout the experiments using a heated
glass microscope plate (Bioscience tools).

All chemicals used for this study were purchased from Sigma-Aldrich,
unless specified. TALP medium contained the following: NaCl (110 mM), KCl
(2.68 mM), NaH2PO4 (0.36 mM), NaHCO3 (25 mM), MgCl2 (0.49 mM), CaCl2 (2.4
mM), Hepes buffer (25 mM), glucose (5.56 mM), pyruvic acid (1.0 mM), penicil-
lin G (0.006% or 3 mg/500 mL), and bovine serum albumin (20 mg/mL, Caisson
Labs). After preparation, the pH of the medium was adjusted to 7.3 to 7.4 by
gradual addition of HCl. We did not observe significant change in the pH after
addition of caffeine and 4-AP to the medium.

To tether the sperm head to the glass surface, we reduced the concentra-
tion of bovine serum albumin to 5 mg/mL (43). To increase the viscoelasticity
of TALP to suppress sperm rolling, we added 1% (by weight) long-chain PAM
with molecular weight of ∼5 to 6 MDa (39). The rheological properties of the
standard and viscoelastic solutions were measured by a TA Instruments HR-3
Rheometer available at Cornell Center for Material Research. To induce
hyperactivation, various concentrations of caffeine and 4-AP (Santa Cruz
Biotechnology), as commonly used hyperactivation-inducing pharmacological
agonists, were added to the TALP solution.

Microfabrication and Microscopy. Our microfluidic device (SI Appendix,
Materials and Methods) was made of PDMS through a standard soft lithogra-
phy protocol available at Cornell NanoScale Facility (65). The height of the
microfluidic device was 30 mm, and the diameter of the circular reservoirs was
600 mm. After injecting the culture medium and pharmacological agonists
used in this paper into the reservoirs and degassing, diluted sperm samples
were injected into the microfluidic device using gravity. The flow generated in
the channel was controlled by changing the height of the semen container.
This method enabled us to decrease the injection rate and increase the rate of
sperm entry into the reservoirs. Sperm motion within the reservoirs was
observed with a Nikon Eclipse TE300 inverted phase-contrast microscope (20×
and 40×magnifications) and recordedwith an Andor Zyla 5.5s camera (25 and
50 frames/s). Sperm rolling under the phase contract optics was identified
through change in the sperm head light intensity (12, 42).

Cell Tracking. To extract sperm trajectories, we used both manual and auto-
matic head tracking depending on the resolution of our acquired videos. Our
automatic tracking method was based on tracking a single sperm using image
subtraction and tracking the centroid of the moving element identified with
Farneback method (66). Overlaying consecutive frames acquired at 0.08-s

intervals from moving sperm yielded sperm trajectories. To characterize the
midpiece bending, we removed Gaussian noise and background image using
a simple Gaussian filter and image subtraction. We then binarized the images
acquired at 25 frames/s into black and white and measured the deviation of
the midpiece (or alternatively sperm head) from the centerline. Fast Fourier
transform of the extracted signal demonstrated that the zeroth harmonic of
the signal is related to the tethered sperm angular velocity, which increased
with hyperactivation. This method was based on previously established
reports, and the findings are in agreement with the literature on the asymme-
try in the sperm flagellar beating (40). To measure the angle between sperm
and the wall, we used manual measurements as well as the “Eccentricity” and
“Orientation” properties of “regionprops” command in MATLAB, depending
on the quality of the videos and number of spermwithin the field of interest.

Numerical Simulation. The following numerical simulation is based on previ-
ous numerical and experimental studies on the hydrodynamic interaction of
sperm (or bacteria) with a flat surface (46). To simulate sperm–sidewall inter-
actions, we modeled sperm as a high–aspect ratio rod (10:1) and used a finite
element method to solve Stokes and mass conservation equations (COMSOL
MULTIPHYSICS) at the lubrication limit (67). The corresponding boundary con-
ditions were u¼ Vp on sperm surface and u¼ 0 on the sidewall. To calculate
the angular velocity imposed on the sperm by the sidewall, we extracted the
pressure exerted on the sperm (p) at varying incident angles for a range of
constant progressive velocities (Vp ¼ 40� 80 lm=s) and calculated the toque
acted upon sperm by pressure. Applying torque-free constraint, the toque
produced by pressure was canceled out with the torque produced by drag
force, and consequently, sperm angular velocity (Xw) was then calculated
using Eq. 13:

Xw uð Þ ¼
∫ l
0 x� xCMð Þpðx,u

�
dx

nN
k


 �
∫ l
0 x� xCMð Þ2dx

: [13]

Note that x-axis is set parallel to the long axis of the rod with x ¼ 0 at the side-
wall contact point (Fig. 2B), xcm is the coordinate of the sperm center of mass
on x-axis, l is the sperm length, nN is the drag coefficient in normal direction,
and k is a fitting parameter equal to 1:5 × 10�3. This fitting parameter is
needed because the experimental value reported for nN (40) corresponds to a
three-dimensional motion, while our model is two-dimensional. In agreement
with previous studies (46), our simulations indicate that p is linearly propor-
tional to the Vp, so we define a function g uð Þ (Eq. 14) that is independent of
propulsive velocity and describes the dynamic of sperm–sidewall interactions:

g uð Þ ¼ k
Vp � nN

∫ l
0 x� xCMð Þpðx,uÞdx
∫ l
0 x� xCMð Þ2dx

: [14]

For full derivations of Eqs. 13 and 14, refer to SI Appendix, Sperm-Wall
Interaction after Contact. We also provide a table of parameters in SI
Appendix.

Data Availability. All study data are included in the article and/or supporting
information. Additional data have been deposited in Figshare (https://
figshare.com/projects/Mammalian_sperm_hyperactivation_regulates_
navigation_via_physical_boundaries_and_promotes_pseudo-
chemotaxis/124672).
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