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ABSTRACT The fluids of the intestine serve as a physical barrier to pathogens, a medium for the diffusion of nutrients and
metabolites, and an environment for commensal microbes. The rheological properties of intestinal mucus have therefore
been the subject of many investigations, thus far limited to in vitro studies due to the difficulty of measurement in the natural
context of the gut. This limitation especially hinders our understanding of how the gut microbiota interact with the intestinal
space, since examination of this calls not only for in vivo measurement techniques, but for techniques that can be applied to
model organisms in which the microbial state of the gut can be controlled. We have addressed this challenge with two comple-
mentary approaches. We performed passive microrheological measurements using thermally driven nanoparticles and active
microrheology using micron-scale ellipsoidal magnetic microparticles, in both cases using light-sheet fluorescence microscopy
to optically access the intestinal bulb of the larval zebrafish, a model vertebrate. We present viscosity measurements in germ-
free animals (devoid of gut microbes), animals colonized by a single bacterial species, and conventionally reared animals, and
find that in all cases, the mucin-rich intestinal liquid is well described as a Newtonian fluid. Surprisingly, despite known differ-
ences in the number of secretory cells in germ-free zebrafish and their conventional counterparts, the fluid viscosity for these
two groups is very similar, as measured with either technique. Our study provides, to our knowledge, the first in vivo microrheo-
logical measurements of the intestinal space in living animals, and we comment on its implications for timescales of host-

microbe interactions in the gut.

INTRODUCTION

The rheological properties of the materials that make up
animals are important to physiology (1,2), development
(3), the transport of drugs and biomolecules (4-6), and
the activities of commensal and pathogenic microorgan-
isms (7). These properties can depend on the length,
time, and shear scales at which they are probed and may
furthermore vary in space, mature over time, or respond
to biophysical or biochemical stimuli. Although many
biological materials can be extracted and characterized
in vitro via traditional rheological techniques, there are
systems for which the complexity of the in vivo environ-
ment, the small sizes or volumes of biomaterials present,
or the fragility of the substances with respect to changes
in their context demand in vivo rheological assays. Such
is the case with the intestinal fluid of a living animal
host, a biomaterial dominated by mucus, a glycopolymer
solution or gel whose rheological properties are known to
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span orders of magnitude depending on, for example, the
health of the animal (4).

The rheology of the intestine also impacts its vast number
of microbial occupants, which must colonize the gut,
respond to flows induced by peristaltic motions, and interact
with host cells and other microbial cells, all by propelling
themselves through the gastrointestinal fluid. In fact, it has
been shown in vitro that bacteria can alter the rheological
properties of mucus directly by chemically modifying it,
and it is theorized that this is done specifically to facilitate
movement (7). It is also known from studies of larval zebra-
fish (Danio rerio) that the presence or absence of intestinal
bacteria modulates the number of mucus-producing secre-
tory cells that develop within the host (8). Despite these
observations, the rheology of intestinal mucus in germ-
free versus conventional animals has never been directly
measured in any species.

Inferring the physical properties of the gastrointestinal
environment is complicated by a variety of challenges.
Especially at early stages in the development of many
animals, when the intestine is being colonized by microbes,
the volume of the gut is small and difficult to access nonin-
vasively. Extrapolating from in vitro measurements to
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in vivo properties is hindered by changes in temperature,
pH, hydration, and other factors that are unavoidable if
mucus is extracted from its source (4,9). We note also that
rheological properties of mucus have been found in vitro
to be highly length-scale dependent (4), a consequence of
the polymeric nature of mucin glycoproteins, which implies
a different effective viscosity at the scales occupied by
microbes compared with the macroscopic scales that are
typically measured. Passive microrheological techniques
that rely on tracking the diffusive displacement of tracer
particles have proven useful in a wide variety of studies
(10-13), including this one. Interpreting passive tracer
response in living organisms, however, can easily be
confounded by adhesion to particular anatomical structures
and by fluid flows, e.g., related to circulation, peristalsis, or
the active motion of agents such as bacteria. For all these
reasons, there is a shortage of rheological studies capable
of revealing gastrointestinal fluid properties in living, devel-
oping organisms at the length-scales relevant to commensal
microbes. In fact, the only reported in vivo measurement of
gastrointestinal viscosity is based on echo-planar magnetic
resonance imaging, which reports viscosity at molecular
length-scales and moreover requires highly specialized
equipment and large volumes of probe material (“model
food”) (14).

To address this, we implemented both passive micro-
rheology of spherical tracer particles and active micro-
rheology of magnetically driven ellipsoids, visualizing
both passive and driven motion using light-sheet fluores-
cence microscopy (15-19), which enables rapid, spatially
resolved imaging well inside a living organism. Notably,
to the best of our knowledge, ours is the first integration
of active microrheological methods with light-sheet fluo-
rescence microscopy. We applied these techniques to mea-
sure the intestinal rheology of larval zebrafish, a powerful
model organism for studying the gut microbiota and their
impact on host physiology and development (8,20-24)
due to the zebrafish’s biological commonalities with other
vertebrates, its optical transparency at young ages, its ge-
netic tractability, and its amenability to gnotobiotic tech-
niques by which larval fish can be kept germ-free (devoid
of microbes) or exposed to particular microbial constituents
(25,26). Using the methods detailed below, we are able to
measure the viscosity of the intestinal interior in larvae
that are germ-free, that are colonized by a single bacterial
species, and that are conventionally colonized by many mi-
crobial species. To our knowledge, these represent the first
such measurements to be performed in any living animals.
We note that because traditional rheological tools would
require sample sizes of over 0.10 mL, or the contents of
more than 10° larval zebrafish intestines, our approach
will prove useful in overcoming similar limitations of sam-
ple volume, spatial heterogeneity, and developmental matu-
ration in other systems that remain resistant to conventional
techniques.
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Unlike humans or mice, whose intestines contain dense,
mucus-rich layers adhered to the epithelial wall along
with a more liquid lumenal space, there is no observable
adherent layer in the larval zebrafish gut. There is, however,
mucus within the gut, as indicated by multiple lines of
evidence. First, the lumenal space of the gut is highly auto-
fluorescent, indicating the presence of some sort of organic
material. Second, similar but brighter autofluorescence is
seen in the mucus-secretory goblet cells of the gut (8).
Third, and most importantly, recent studies have specifically
characterized larval zebrafish intestinal mucus, identifying
mucin gene types, labeling intestinal mucins, and perturbing
mucus secretion (27,28). Given all this, it is reasonable to
characterize the larval zebrafish gut interior as a mucin-
rich fluid. We caution against drawing extrapolations from
our findings in larval zebrafish to human gastrointestinal
mucus properties, given the inherent structural differences.
Rather, we consider larval zebrafish intestinal rheology as
being important in itself. Zebrafish are a valuable model or-
ganism for studies of vertebrate physiology, development,
and host-microbe interactions, and a quantitative under-
standing of such studies requires a quantitative understand-
ing of the zebrafish environment.

MATERIALS AND METHODS

Zebrafish handling and preparation

All zebrafish experiments were performed using protocols approved by
the University of Oregon Institutional Animal Care and Use Committee.
Fish husbandry and handling followed standard procedures. Larvae were
sustained on yolk-derived nutrients and were not fed during experiments.
Zebrafish embryos were derived germ-free as previously described (8,26).
In earlier work, bacteria of the genus Vibrio, strain ZWU0020, were isolated
from the zebrafish intestinal tract and engineered to express the fluorescent
protein dTomato. In experiments involving Vibrio mono-association, bacte-
rial strains were grown overnight in Luria Broth at 30°C; an inoculum of
10° colony-forming units per milliliter was added directly to 15 mL flasks
housing 15 germ-free larvae, and fish were examined 24 h postinoculation,
as in prior work (24). From prior and current studies, the Vibrio abundance
in the intestine is known to be = 10* — 10° bacteria per gut, corresponding
to a concentration of =10'0 — 10'! bacteria/mL (24). Conventional zebra-
fish were raised by bypassing the germ-free derivation, or by adding water
from aquarium tanks to larval flasks for at least 24 h prior to experiments.
From prior studies (e.g., (8)) and observations, the total bacterial abundance
in the intestine of conventional fish is = 10° bacteria per gut.

Light-sheet fluorescence microscopy

Light-sheet imaging was performed using a home-built, light-sheet fluores-
cence microscope, based on the design of Keller et al. (15) and described in
detail elsewhere (21,29). In brief, a laser beam is rapidly scanned and de-
magnified to provide a thin sheet of fluorescence excitation light. An objec-
tive lens mounted perpendicular to the sheet captures fluorescence emission
from the optical slice, detected with an sSCMOS scientific camera (Pco.edge,
PCO AG). The excitation laser power was 5 mW, as measured before the
excitation objective, and the wavelength was 488 nm for all experiments
in this study.

Larval zebrafish were mounted for imaging as described in (21). In brief,
specimens were anesthetized using 120 ug/mL tricaine methanesulfonate



(Western Chemical, Ferndale, WA), briefly immersed in 0.5% agar
(maximum temperature: 42°C) and drawn into a glass capillary that was
then mounted onto a sample holder. The agar-embedded specimens were
partially extruded from the capillary so that the excitation and emission
paths did not intersect glass interfaces. The specimen holder was main-
tained at 28°C, with tricaine present as an anesthetic. All specimens were
5 days postfertilization when imaged.

Passive microrheology: experimental methods

Passive microrheological studies used nominally 28 nm diameter fluores-
cent carboxylate-modified polystyrene spheres (Thermo Fisher cat.
#F8787), with peak excitation and emission wavelengths 505 and
515 nm, respectively. For studies of the intestine, larval zebrafish ingested
nanospheres added to their aqueous environment. Imaging via light-sheet
fluorescence microscopy ~2 h after delivery of particles to the medium re-
vealed mobile particles within the gut. At earlier times, particle numbers
were low; at later times, nanospheres aggregated into dense boluses. For
each fish examined, a time-series of a single optical section was captured
at ~75 frames per second for a duration of ~15 s. Movies of passive tracers
in vivo are provided as Movies S1 and S2.

Passive microrheology: analysis

Time-series images of single optical sections were analyzed to yield parti-
cle locations and trajectories using a symmetry-based localization algo-
rithm (30) with a localization uncertainty in individual images estimated
at 2.5 nm, based on the measured signal-to-noise ratio. Diffusion coeffi-
cients were calculated from particle trajectories in two ways. First, we
used the conventional approach of fitting for each trajectory the mean-
squared-displacement (msd, (r2)) versus time-delay (7) via (r?) = 4D7 to
yield the diffusion coefficient D, or {r?) 7% to yield the scaling exponent
«. Second, we used an optimal, covariance-based estimator of D that pro-
vides greater accuracy (31), and that also yields a goodness-of-fit of trajec-
tories to Brownian diffusion as well as an independent estimate of the
localization error. The latter was found to be 16 nm, larger than the sin-
gle-frame estimate, as expected, as it accounts for both uncertainty within
individual images and vibration across image frames.

To relate D to the fluid viscosity, 1, we used the Stokes-Einstein-Suther-
land relation: D = kgT/(67na), where kg is Boltzmann’s constant, T is
temperature, and a is the particle radius. Because the effective a may differ
from the nominal radius due, for example, to particle aggregation, we exam-
ined Brownian motion of the nanospheres in pure water, imaged with both
epifluorescence microscopy (Nikon TE2000 inverted fluorescence micro-
scope, Hamamatsu ORCA II CCD camera) and light-sheet fluorescence
microscopy, described above. Light-sheet imaging of particles in water
was performed with the same frame rates, magnification, and exposure
times as used in live-imaging studies. In both cases, using the known viscos-
ity of water (0.9 x1073 cP at 25°C) gives an effective particle radius of
75 nm, indicative of aggregation. For the in vivo studies, we use the
measured rather than nominal a to relate D to 7.

To determine whether the effective particle radius is intrinsic or depen-
dent on the environment, we compared the fluorescence intensities of the
nanospheres in 1/10x phosphate-buffered saline and in the larval zebrafish
gut, in both cases imaging with the same light-sheet fluorescence micro-
scope with the same excitation power, camera exposure time, and other
experimental parameters. In both of these dissimilar fluids, the particle in-
tensity distributions are similar, with a mean integrated pixel intensity
roughly 100x that of the background (Fig. S1), suggesting that the effective
radius can be considered an intrinsic property of the particles.

Like the intestines of other vertebrate, the larval zebrafish gut contains
narrow crypt-like invaginations. Particles in these spaces are highly
confined and effectively stuck, and so their motion is not representative
of lumenal fluid properties. A representative movie with these “crypts”
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labeled is provided as Movie S2. Regions containing these confined parti-
cles are manually identified and excluded from analysis.

The peristaltic motility of the zebrafish gut leads to large-scale intestinal
flows, typically occurring over a few seconds approximately twice per min-
ute, in between which the gut is fairly quiescent. A representative movie of
peristalsis-driven flow of probe particles is provided as Movie S3. Images
taken during these events were manually identified and excluded from
analysis.

Magnetic probe particles

In order to visualize the rotational movement of a particle subject to an
oscillating magnetic field, fluorescent, super-paramagnetic polystyrene mi-
crospheres (4.88 um diameter; Spherotech, Lake Forest, IL) were elongated
into prolate spheroids (32,33). Briefly, particles are first embedded in a thin
vinyl film, which is fitted onto a mechanical stretcher. This film is then
immersed in toluene, which dissolves the polystyrene. Next, the mechanical
stretcher is used to elongate the film, deforming the particles along the axis
of pull. After removing the toluene, the particles solidify in their new shape
and can be recovered by dissolving the vinyl and centrifuging out the par-
ticles, which are now shaped as shown in Fig. 1 a.

Active microrheology: theoretical background

A particle with a magnetic moment m and angular orientation 6, located in
an external magnetic field of amplitude B and direction § (as in Fig. 1 b),
will experience a torque of magnitude I' = |r7i X B ‘ =mB(f — (), for small

Sample

FIGURE 1 Magnetic probe particles and experimental setup. (a) Fluores-
cent, super-paramagnetic microspheres are stretched into prolate spheroids
(Scale bars, 10 um). (b) The resulting shape allows visualization of the
angular orientation ¢ as the spheroid is driven by an external field with
orientation angle 3. (c) Schematic of the arrangement of magnetic elements
and imaging optics, which create the necessary field in the sample volume
of a light-sheet fluorescence microscope. In this schematic, which excludes
the water-filled sample chamber, a vertical field is created by a pair of per-
manent magnets (PM) while a perpendicularly oriented electromagnet
(EM) is used to tilt the direction of the field within the focal plane, imaged
through the detection optics (DO). Arrows indicate the direction of mag-
netic field due to each element, the excitation laser (shown in green) enters
from the right, and the sample is held by a capillary that extends through the
top magnet into the sample volume. To see this figure in color, go online.
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values of (6 — 8). This torque tends to align the particle’s magnetic moment
with the external field, and the particle must perturb its surrounding envi-
ronment to do so. For the low Reynolds number system of a colloidal par-
ticle in a fluid, a field oscillating as B(¢) = Byexp[iwr] will result in a
particle orientation of 6(r) = 6y(w)exp[i(wt + ¢)]. If the surrounding fluid
is characterized by the constitutive law ¢ = 7y for the stress g, viscosity 7,
and strain rate y (i.e., it is a Newtonian fluid), Eq. 1 relates the amplitude of
angular displacement of the particle to the driving frequency of the field:

Bo(w) = Bo(1+ (w/w")?) (1)

Here, w*=mB/én and £ is a constant that contains the geometrical factors
necessary to make the correspondence between stress/torque and strain/angle
(34). Using this expression, the frequency dependence of a particle’s
response to an oscillating field can yield a measure of the surrounding fluid’s
viscosity. More generally, a material may exhibit non-Newtonian behavior,
more fully characterized by the complex shear modulus, as in (34). For
our present discussion, we restrict ourselves to Newtonian fluids described
by Eq. 1, as this will be shown to sufficiently describe the fluids in question.

We also note that in principle, the phase angle ¢ can be used to identify
signatures of non-Newtonian rheology, and that more generally one can
reconstruct the storage and loss moduli from the in- and out-of-phase com-
ponents of the particle response. Determination of ¢ is very susceptible to
systematic error and noise from asynchrony between the imaging camera
and the function generator that controls the field oscillation. In our attempts
to reconstruct the phase signal, its uncertainty at low frequencies is small,
but approaches 100% above roughly 30 Hz, although the camera is trig-
gered by the function generator. As noted also in the Discussion, precision
studies at higher frequencies would be valuable for identifying signatures of
elasticity, beyond the scope of this work.

-1/2

Microrheology apparatus and measurement
procedure

Our experimental setup includes a pair of neodymium magnets located
above and below the sample, such that they create a permanent uniform

magnetic field directed vertically (Fig. | ¢). Additionally, a ferrite core elec-
tromagnet is mounted to one side of the sample such that, when supplied
with a current, the orientation of the field is tilted to an angle 8 with respect
to vertical. This is contained within the sample chamber of a light-sheet
fluorescence microscope with the excitation laser entering from the side
opposite the electromagnet, allowing the generation of the magnetic field
described above, whose vector orientation oscillates within the imaging
focal plane.

In Eq. 1, m, B, and ¢ are unknown system parameters; however, the
quantity mB/& does not vary appreciably for different particles driven
by the same field, as seen in Fig. 2 a. We therefore use a fluid of known
viscosity to determine this quantity and calibrate the system for subse-
quent measurements on fluids of unknown viscosity. For this calibration,
we independently measured the viscosity of a water/glycerol mixture by
tracking the diffusion of 200 nm diameter, spherical, colloidal particles
using an inverted wide-field fluorescence microscope and applied the
Stokes-Einstein-Sutherland relation to determine the mixture’s viscosity.
Measurements of 6y(w) for actively driven ellipsoids in the same glycerol
solution, fit to Eq. 1, provided the necessary information to calibrate the
method.

To further ensure the properties of the calibration fluid, we also measured
the viscosity of aqueous glycerol solutions using the method of falling
sphere viscometry. In brief, we recorded videos of glass spheres of diameter
2.25 £ 0.05 mm and mass 0.136 * 0.002 grams falling in the liquid of in-
terest. Analysis of the steady-state velocities using Oseen’s correction to
Stokes’ formula for the hydrodynamic drag on a sphere, taken to first order
in the Reynolds number, yields the liquid viscosity. For 75 and 85% glyc-
erol solutions, we measured viscosities of 0.034 = 0.013 and 0.139 =+
0.015 Pa s, respectively, in accord with literature values of 0.046 and
0.131 Pa s, respectively (35). We conclude, therefore, that the glycerol so-
lutions provide a sensible calibration of our particle properties.

The most obvious procedure to measure 6 as a function of diving fre-
quency w would be to incrementally drive the particle through a series of
discrete frequencies while recording high-speed video of the resulting mo-
tion. Once the orientation is extracted from the video, the amplitude and
phase of the signal can be computed by using the known driving signal
and the orthogonality of sine waves over an integral number of periods.
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FIGURE 2 Frequency response in a water/glycerol calibration fluid. (a)  is measured at discrete frequencies in two different water/glycerol preparations.
The curves are fits to Eq. 1. The consistency between different probe particles demonstrates the uniformity in their shape and magnetization, allowing cali-
bration using the known viscosity of these solutions. (b—d) Particles are driven with a continuously increasing frequency, allowing a rapid measurement. First,
the orientation of the particle is measured (b, fop) in response to the externally supplied electromagnet voltage (b, bottom). Next, Fourier transforms are
computed for the two signals (c). Finally, taking the absolute value of the ratio of these computed signals yields 6y (w) (d), which can be fit to Eq. 1 to obtain

a measure of viscosity 7. To see this figure in color, go online.
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This is the procedure followed in collecting the data in Fig. 2 a. When per-
forming a measurement in a system such as the intestinal bulb of a larval
zebrafish, however, this procedure is too time consuming, as other sources
of fluid flow (e.g., peristaltic motion in the gut) that may occur during data
collection corrupt the particle motion and invalidate the measurement. We
therefore drive the magnetic field with an exponentially chirped signal of
the form w/2r=f = fok! with k= (f;/fy)"/" determined by the initial fre-
quency fo, final frequency f;, and the time (7) taken to sweep from the
former to the later.

Fluorescence images were captured with an sSCMOS scientific camera
(Pco.edge, PCO AG) at =200 frames per second and the particle orienta-
tion was tracked using custom code written using OpenCV (36). A trig-
gering signal from the camera ensured that the driving signal begins its
frequency modulation in sync with image acquisition and a time stamp en-
coded in each image enabled us to account for occasionally dropped frames.
The spectra of the input and output signals are related by the system transfer
function H(w), as

f(w) = Hw)B(w) 2)
),
= 7)) @

where F denotes the Fourier transform and V = Vjexpliwt] is the voltage
applied to the electromagnet, to which £ is proportional. Using this relation-
ship, fp is calculated from the measured orientation of the particle and the
known driving voltage on the electromagnet and can be fitted to Eq. | in
order to extract w* and, therefore, the viscosity 1, as summarized in
Fig. 2, b—d.

To estimate the uncertainty in w*, we simulated 6(¢) signals for various
values of w*, adding various levels of Gaussian distributed noise. These sig-
nals were then used to compute the transfer function from Eq. 4, which was
fit to Eq. 1. The inferred value of w* was compared with its actual value,
giving a mapping from noise level and w* value to expected error. Data
from experiments were assigned uncertainty values based on their individ-
ual noise levels and value of w*.

Microgavage of zebrafish larvae

In order to perform our active microrheological measurements, we must
first introduce magnetic tracer particles into the intestinal bulb of zebrafish
larvae. In principle, this could be done by passive ingestion (as in the pas-
sive microrheology experiments) or doping a food source with the magnetic
particles prior to feeding the zebrafish larvae. The former strategy, while
barely feasible for sub-100 nm particles, fails for micron-scale particles; up-
take rates are extremely small. The latter strategy would likely change the
gut environment substantially by the introduction of food matter. (At these
ages, larvae can subsist on yolk material, and the fish in this study are un-
fed.) We therefore adopted a recently developed technique of orally gavag-
ing zebrafish larvae (37), in which fluid is delivered to the intestinal bulb by
inserting a micropipette tip into the esophagus of the fish and injecting a
small volume of material. Using this method, we are able to introduce a vol-
ume of fluid small enough that it does not visually displace mucus from the
gut (as seen by mucus autofluorescence), but carries with it the desired
tracer particles. In order to control for the fluid that accompanies the tracer
particles, we estimated the time required for the gut environment to return
to its preinjection composition by gavaging zebrafish larvae with an
aqueous solution of a fluorescent dye (fluorescein-conjugated dextran, mo-
lecular mass 150 kDa; Sigma-Aldrich #46946) and measuring its brightness
in the gut over time. As seen in Fig. 4 a, such a solution is not detectably
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present in the gut 2 h after the initial injection. We therefore restrict our
data collection to times that are at least 2 h after gavaging tracer particles
into the fish. Notably, in many cases, the particles do not remain in the
fish for such long periods, and measurement is therefore impossible. All ze-
brafish larvae were microgavaged and imaged at 5 days postfertilization.

RESULTS
Passive microrheology

For passive rheological studies, fluorescent polystyrene
nanospheres in the intestinal bulb of larval zebrafish
(Fig. 3 a) were imaged and their dynamics analyzed as
detailed in Materials and Methods (Fig. 3, b and ¢; Movie
S1). We obtained an average of ~400 particle trajectories
per fish with an average duration within the light-sheet plane
of 1.6 s (120 frames). For each trajectory, we calculated the
diffusion coefficient using both mean-square-displacement
analysis (D) and a covariance-based estimator (D).
We performed passive rheological measurements in three
types of fish, described in Materials and Methods: germ-
free animals, fish mono-associated with a commensal Vibrio
species, and conventionally colonized fish, with N = 4 spec-
imens examined in each case. The Vibrio species was cho-
sen because it is known to colonize with high abundance
(~ 10* — 10°/gut) and because the individual bacteria are
highly motile (24), suggesting the possibility of bacterially
enhanced particle motion. Fluorescently labeled Vibrio, as
in (24), sample the entire intestinal volume, and there is
no apparent segregation of particles and bacteria (Fig. S2;
Movie S2).

Both diffusion measures, D, and D,,., were in agree-
ment with the average values for each fish from the two
methods being within 10% of each other (Fig. S3). The
D.,. values from all trajectories, their averages within indi-
vidual fish, and their averages across fish type are plotted in
Fig. 3 d. Across type, the data show no notable difference,
with D = 1.69+0.15, 2.40+£0.57, and 1.76+0.43 u?/s
for germ-free fish, fish mono-associated with Vibrio, and
conventional fish, respectively, where the uncertainty indi-
cates the mean *+ SE in each case. This gives viscosity
values of n = 1.74 =0.15, 1.22+0.46, and 1.67+=0.39 cP,
slightly higher than that of water (0.9 cP). Passive measure-
ments of D, from particles in the same zebrafish gut
imaged over a 60-min interval show a roughly constant
diffusion coefficient over time (Fig. S4 a). The fluorescence
intensity of the particles is also unchanging over this interval
(Fig. S4 b), implying that neither local particle aggregation
nor large changes in the intestinal viscosity occur on
this timescale. Notably, significant aggregation does
occur, but does not take the form of gradual clustering of
discrete, colliding particles but rather is manifested as the
sweeping up of all particles into a dense bolus, described
further below. Until this large-scale aggregation, we observe
discrete particles with roughly constant dynamical
properties.
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FIGURE 3 Passive microrheology. (a) A larval zebrafish at five days postfertilization (dpf). The intestine is highlighted for illustration by orally gavaged
phenol red dye. The voluminous intestinal bulb is evident at the anterior (/eft). Bar, 0.5 mm. (b) A subset of an optical section, corresponding roughly to the
white rectangle region in (a), showing fluorescent tracer particles at the anterior of the gut. Bar, 10 um. (c) Another subset of a light-sheet field of view,
showing particles (c/) and their trajectories (c2). Bar, 10 um. (d) Diffusion coefficients (D) of nanospheres in the larval intestinal bulb. All data points
are shown in gray; fewer than 3% are outside the plotted range. Average values within individual fish are shown as open squares, with error bars indicating
mean * SE. Averages across fish for each type, germ-free, monoassociated with a commensal Vibrio species, and conventionally colonized by microbes, are
shown as solid circles, with error bars indicating mean + SE (N = 4 fish each). (¢) Reduced x> for the fit of the covariance-based estimator of D to the
measured trajectories, for each fish type. (f) The scaling exponent, «, for the measured mean-squared-displacement as a function of time, for each fish
type. For both (d) and (e), all data points are shown in gray, and solid symbols and error bars indicate the mean and SD of the mean, respectively, across
N = 4fish of each type. The SD of « within each individual fish is ~0.2 in all cases. For both (d) and (e), a value of one for 2 or « is consistent with Brownian

motion in a Newtonian fluid. To see this figure in color, go online.

For the covariance-based estimator of D, the goodness-of-
fit (reduced x?) to Brownian diffusion was close to one for
all fish (Fig. 3 e). From mean-square-displacement analysis,
the scaling exponent « (msd oc7%; see Materials and
Methods) was close to one (Fig. 3 f). Both of these measures
are consistent with diffusion in a Newtonian fluid, and indi-
cate neither a significant elastic response nor super-diffusive
dynamics.

Combining all the in vivo measurements, regardless of the
host’s bacterial state, we find a value of n = 1.69+0.14 cP,
or ~1.9 times the viscosity of water, for the viscosity of the
intestinal bulb at the ~ 100 nm length-scale probed by the
tracer particles.

As noted earlier, nanospheres eventually aggregate into
dense boluses along the central axis of the gut. Such aggre-
gation is a consequence of peristaltic activity, which is well
known to condense and transport material through the diges-
tive tract. These boluses are highly autofluorescent and
therefore presumably especially mucin-dense. Notably,
these regions are not adhered to the intestinal wall, and
are a small fraction of the intestinal space. Rarely, individual
tracer particles are discernible in these boluses; these parti-
cles show little motion (Movie S4). Their apparent diffusion
coefficient (D, = 0.014+0.003 wm?/s; mean = SD for
N = 6 particles in the fish shown in Movie S4) sets an up-
per-bound on the minimal D we can resolve with our instru-
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mentation, which is two orders of magnitude lower than
D for free particles in the gut. Equivalently, these values
set a lower-bound for the viscosity of the bolus material,
n =218=%75cP.

Active microrheology

For active microrheological studies, we gavaged ellipsoidal
microparticles into the intestinal bulb of 5-day-old conven-
tionally reared and germ-free zebrafish larvae and per-
formed the active microrheology procedure described in
Materials and Methods, using the calibration illustrated in
Fig. 2. We did not perform active microrheological mea-
surements in fish mono-associated with Vibrio, focusing
on possible generic effects of bacterial species rather than
specific effects from one species. Magnetically driven oscil-
lation of microparticles, with an oscillation amplitude that
decreases with frequency, is readily evident in the intestinal
bulb (Movie S5). The measured response curves are well fit
by the form expected of a Newtonian fluid (Eq. 1), as shown
in Fig. 4 b. An elastic component of the fluid response would
manifest as a nonzero lower limit to the oscillation ampli-
tude at high frequencies (34), which is not seen in any of
the data collected (e.g., Fig. 4 b). We note, however, that
we cannot directly probe frequency scales above 100 Hz,
and so cannot rule out the possibility of an upturn in
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FIGURE 4 Active microrheology. (a) Fluorescence intensity of a gut
gavaged with 150 kDa fluorescein-conjugated dextran shows that fluid is
cleared from the gut within 2 h. (b) Typical response curves y(w) from
driven magnetic microparticles in the intestinal mucus of germ-free (upper
panel) and conventional (lower panel) zebrafish larvae. In each case, the
smooth curve shows the fit of the experimental data to Eq. 1, with the fit
parameter w* indicated by the vertical dashed line. (c) Measured viscosities
of intestinal mucus in conventional and germ-free zebrafish larvae. Circles
indicate the weighted mean values, and bars show SE of the weighted mean
(with calibration error included). To see this figure in color, go online.

oscillation amplitude above our accessible scale. Also, as
noted in Materials and Methods, our techniques at present
cannot accurately determine the phase angle between the
magnetic field oscillations and particle response at the upper
end of our accessible frequency range, which would provide
another potential signature of elastic response.

Repeating this measurement over several specimens, we
compute the weighted mean of the viscosity to be
5.71+£0.95 and 4.72+0.51 cP for the intestinal fluid of
germ-free and conventional intestines, respectively (as
shown in Fig. 4 ¢; N = 5 and 10 specimens, respectively),
i.e., values of mucus viscosity that are ~5 times larger
than that of water, with a slight enhancement in germ-free

Zebrafish Intestinal Microrheology

relative to conventional fish. Uncertainties are the SE of
the weighted mean, as described in Materials and Methods.

DISCUSSION

From both passive and active in vivo microrheological mea-
surements of the larval zebrafish gut, we find responses that
are well described by viscous fluid models, with a negligible
elastic response from intestinal mucus. Though extensions
of the technique to higher frequencies and greater phase
sensitivity are clearly called for to uncover potential elastic-
ity, it is notable that in vitro macroscopic studies of mucus
generally show strong elastic signatures at frequencies
well within the range examined here (4). In vitro microrheo-
logical studies, however, are more varied. Georgiades et al.
(38), for example, find strongly pH-dependent viscoelas-
ticity from particle-tracking assays in porcine gastrointes-
tinal mucus extracts, with purely viscous behavior at
neutral pH and elasticity developing under acidic condi-
tions. In vitro microrheology of human cervicovaginal
mucus shows signatures of non-Newtonian behavior at
length-scales above a few 100 nm (39,40). Together, these
and other data suggest that animal species, developmental
stage, mucus type, and possible in vitro preparation artifacts
have major impacts on mucus rheology, a more thorough
understanding of which calls for considerable effort.

Our own work is motivated especially by the utility of
larval zebrafish for studies of the vertebrate microbiome,
and past work has shown that bacterial motility in the intes-
tinal space can be a major determinant of community
composition (24). The length-scale probed by our magnetic
microparticles is similar to the size of typical bacteria,
implying that microbes occupying the larval intestine will
experience a predominantly viscous fluid environment,
and that models of bacterial motility in viscoelastic fluids
(41) will not be necessary in this context.

The similarity of viscosity values between germ-free and
bacterially colonized intestines, measured with either tech-
nique, is perhaps surprising, as zebrafish which have been
derived germ-free possess ~50% fewer mucin-producing
secretory cells than conventional fish (8). Our observation
may reflect the developmental stage of the animal, which
at the time of experiment is still sustained by its yolk and
has yet to ingest solid food, which would likely stimulate
secretory cell activity.

Regardless of its origin, our finding of a fluid environment
with a viscosity a few times that of water provides useful
data for understanding mechanisms of host-microbe interac-
tions. In many contexts, bacterial communication involves
secreted factors, whose dispersal timescales depend on their
diffusion coefficients. For example, a recently discovered
29 kDa protein secreted by a member of the zebrafish intes-
tinal microbiota stimulates the proliferation of insulin-pro-
ducing @ cells in the pancreas, through mechanisms that
are unclear (23). Low viscosity implies a short time, on
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the order of minutes, for diffusion of a secreted protein
through the entire few 100 micron intestinal space or
through the duct that connects the intestine and the
pancreas, suggesting that specific localization of the bacte-
ria to the duct site or to targeted cells is unlikely to be neces-
sary. We further expect that information about intestinal
viscosity will set constraints on strategies for chemotaxis
and other bacterial behaviors in the gut.

Our observation of a larger apparent viscosity for the few-
micron, actively driven particles than the sub-100 nm, pas-
sive particles suggests a size-dependent viscosity, known
from in vitro studies to be possible even in nonelastic poly-
mer solutions (42). The size and spacing of mucin polymers
in the intestinal fluid, even in the absence of entanglement,
will set a length-scale that impacts probe dynamics; at very
small probe sizes, the polymer network is invisible. It
would, of course, be useful to examine passive diffusion
of larger, ~ 1 u m, particles. The Brownian motion of these
objects would be small, however, and may be difficult to
accurately assess given the short measurement window al-
lowed by peristaltic motility. Nonetheless, this would be a
worthwhile goal for future work, as it also may enable the
observation of super-diffusive motion for passive particles
in the presence of gut microbes, expected to be more pro-
nounced for tracers of similar sizes to the surrounding bac-
teria (43).

Mucus provides a rich set of biophysical mysteries that
are of both fundamental and practical importance. Our un-
derstanding of this fluid is still in its infancy, and is based
largely on in vitro assays that may poorly mirror in vivo en-
vironments, and that are prone to artifacts. For example, in
contrast to measurements of reconstituted mucus that report
a lowering of viscosity by Helicobacter pylori (7), other
studies report an increase in mucus viscosity following
H. pylori infection, ascribed to possible differences in
extraction and handling methods (9).

We suggest that the methodology we describe here offers
a path to in vivo measurements that will be crucial for mak-
ing sense of mucus biophysics. This opens the doors to ex-
aminations of mucin response in relation to host or
microbial physiology, and comparisons to the rheologies
of other complex fluids. Notably, this path is so far rather
low-throughput and technically challenging, and would be
well served by further methodological improvement. Of
course, other approaches to in vivo microrheology also
exist, such as optical tweezers (44), magnetic tweezers
(45), and magnetic droplets (46). All of these, as well as
our approach, have advantages and disadvantages. The op-
tical inhomogeneity of tissues in a larval zebrafish can
complicate force calibration, and the fairly high laser
powers required for trapping can damage the animal, at
least locally (44). Driving spherical magnetic particles re-
quires large fields that may be challenging to create in a
setup that is densely occupied by optical equipment. In
contrast, oscillation of nonspherical magnetic particles, as
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in our study, requires a large magnetic field gradient, but
not a large field. Magnetic droplets are an intriguing
approach for determining rheological properties, and could
be delivered to the gut. Use of these oil-based droplets
might be confounded by concerns of toxicity, or by the
droplets being digested by the fish. Despite these potential
issues, all these techniques are powerful, and we hope that
our work encourages further quantitative studies of intesti-
nal rheology.

The experimental combination we introduce of passive
microrheology, active microrheology, and light-sheet fluo-
rescence microscopy should be applicable to a wide variety
of small, structurally complex biophysical environments.
For example, many marine invertebrates such as salps
and the larvae of sea urchins, starfish, and other animals
are quite transparent and possess digestive tracts that
make use of mucus-rich organs, particle filtration, and
other structures and phenomena whose biophysics could
be investigated using these approaches. In addition to be-
ing interesting in themselves, processes associated with
these organisms are important for ecological food webs
and oceanic carbon capture. The techniques we have
described could also be applied to studies of the gut envi-
ronment in Caenorhabditis elegans, another transparent
model organism, as well as recently developed ex vivo
mimics of intestinal environments (47). Techniques such
as two-photon light-sheet excitation (17) could further
enable quantitative investigation of more opaque
specimens.

SUPPORTING MATERIAL

Four figures and five movies are available at http://www.biophysj.org/
biophysj/supplemental/S0006-3495(17)30797-X.
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Figure S1. Histograms of particle fluorescence intensities for passive microrheology probes,
normalized by background fluorescence levels, for (a) particles in a larval zebrafish gut, and (b)
patticles in 1/10x phosphate buffered saline. Both show a peak around 100 coefficient, indicating
similar sizes in both contexts.



Figure S2. Light sheet fluorescence images of (a) passive tracer particles and (b) [zbrio ZWU0020
bacteria in the same region of a larval zebrafish gut. A movie of the tracer dynamics in this region is
provided as Supplementary Video [X]. Both particles and bacteria sample the same space; there is no
apparent sign of segregation. Scale bar: 10 microns.
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Figure S3. Diffusion coefficients calculated with a covariance-based estimator D, . and with mean-

square-displacement analysis D, ., as described in Methods. Each point is the average for all tracked

msd>

particles within one fish. The dashed line indicates equality (i.e. D = D, ).
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Figure S4. (a) Diffusion coefficients from passive microrheology, examining particles within the
same germ-free larval zebrafish over a period of approximately one hour. Each point is the average
of values from 100-500 particle tracks; error bars indicate one standard deviation. (b) Fluorescence
intensities for the same particles over time, normalized by the background mucus autofluorescence
level. Both the diffusion coefficient and the particle intensity are roughly constant over time,
implying minimal particle aggregation.



Supplementary Video Captions

Supplementary Video 1: Passive motion of fluorescent nanoparticles in the anterior bulb of the
intestine of a 5 dpf zebrafish, captured with light sheet fluorescence microscopy.

Supplementary Video 2: Passive motion of fluorescent nanoparticles in the anterior bulb of the
intestine of a 5 dpf zebrafish, with crypt-like invaginations indicated. Supplementary Figure 2 shows
a subset of a still frame of this movie, together with an image of bacteria in the same region.

Supplementary Video 3: Large-scale coordinated motion of intestinal contents, including
fluorescent nanoparticle probes, driven by a peristaltic contraction. These contractions occur
roughly twice per minute.

Supplementary Video 4: Light sheet fluorescence movie of a region of a 5 dpf larval intestine in
which a dense, shed bolus of mucus containing discrete particles is evident. Note that the bolus is
not adhered to the epithelial wall. The embedded particles show little motion, in contrast to free
particles elsewhere in the gut.

Supplementary Video 5: Magnetic ellipsoid in the intestinal bulb of a 5 dpf zebrafish larva being
driven by an oscillating magnetic field with a chirped frequency (from 0.1 Hz to 95 Hz), as described
in Methods.
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