SCIENTIFIC REPLIRTS

Microscopic diffusion processes
measured in living planarians
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Living planarian flatworms were probed using quasielastic neutron scattering to measure, on the

. pico-to-nanosecond time scale and nanometer length scale, microscopic diffusion of water and cell
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Published online: 08 March 2018 . in such a complex system as living animals. The overall variation in the microscopic diffusivity of cell
: constituents was found to be far lower than the variation in the microscopic diffusivity of water in

planarians in a temperature range of 284.5 to 304.1K.
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Microscopic diffusion of cell constituents is vital for molecular transport and metabolic activity at the cellular
and intra-cellular level. To characterize microscopic diffusion in living animals, here we use quasielastic neutron
scattering (QENS), a technique that probes not only the temporal, but also spatial, aspects of biomacromolecular
dynamics, which helps elucidate diffusion mechanisms. In the last several years this technique was employed to
study intracellular water'-® and intracellular biomacromolecules®'¢, but a QENS study of a living multicellu-
lar organism poses unprecedented challenges. Hydrated encysted brine shrimp eggs investigated using QENS!"”
possibly come closest to the complexity of a living animal, yet they lack intracellular water, being in the state of
dormancy. We have identified planarian flatworms as the most suitable candidate for living animal studies. They
are three germ-layer acoelomates with solid body and no body cavity, which makes composition of their bodies
relatively uniform. They can survive without food for weeks, thus emptiness of their digestive system can be read-
ily achieved by means of withdrawing food. They lack circulatory and respiratory systems, and their metabolism
relies on molecular diffusion through the body. Their body shape is conducive to preparation of a relatively thin
sample, which is of paramount importance for control of the effects due to multiple neutron scattering in the
sample. Finally, they have tremendous ability to stay alive and regenerate into a complete organism if cut into
small pieces, and we hypothesized that planarians could be studied even when cut in pieces should our efforts fail
to prepare a suitably thin sample using intact living flatworms. Ultimately, cutting was unnecessary, even though
the documented inability of planarians to survive even for a few hours in heavy water'® necessitated the use of
strongly neutron scattering regular water as the host environment for flatworms in the sample.

Results and Discussion

Figure 1 shows examples of data collected from planarians in water and reference water sample, displayed as
I(QE)/(ngys(E) + 1), where I(Q,E) is measured neutron scattering signal, np,.(E) = (exp(E/kgT)—1)"! is Bose
population factor, and kg is Boltzmann’s constant. At sufficiently high energy transfers, where the influence of the
spectrometer resolution is relatively small, this data presentation approximates the imaginary part of the dynamic
susceptibility. Dynamic susceptibility maxima correspond to the characteristic relaxation times/frequencies in
the system, thus allowing illustrative data visualization. In the accessible energy transfer range, there is a single
maximum for the H,O sample associated with translational water diffusivity. The maximum indicates a charac-
teristic time T (inversely proportional to the energy position of the peak) it takes for a water molecule moving
with a diffusion coefficient D to traverse a distance inversely proportional to the measured momentum transfer,
Q, according to the relationship 1/ =DQ? (for a continuous diffusion process).

The planarians in H,O exhibit a very similar peak, evidently originating from water in the sample, but also a
visible excess intensity at a low energy transfer of ca. 1 ueV. Considered alone, this does not necessarily indicate
the planarian-specific component, unless the excess intensity persists after background subtraction. Indeed, upon
subtraction of the H,O data from the planarians in H,O data, this excess intensity develops into a separate fea-
ture, representing the microscopic dynamics in the flatworms, whereas the peak associated with water diffusivity
persists, albeit with a lower intensity. Even though the shape of the feature at ca. 1 peV must be affected by the
spectrometer resolution, the data presented in Fig. 1 provide guidance to the I(Q,E) fitting approach. The data
from planarians in H,O sample (or the difference data obtained by subtracting the H,O spectrum) would likely
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Figure 1. The log-log plot of the neutron scattering signal intensity divided by Bose population factor, I(Q,E)/
(npe(E) + 1), for planarians in water and reference water sample, along with the difference plot. The data
collected at the lowest and highest measurement temperatures at Q= 0.3 A~ are presented.

require two fitting components: the broad one, associated with water, and the narrow component that is specific
to the planarians.

All further data analysis was performed on the difference I(Q,E) spectra, as illustrated in Fig. 2 for the same
data sets as shown with black symbols in Fig. 1. As demonstrated by the model-independent data presented in
Fig. 1, we need to employ a two-component data fit, where the broader component is associated with water. Thus,
we used a superposition of a narrow and a broad Lorentzian convolved with the resolution function, R(Q,E), plus
a linear background:

Fnarmw(Q) Pbmad(Q)
7T(]'—‘narmw(Q)z + EZ) 7"'(I‘bmud(Q)z + EZ) (1)

The small width of the narrow component demonstrates the necessity of using the sample-specific resolution
(see Materials and Methods). Figure 3 shows a comparison of these fit results with an alternative fit approach that
assumes a single Lorentzian component and a delta-function component that would account for the scattering
from the species whose dynamics might be too slow for the spectrometer resolution:

I(Q, E) = R(Q, E) ® |x(Q) + (1 = x(Q)

+ (B(QE + B,(Q))

I'Q)
m(T(Q)? + E?) ()

This alternative approach produces fits showing a systematic mismatch with the data at low energy transfers,
near the elastic line, which quickly worsens at higher Q values. For example, for the 284.5K data fits presented in
Fig. 3, at Q=0.3 A~! we obtain the fit agreement factor, X of 1.286 and 1.480 using Equations 1 and 2, respec-
tively, whereas at Q = 1.3 A~! the x> values become 1.621 and 2.247 for fits with Equations 1 and 2, respectively
(the agreement factor x* =X (Iyperiment — Imodel)*/ (Nopservations — Nparameters) accounts for possible difference in the
number of fit parameters). This comparison confirms the need for a separate narrow fit component to account
for the low-energy scattering signal specific to the planarians. All further analysis and discussion pertain to the
two-component fits described by Equation 1.

The Q-dependence of the fitted parameters is presented in Fig. 4. The broad and narrow components are
related to water and planarian-specific dynamics, respectively, but more detailed assignment of the components
should be guided by the earlier QENS studies of cells®~'>. Water in planarians could be cytoplasmic, extracellular,
or water in bulk form. In a QENS measurement, water in confinement with a characteristic size larger than ca.
10 nm would be indistinguishable from the true bulk water. Furthermore, the exact amount of bulk-like water in
living planarians is difficult to quantify. The non-monotonic Q-dependence of the width of the broad component
suggests that different water populations give rise to the broad QENS signal at the low and high Q values in the

I(Q, E) = R(Q, E) ® |x(Q)4(E) + (1 — x(Q)) + (B,(QE + B,(Q))
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Figure 2. Symbols: I(Q,E), the residual scattering signal (planarians in water sample minus water reference
sample) for the data collected at the lowest and highest measurement temperatures at Q = 0.3 A~!, the same data
as presented in Fig. 1 by black symbols. Solid red lines: total fit, as described in the text. Long-dashed blue lines:
broad fit component with a linear background. Short-dashed pink lines: narrow fit component. The intensity-
scaled resolution data collected from the planarians in water sample at 10K is shown by solid black lines.

accessible energy transfer range. At the low Q, the signal is dominated by translational diffusivity of bulk water
and cytoplasmic water, the diffusion coefficient of which is expected to be similar to that of bulk water*”1>. At
the higher Q, this signal becomes too broad for the += 100 peV measurement range, and the more spatially and
dynamically constrained species, such as hydration water molecules in close contact with the cell constituents®'®,
dominate the measured signal, although cytoplasmic water may still contribute!'®. The width of the measured
signal dominated by hydration water, which is expected to be system-specific, exceeds the values for hydration
water in prokaryotes Thermococcus barophilus and Thermococcus kodakarensis'®, but shows good agreement with
the values for eukaryotic human cells of invasive breast carcinoma®.While the broad QENS component meas-
ured at all Q values largely originates from various water populations, it may also have contribution from the
internal dynamics of other cell components, such as cell proteome, the signal from which is comparable in width
to the signal from water'®. In other relevant example, the internal dynamics of alcohol dehydrogenase was meas-
ured at about two-thirds of the solvent diffusivity'®. Besides the too large width of the signal from bulk water,
which makes it indistinguishable from the background, the dominance of the hydration water and hydration
water-driven proteome dynamics' in the broad QENS signal measured at high Q could be due to the spatially
confined character of such dynamics, which thus gives rise to the relatively stronger QENS signal at high Q.

The I'y;0.q(Q) was fitted over the lowest three Q values (see Fig. 4) using a model describing jump diffusion,
with diffusion coefficient D and the time between jumps (residence time) 7, and an offset constant B:

hEDQ?

T =B+ ——
hroad(Q) + 1+ TDQ2 (3)

In most QENS experiments, when sufficiently thin samples can be prepared, the offset constant is not needed.
In the present case, however, the minimum attainable sample thickness is limited by the space needed by the liv-
ing flatworms and their H,O environment (see Materials and Methods), making some multiple scattering of neu-
trons in the sample unavoidable. Such effects are known to result in some artificial broadening of the QENS signal
at low Q values®. Appearance of a non-zero offset constant, which nevertheless did not affect the Q-dependence
of the QENS signal, has been demonstrated in experiments where multiple scattering was also unavoidable, such
as measurements of water at high pressure®..

The Q-dependence of the I'y,,4 Was initially analyzed for each temperature individually with B =0, but,
expectedly, yielded artificially high water diffusion coeflicients, ranging from (24.2+0.8) x 10~ 1°m?/s at 284.5K
to (54.4£2.6)x 107" m?/s at 304.1K. Then we repeated the fits using Equation 3 simultaneously for all seven
temperatures, with the freely varying parameter B held the same for all temperatures, utilizing this global fitting
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Figure 3. Symbols: I(Q,E), the residual scattering signal (planarians in water sample minus water reference
sample) for the data collected at 284.5K at the lowest and highest measured Q values of 0.3 A" and 1.3 A",
Solid red lines: fits with one-Lorentzian, one delta-function model, as described in the text by Equation 2. Solid
blue lines: fits with two-Lorentzian model, as described in the text by Equation 1. The corresponding difference
plots (residuals) are also shown with red and blue lines. The data are truncated to £ 20 peV to emphasize the
signal near the elastic line.

procedure to facilitate fit convergence. This global fit with B=(3.9£0.7) peV yielded water diffusion coefficients
(top left panel in Fig. 5) ranging from (14.1 4 1.5)x 1071 m?/s at 284.5K to (38.44+3.2)x 107" m?%/s at 304.1K,
closer to those expected for water at these temperatures. The corresponding residence times are presented in
the top right panel in Fig. 5, along with the residence times for hydration water/proteome determined from the
Q-independent fits of the broad signal at high Q values, as shown in Fig. 4.

In view of the uncertainty of the exact water populations in the living planarians (bulk vs. cytoplasmic vs.
hydration), it is prudent to say, without being more specific, that the broad component in the QENS signal meas-
ured at all Q values must be related to the dynamics of water and, possibly, water-driven proteome’®. On the other
hand, the narrow component of the QENS signal represents the microscopic dynamics specific to the cellular
constituents of planarians. The ' ,,,,,(Q) was fitted at first using Equation 3 (solid lines in the bottom panel of
Fig. 4). This global fit with B=(0.46 +0.02) peV yielded diffusivities and residence times shown in the bottom
left and bottom right panels, respectively, of Fig. 5. The error bars on the residence times are rather large, possibly
suggesting that the jump diffusion fit model might be too complex for the data. Therefore, we fitted (see dashed
lines in the bottom panel of Fig. 4) the I, ,.0,,(Q) using a model describing continuous diffusion with a coefficient
D and an offset constant B,

Lorron(Q) = B + hDQ (4)

utilizing a simultaneous fit for all seven temperatures, with the freely varying parameter B held the same for
all temperatures. This global fit with B=(0.5940.01) ueV yielded the diffusivities presented in the bottom left
panel of Fig. 5. Similar values of the offset constant B obtained independently in the global fits of the I, ,.;0.,(Q)
using Equation 3 and Equation 4 suggest that such approach to account for multiple scattering effects is fairly
model-independent. The error bars on the diffusivity values become smaller when continuous diffusion model
is used.

The microscopic dynamics described by the data in the bottom panels of Fig. 5 pertains to the planarians
cells constituents. Biochemical compositions quantified in the literature for some cells such as Escherichia coli
bacteria and mammalian cells**** suggest that proteins, DNA/RNA molecules, and lipids/lipopolysaccharides are
all present in cells in sufficient quantities to give rise to the sizable scattering signal (aside from the major scat-
tering signal contribution from water). Because the local dynamics of biomacromolecules (e.g., of side groups) is
driven by hydration water and is generally too fast to give rise to ueV-range signal at ambient temperature!>!¢1%,
one could consider two classes of microscopic processes compatible with the diffusivity values obtained from
the I, 1row(Q) (interestingly, both of them are commonly described by continuous, rather than jump, diffusion
model). One would be the diffusion of proteins as a whole in the cytoplasmic environment!®?>-32. However, from
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Figure 4. Symbols: narrow (bottom panel) and broad (top panel) fit components associated with the slow and
fast diffusivities measured in living planarian flat worms (an example of the data fits is shown in Fig. 2). The
components assignment is discussed in the text. Solid lines in the top panel: jump diffusion model fits for the
broad component at low Q values and Q-independent fits for the broad component at high Q values. Solid lines
in the bottom panel: jump diffusion model fits for the narrow component. Dashed lines in the bottom panel:
continuous diffusion model fits for the narrow component.
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Figure 5. Microscopic dynamics (diffusivity and residence time) in planarian flat worms obtained from the
data fits presented in Fig. 4 (top panels, open symbols: broad fit components; bottom panels, filled symbols:
narrow fit components). Data fits with jump diffusion model, from which both diffusivity and residence time
can be obtained, are shown with circles (open or filled). Data fits with continuous diffusion model, from which
only diffusivity can be obtained, are shown with filled triangles. Q-independent data fits, from which only
residence time can be obtained, are shown with open squares.
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the Stokes-Einstein equation, such global diffusivity should be proportional to T/n(T) where n(T) is the medium
viscosity. While the water diffusivity (inversely proportional to its viscosity) increased by a factor of 2.7 between
284.5K and 304.1K, the concomitant increase in the diffusivities of the cell constituents was merely by a factor
of 1.3 for the more plausible continuous diffusion model, or 1.8 for the less plausible jump diffusion model. This
deems assignment of the narrow QENS signal predominantly to the global diffusion of intra-cellular biomacro-
molecules less plausible.

Another class of processes obeying the continuous diffusion law and associated with the measured diffusivity
values of 0.1-0.2x 107 1°m?/s is the lateral diffusion of lipids in membranes*-*¢. Although we cannot estimate
the relative strength of the QENS signal originating from the lipid assemblies in living planarians, we note that
such assemblies may include not only the outer and compartment-separating membranes, but also lipoproteins
and intra-cellular lipid droplets in substantial quantitates®”. Unlike the cell proteome!'>!” and proteins that are in
general coupled to the aqueous solvent™, the dynamics and phase transitions in lipid assemblies are decoupled
from the solvent®-%¢. Consistent with this, the slow diffusivity measured in planarians varies only by a factor of
1.3-1.8 (depending on the model) between the lowest and highest temperature in the experiment, compared to a
factor of 2.7 for water diffusivity.

While largely decoupled from the solvent, the lateral lipid diffusivity may exhibit a sharp increase due to the
transition from the gel-like to fluid-like phase. The gel-fluid transition temperature depends on the lipid compo-
sition; e.g., 296-297 K in some model membranes®~*¢ and ca. 298 K in low-density lipoproteins®® and adipose tis-
sues. To this end, it is interesting to note that the diffusivities in the left bottom panel in Fig. 5, regardless of the
fit model chosen (circles or triangles), seem to exhibit systematically higher values above 298 K compared to the
lower measurement temperatures. While the effect is rather week and cannot be taken as an evidence of a transi-
tion in the dynamics of the cell constituents, it suggests that assignment of the measured slow dynamics to lateral
diffusion of lipids at least would not be inconsistent with the well-known phase transition in lipid assemblies.
Although the apparent increase in the diffusivity above 298.0K is not nearly as large as that observed in model
membranes of pure phospholipids, various membrane additives are known to reduce, sometimes dramatically,
the magnitude of the diffusivity increase at the gel-fluid transition®-.

The rather tightly maintained (compared to water diffusivity) diffusivity of cell constituents may represent a
homeostatic parameter resisting changes in the environment. While we have noticed no immediate distress in
the control group of planarians exposed to a temperature of 304K for several hours (similar to the actual experi-
ment), the Planaria Care Sheet*! suggests that temperatures higher than 21 to 23 °C (294 to 296 K) may eventually
damage planarians. In view of the possible increase in the diffusivity of cell constituent above 298.0K, we wonder
if this empirical knowledge about survival ability of planarians may actually reflect their diminished ability to
maintain tightly the diffusivity in their cell constituents at elevated temperatures.

In conclusion, we have found that microscopic diffusivity measured in living animals is surprisingly well
defined and can be separated into that of water (hydration, cytoplasmic, and bulk-like) and of the other cell con-
stituents. The latter is maintained much more tightly compared to the former in a temperature range of 284.5K to
304.1K, and even more tightly between 284.5K and 298.0K.

Materials and Methods

We used BASIS neutron backscattering spectrometer* at the Spallation Neutron Source, ORNL, operated in a
standard mode, with the incident neutron bandwidth centered at 6.40 A. With the final detected neutron wave-
length fixed at 6.267 A by Si(111) crystal analyzers, this provided a standard range of neutron energy transfers
suitable for data analysis between —100 peV and 4100 peV, while the energy resolution (averaged over all scat-
tering angles) was 3.4 ueV (full width at half maximum). Routine data reduction, including normalization to a
flat-plate vanadium standard, was used.

The challenging experiment necessitated adaption of several non-traditional techniques in sample preparation
and measurement. Living Brown Planarians specimens were purchased from Carolina Biological Supply Co. To
ensure emptiness of their digestive system, the flatworms were not fed for at least a week prior to the experiment.
Approximately 30 mid-to large-sized flatworms, ranging in length from a few millimeters to almost a centimeter,
were gently loaded using a pipet into a cuvette-type flat-plate geometry aluminum sample holder, 30 mm wide,
70 mm deep, and 1 mm thick, filled with ca. 0.6 g of deionized H,O. The resulting total mass of planarian spec-
imens in H,0 was ca. 0.8 g. Then an aluminum spacer, 30 mm wide, 70 mm tall, and 0.5 mm thick was inserted
very slowly into the sample holder, thereby reducing its effective thickness to 0.5 mm. The very slow rate of the
spacer insertion was necessary to ensure that the planarians could relocate themselves to the open space in the
sample holder. A reference deionized H,O sample of ca. 0.6 g was loaded in a similar manner using a separate
holder with 0.5 mm thick spacer insert. Thus, the height was at least 40 mm for both the planarians specimens
in water and the reference water sample, whereas the nominal size of the neutron beam was 30 mm by 30 mm.
The upper portion of the 70 mm tall sample holders thus remained filled with air. In variance with the standard
practice, the sample holders were not sealed, and a small gap was maintained using thin spacers between the
sample holders and the lids. This was done in order to ensure air exchange between the sample in the cell and the
cell’'s surrounding to prevent oxygen deprivation to the planarians. The sample holder was attached, by itslid, to a
stick inserted into a top-loading close-cycle refrigerator (CCR). Contrary to the standard practice, the CCR was
not operated under vacuum or with helium thermal exchange gas, but instead was filled with air, again to prevent
oxygen deprivation to the living specimens. Such operation would not be typically possible due to freezing of the
air in contact with the cold parts of the CCR. Therefore, the compressor used for operating the CCR’s cold head
was turned off, and the CCR was allowed to warm up gradually under helium thermal exchange gas until the
cold head temperature exceeded 278 K, when the thermal sensors mounted on the CCR’s inner wall and at the
sample position on the stick all showed a similar temperature reading. Then the helium exchange gas was replaced
with air and a stick with the attached sample was inserted into the CCR; the unsealed sample holder with the
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specimens remained open to the surrounding air. From this time on, a heater on the CCR’s inner wall was enabled
with a heating ramp rate of 0.03 K/min, while the temperature was read with a sensor at the sample position. The
compressor was not operated; therefore, data collection was possible only while the sample was gradually warmed
up, with a limited temperature control provided solely by the variable heater output. The data were continuously
collected for more than 15 hours on warming up, and subsequently binned into ca. 2 hour-long data sets, to yield
the average temperature points separated by 2.8 K to 3.8 K, each point averaged over 2.5 to 4.5K, namely, 284.5K
(283.3 K-285.8K), 287.7K (285.9K-289.5K), 290.7 K (289.3 K-292.2K), 294.2K (292.0K-296.5K), 298.0K
(296.3K-299.6K), 301.3K (299.7 K-303.0K), and 304.1K (302.6 K-306.7 K). Then the sample was allowed to
warm up to 310K before the compressor was turned on. In a few minutes, just before the coldest part of the
CCR was to drop below 278K, the air in the CCR was gradually replaced with helium thermal exchange gas. The
sample was subsequently cooled down to the baseline temperature of 10K, and the resolution function was col-
lected from the frozen sample for about 8 hours. Sample freezing for collection of the sample-specific resolution
function proved necessary in the data analysis, where one of the fit components was narrow, and the very precise
measurement of the resolution function was a must, as oftentimes is the case on the BASIS*2. Survival of planari-
ans in identical sample holder for a day was thus verified off-line.

The reference H,0O sample was measured in the same manner, including the CCR warming up with no com-
pressor running and the sample holder open to the surrounding air. This was done to improve the accuracy of
the data subtraction, when the water spectra were subtracted from the spectra collected from the planarian spec-
imens in water (measured at the corresponding temperatures). Thus, any increased scattering background due to
air in the CCR was cancelled out. The use of H,O, necessitated by intolerance of planarians to D,0, resulted in a
relatively low sample transmission of 75%.

Data availability. The datasets analyzed during the current study are available from the corresponding
author on reasonable request.
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