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Solute Transport in Growth Plate Cartilage: In Vitro and In Vivo
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ABSTRACT Bone elongation originates from cartilaginous discs (growth plates) at both ends of a growing bone. Here chon-
drocytes proliferate and subsequently enlarge (hypertrophy), laying down a matrix that serves as the scaffolding for subsequent
bone matrix deposition. Because cartilage is generally avascular, all nutrients, oxygen, signaling molecules, and waste must be
transported relatively long distances through the tissue for it to survive and function. Here we examine the transport properties
of growth plate cartilage. Ex vivo, fluorescence photobleaching recovery methods are used in tissue explants. In vivo, multi-
photon microscopy is used to image through an intact perichondrium and into the cartilage of anesthetized mice. Systemically
introduced fluorescent tracers are monitored directly as they move from the vasculature into the cartilage. We demonstrate the
existence of a relatively permissive region at the midplane of the growth plate, where chondrocytes transition from late prolif-
erative to early hypertrophic stages and where paracrine communication is known to occur between chondrocytes and cells in
the surrounding perichondrium. Transport in the living mouse is also significantly affected by fluid flow from the two chondro-

osseus junctions, presumably resulting from a pressure difference between the bone vasculature and the cartilage.

INTRODUCTION

Bone elongation occurs by endochondral ossification, which
is controlled at the cellular level by chondrocytes within the
growth plate (Fig. 1). These cells undergo a differentiation
cascade in which stem cells (resting cells) at the epiphyseal
(E) side first undergo a proliferation phase, followed by a
hypertrophy phase in which they stop dividing, enlarge and
lay down an extracellular scaffolding for new bone forma-
tion at the metaphyseal (M) side (toward the diaphysis). The
extent of chondrocytic enlargement can be directly corre-
lated to the extent of bone elongation (1-3). After death of
the terminal chondrocyte, the replacement of cartilage by
bone occurs via a synchronized interaction among endothe-
lial cells, chondroclasts, and bone precursor cells. Chondro-
cytic activity in the growth plate is regulated by a wide array
of autocrine and paracrine regulators (for reviews, see 4-9),
many of which are produced at sites distant from their sites
of action. A clearly demonstrated example is the PTHrP/Ihh
signaling loop in which parathyroid-related protein (PTHrP)
produced within the periarticular chondrocytes and peri-
chondrium is known to limit the number of chondrocytes that
express Indian Hedgehog (Ihh). In addition to inducing chon-
drocytes to begin differentiation, Thh also acts to upregulate
PTHrP expression, completing a negative feedback loop that
delays the rate of overall chondrocyte differentiation (10,11).

The mechanism by which remotely produced signals main-
tain such a tight regulation remains unclear, especially in the
postnatal animal. Other examples of remotely produced dif-
fusible effector molecules with action on the chondrogenic
differentiation cascade within the growth plate include fibro-
blast growth factor 18, various isoforms of bone morphogenic
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protein (BMPs), and transforming growth factor-beta, which
all are produced in the cambrial layer of the perichondrium
surrounding the growth plate (4,6,9,12). Analogously, ma-
trix metalloproteases (MMPs MMP-9 and MT-MMP) pro-
duced by chondroclasts at the metaphyseal chondro-osseus
junction (COJ) are essential for apoptosis of terminal hyper-
trophic chondrocytes and subsequent vessel invasion and bone
formation (13-16). The spatial location of the signals pro-
duced and the transport properties of the cartilage are critical
to the communication between cells and the maintenance of
growth plate organization. A particularly elegant demonstra-
tion comes from a comprehensive examination of the sig-
naling defects in the skeletal disorder Exostosinl (EXT1)
mutation. EXT1 mutations result in a loss of heparin sulfate
chains on extracellular matrix (ECM) proteoglycans, which
dramatically decreases the interaction of Thh with the ECM,
increasing the range of Thh signaling within the growth plate
and causing an extended proliferative zone due to excessive
activation of PTHrP (17-19). Note that the phenotype origi-
nates from a defect to the transport properties of the signaling
molecule, rather than to the molecule itself. In humans, these
mutations result in a variety of skeletal abnormalities such as
bone deformities, joint fusions, and short stature. The diffus-
ible range of a particular effector molecule or morphogen is a
concept that is generally ubiquitous to the literature of devel-
opment and developmental processes (for example, see (20)).

The transport properties of growth plate cartilage are
crucial not only to understanding molecular signaling, but to
understanding chondrocytic viability generally. Several de-
cades ago, it was shown that growth plate chondrocytes at all
stages of differentiation die after compromising the epiph-
yseal vasculature (21). The paradigm that chondrocyte viability
is dependent upon a viable epiphyseal vasculature remains
true today (for example, see (22)). By contrast, a compromise
to the metaphyseal vasculature does not result in chondrocytic
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death within the growth plate (21), only a failure of chon-
drocytic apoptosis and bone formation on the metaphyseal
side. Taken together, these findings have led to a hypoth-
esized unidirectional entrance of nutrients, sourced by the
epiphyseal vasculature. In addition, a somewhat controver-
sial hypothesis (23) states that hypertrophic chondrocytes are
hypoxic, driven by the fact that angiogenesis in the hyper-
trophic zone (and chondrocytic differentiation generally) is
regulated by hypoxia inducible transcription factor 1o (HIF-
la (24)). These ideas suggest that chondrocytic access to
oxygen and nutrients from the metaphyseal vasculature is
somewhat limited, even though the vessels at this location
are known to be leaky (25), as is characteristic of actively
growing and remodeling vasculature.

The goal of this investigation was to understand the bio-
physical properties of molecular transport in and around the
growth plate using several strategies. Firstly, ex vivo anal-
yses were carried out in coarse-cut growth plate sections
using a three-dimensionally resolved form of fluorescence
photobleaching recovery (26,27). Secondly, fluorescent tracers
were introduced into the systematic vasculature of anesthe-
tized animals and their arrival into the growth plate, imaged
directly using multiphoton microscopy (28). This technique
allowed us to image through the intact perichondrium, which
is highly vascularized and critical to growth plate function.
Tracers entered into the growth plate from three sources:
bone vasculature on the epiphyseal side, bone vasculature on
the metaphyseal side, and a vascular plexus surrounding the
growth plate just deep to the perichondrium (Fig. 1). Pre-
viously we have shown that equilibration into the growth
plate took several minutes (29). In the present study, fluo-
rescence entry curves were fit to determine flow rates and dif-
fusion coefficients within the cartilage. Both ex vivo and in
vivo strategies revealed a permissive region at the midplane
of the growth plate, where chondrocytes make an abrupt tran-
sition from a proliferative (P) to a hypertrophic (H) pheno-
type. Regions adjacent to the two chondro-osseus junctions
were severalfold more hindered to diffusion. Flow from the
bone into the cartilage also enhanced equilibration of small
vascular solutes into the growth plate.
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MATERIALS AND METHODS

We chose two methods for examining the transport properties of growth
plate cartilage. Both require multiphoton microscopy for sectioning rela-
tively deeply into tissue. In the first ex vivo method, we measured the dif-
fusion coefficient in isolated cartilage by focusing the beam to a micron-sized
spot in the extracellular matrix, photobleaching the fluorescent tracers in that
spot and monitoring the recovery to determine the diffusion coefficient. In
the second in vivo method, a surgical approach was made to the proximal
tibia in an anesthetized mouse. We imaged through the perichondrium and in
to the growth plate to determine how a bolus of tracer injected into the
bloodstream moves into the growth plate. The second method resulted in a
time series of images of tracer entering from the bloodstream and equili-
brating through the growth plate in a live animal. This method allowed us to
examine general theories such as the hypothesized epiphyseal sourcing of
small solutes to the growth plate. Under defined conditions, image analysis
methods could be used to determine transport coefficients in the living animal.

Multiphoton microscopy

We used a multiphoton microscope consisting of a Ti:Sapphire laser
(Millennia Xs/Tsunami combination, Spectra Physics, Mountain View, CA)
directed into a modified BioRad model No. MRC 600 laser scanner
interfaced with a modified (fixed-stage) model No. AX-70 upright micro-
scope (Olympus, Center Valley, PA). A model No. 350-80 BKLA Pockel’s
Cell (Conoptics, Danbury, CT) with custom-made electronics provided beam
intensity modulation and blanking during scanner flyback. The excitation
light was focused into the growth plate region with a large-barrel Olympus
20X/0.95 NA water objective, which provides a large field-of-view, a rela-
tively high NA, good IR transmission, and the few mm of working distance
essential for maneuvering in live animals.

As described previously (29), we oriented to the growth plate using collagen
second-harmonic generation imaging of the perichondrial anatomy in addition
to oxytetracycline (OTC) fluorescent labeling of the rapidly growing regions of
bone directly adjacent to the growth plate. The multiphoton excitation wave-
length peak (Aex) was tuned to 900 nm because FITC absorbs well at this
wavelength (30), whereas water and intrinsic cellular absorbers do not (31).
Nonlinear emissions were collected in epi mode and separated from the ex-
citation beam directly after the objective with a model No. 670DCXXRU long-
pass dichroic (Chroma Technology, Rockingham). Emission filters were chosen
for a blue (400490 nm for collagen second-harmonic generation) and visible
(510650 nm for fluorescein and OTC emission) separation (model Nos.
BGG22 and 580/150 filters with a separating model No. S00DCXR dichroic,
Chroma Technology) and a 107 rejection ratio of the exciting to emitting
wavelengths. The resulting two emissions were collected by model No. HC125-
02 bialkali photomultiplier tube assemblies (Hamamatsu, Hamamatsu City,
Japan) directed into the external ports of the BioRad acquisition electronics.
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Fluorescent tracers

We used the fluorescent tracers fluorescein (FL, MW 332, AK-FLUOR,
Akorn, Buffalo Grove, IL), 10 kDa fluorescein-labeled dextran (10k-FL,
D1821, Invitrogen, Carlsbad, CA), 40 kDa fluorescein-labeled dextran (40k-
FL, D-1844, Invitrogen), and a 45 kDa fluorescein-labeled ovalbumin (Ova-
FL, 023020, Invitrogen) to mimic molecules across a range of molecular
weights. Fluorescein was diluted 10-fold from 10% ophthalmologic stock
solutions (300 mM) and a 50 wl intracardiac (IC) injection administered to yield
an approximate vascular concentration of ~2 mM (for a typical 11 g mouse).
Solutions of fluorescein-labeled dextrans were prepared at 100 mg/ml in
phosphate-buffered saline solution. Depending on the labeling concentra-
tion, varying amounts were injected IC to yield a vascular fluorescence
concentration similar to that for FL. For photobleaching analyses, coarsely-
cut tibial sections were incubated in 100 uM equivalent dye.

Our goal was to use variously-sized neutral dextrans to mimic how variously-
sized signaling molecules would be transported within the growth plate. How-
ever, we found that only the highly-anionic dextrans could be solubilized to
the extent necessary for visualization in vivo. Thus, we could not separate
charge-effects from size-effects for the larger tracers in the live animals.

Ex vivo diffusion coefficient measurement via
photobleaching of isolated tissue

Specimens were prepared for ex vivo photobleaching analyses by halving
isolated tibias from 4-to-5-week-old mice using a single cut with a razor
head. These sections were immersed in lactated Ringer’s solution with 5%
fetal bovine serum and kept on ice for no more than 2 h. In isolated tissue
slabs, we assume no flow, so that diffusion coefficients can be measured by
a standard fluorescence photobleaching recovery (FPR) assay, in which a
tightly focused beam is held stationary at the region of interest. A high-
intensity laser pulse is used to bleach fluorophores within the focal volume.
Subsequently at a lower monitoring intensity, the fluorescence increases due
to fresh (unbleached) fluorophores back into the focal volume. This recovery
is fit to determine a diffusion coefficient for this fluorescent species. (The
technique is also known as fluorescence recovery after photobleaching or
FRAP.) Multiphoton (MP) excitation is generally restricted to the focal volume,
so that MP-FPR can be carried out in three dimensions rather than being limited
to two dimensions as with standard (single photon) excitation (26,27).

For MP-FPR, we used the same scanning and detection instrumentation
as described for multiphoton microscopy. We focused ~50 wm into the
cartilage so as to measure far from the cut surface. The beam was then
“‘parked’’ at a stationary location in the specimen and the Pockel’s Cell was
used to deliver repeated bleach pulses followed by monitoring periods with
~10-fold lower laser intensities. Fluorescence curves were acquired using a
model No. SR430 multichannel scaler (Stanford Research Systems, Sunnyvale,
CA) and the electronics were synchronized for repeated bleaching patterns
using a model No. DG535 digital delay/pulse generator (Stanford Research
Systems). The recovery curve (the postbleach fluorescence trace normalized
to the initial fluorescence) was fit to the following numerical series for iden-
tifying two diffusion coefficients (26,27),

@:Al nfx(_ﬁ)n 1 1
Fy = n! 1+n+4nD1t/wf 1 +n+4nDt/w’
nmax (__ 3\ 1 1
+A2 Z ( ['3) 2 ?
n=0 n: 1+l’l+4l’lD2t/Wr l+n+4nD2t/W2

D

where w, and w,, are the 1/e* lateral and axial radii of the two photon spot
sizes (28) and B is the bleach depth. A; and A,, the relative amplitudes of
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species diffusing with Dy and D, diffusion coefficients, respectively, are
determined using a three-parameter Marquardt-Levenberg algorithm (4; +
A; = 1). Summation to n = 10 was usually sufficient for convergence.
Critical to determining diffusive behavior accurately with this formulation
are the assumptions that the bleach time is small compared to the recovery
time and that the bleach depth is small compared to the total fluorescence
(27). In an optical setup where the objective back aperture is overfilled by the
laser beam (more precisely the 1/e width of the beam greater than the
objective back aperture), the spot size is determined by the objective NA and
exciting wavelength. We used excitation at 780 nm with an Olympus 20X/
0.95NA water immersion objective, giving a w, and w, of 270 and 1040 nm,
respectively (28). FPR measurements were carried out using a 50 us bleach
pulse with an intensity resulting in a bleach depth of <20%. The monitoring
intensity was adjusted so as to not saturate the photon counter (<1 MHz
count rates for the ~40 ns pulses emanating from the specified PMT mod-
ule). Bleach and monitor powers at the specimen were measured to be 50—
200 mW and 3-8 mW, respectively. Note that these powers were measured
at the surface of the specimen and expected to be significantly lower at the
imaging plane. Each measurement represents 5-us binned data from ~100
repetitions at 10 Hz. Because recovery times are in the millisecond range,
this frequency was low enough to ensure a complete recovery in the fluo-
rescence curve before another bleach could occur.

Preparation of mice for in vivo imaging

Four-to-five-week-old C57BL/6 or DBA/2J mice were prepared for in vivo
multiphoton imaging (29). The mouse to be imaged was injected 30 min
before the imaging session with OTC (10 mg/kg intraperitoneal), which
labels the chondro-osseous junctions with yellow-emitting fluorescence to
aid in orientation for viewing. For surgery and imaging, the mouse was laid
in dorsal recumbency on a temperature-regulated heating pad with its nose in
an isoflurane gas anesthesia delivery tube. An incision was made on the
posteriomedial aspect of the limb and overlying muscles were removed just
caudal to the medial collateral ligament superficial to the proximal tibial
growth plate. The limb was immobilized and immersed in Ringer’s solution
for imaging and the temperature of the bath maintained at 35°C with an
inline solution heater (model No. TC344, Warner Instruments, Hamden, CT)
and perfusion pumps (pump controller model No. T553-60, Masterflex,
Gelsenkirchen, Germany). All procedures were approved by Cornell Uni-
versity’s Institutional Animal Care and Use Committee.

In vivo diffusion coefficient measurement via
elemental image analysis of tracer entry

The rate of exchange from the vasculature is dependent upon the pressure
differential between the vasculature and the interstitial tissue. Within a living
organism, transport properties are not necessarily diffusion-dominated. We
observe tracer entering the growth plate from the vasculature and interpret
the resulting images assuming that the tracer exhibits both diffusive and flow
transport properties. The time rate of change of tracer concentration (C) un-
dergoing Fickian (normal) diffusion with a spatially varying diffusion coef-
ficient (D) and under a force-differential-causing flow is given by (32)

a—C:V(DVC)—V-VC, )
ot
where D is the diffusion coefficient and v is the velocity of flow.

When focused deeply enough (>50 wm deep to the deep edge of the
perichondrium), the subperichondrial ring vessel and plexus are negligible
sources of tracer arrival to the growth plate (29). Under these conditions, the
images appear to be symmetric along the long axis of the bone. Images are
rotated so that this axis is parallel to the x axis. By assuming cylindrical
symmetry, we reduce diffusion calculations to a one-dimensional problem
given by
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Time series of tracer entry into the cartilage consisting of 100 images at 5.8 s
intervals are collected directly after IC injection. These images are simplified
to 100 curves by averaging image data laterally across the growth plate. As
evident from Fig. 4 d, the raw data contains ‘‘sharp’’ features, high
frequency pixel-to-pixel variations, due either to photon shot noise or
cellularly resolved structures within the growth plate. Such features cause
selection of artifactual D and v values. Fifth-order polynomial fits to these
curves provided smoothed fits to the curves, while allowing fast calculations
of first and second (spatial) derivatives. All image analysis was accom-
plished using algorithms written within the IDL scripting language
(Research Systems, Boulder, CO). To limit the analysis to significant
changes in tracer signal, only curves from 30 to 180 s after IC injection are
analyzed. At each point in each curve in this dataset, the time rate of change
of the fluorescence as well as its first and second derivatives with respect to
the long axis are calculated. D and v values are chosen via minimization of
the y-square value (33) at each axial position,

oc_ (¢ opoc_ oc\|’
_ylo ox  Oxox | ox
X = 0'2/}1 )

where the sum is over data from different time points, o7 is the variance of
measured JC/0r values calculated laterally along the growth plate, and 7 is
the number of lines averaged. For all data analyzed, y* values averaged to
2.1. For each series analyzed, we chose three points along the growth plate
and plotted the y* surface. The x> minimization displayed as a trough
with an average width of AD = 11 um?/s and Av = 0.48 um/s, so that the
error due to the y? convergence was significantly smaller than that due to
experimental variation (see Results). This image analysis method for
determining D and v transport coefficients was tested and verified using both
simulated images of molecular diffusion and image data from 1-mm-wide
channels with FL and 40k-FL (Fig. 2). The calculated D and v curves
from individual growth plates were compared and averaged by normalizing
the x axis such that the epiphyseal COJ is 0.0 and the metaphyseal COJ
is 1.0.
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RESULTS
Ex vivo matrix diffusion properties

To understand the transport properties of growth plate car-
tilage, we initially examined the diffusional properties of
isolated tibial sections using MP-FPR. Fluorescence photo-
bleaching traces were acquired several cell-layers-deep in
cartilage sections incubated with fluorescently labeled probes
of three different molecular sizes. Measurements were taken
at ~20-um intervals from the E to the M ends of the cartilage
(marked by squares in the representative ovalbumin-FL incu-
bated specimen in Fig. 3 ). Fig. 3 b shows two representative
photobleaching traces (red and orange) in the proliferative
and hypertrophic zones of the growth plate, respectively. Rep-
resentative data along the growth plate is plotted in Fig. 3 ¢
as a function of the normalized growth plate distance dia-
gramed in Fig. 1. For this specimen, diffusion coefficients
at the £ and M COlJs were 40% and 60% less than the peak
value at the axial center of the growth plate. This same trend
is consistent with general data from FL (blue, n = 7), 10k-FL
(green, an anionic dextran, n = 6), and Ova-FL (yellow, a neu-
tral 45 kDa protein, n = 6) plotted in Fig. 3 d. Using MP-FPR
in solution, diffusion coefficients for FL, 10k-FL, and Ova-
FL were 265 * 30, 88 + 10, and 55 + 8 um?/s, respectively.
These measurements generally conform to a Stokes-Einstein
hard sphere analysis, in which the viscous drag is determined
by the inverse radius of the molecule, and are consistent with
values in the literature (34). Measured D-values in cartilage
are also consistent with this model; for example, diffusion
coefficients for the FL and the 10k-FL vary by roughly
threefold, the ratio one calculates for a (MW) ' dependence.
(The measured ratio is more precisely 2.5-fold, presumably
reflecting the fact that FL is a planar molecule.)

FIGURE 2 Verification of our image-
based method for measuring diffu-
sion. Images of (@) FL and (b) 40k-FL
diffusing in a 1-mm-wide channel with
flow. Images are acquired at 10-s in-
tervals but displayed at 200 and 100 s
intervals for FL and 40k-FL, respec-
tively. To avoid edge effects, only data

Time (min)

Fluorescence (AU)

from the center of the channel were
used. Fluorescence data from the FL
and 40k-FL time series were averaged
laterally across the channel and dis-
played in curves that are color-coded to
indicate time (¢ and d, respectively).
Note that at these temporal and spatial

Time (min)

scales, FL transport is dominated by dif-

0 1 2 3 0 1 2 3 0 1
Distance (mm)

Distance (mm)

fusion, which tends to equilibrate con-
centration gradients, but 40k-FL transport
is dominated by flow, which causes a
translocation of concentration gradients.

Fits to the curves yielded average diffusion (flow) values of 223 um?/s (2.3 m/s) and 56 wm?/s (4.2 wm/s) for FL and 40k-FL, respectively. Solution diffusion
coefficients were within 30% of those measured using standard FPR measurements described subsequently and those reported in the literature (51).
Multiphoton images were acquired as described in Materials and Methods, except that a low magnification 4X/0.28 NA Olympus macro objective was used for

obtaining the necessary large field-of-view.

Biophysical Journal 93(3) 1039—1050
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FIGURE 3 Multiphoton fluorescence photobleaching recovery diffusion measurements. Proximal tibial sections are isolated, sectioned once midsagitally,
and incubated in either FL, 10k-FL or Ova-FL. (a—c) Representative data from an Ova-FL incubated growth plate. Scale bar = 25 um. The laser is parked at the
locations indicated (squares) and a 50-us pulse bleaches out ~20% of the fluorescence in the focal spot; the timescale of fluorescence recovery is fit to
determine diffusion coefficients for the species in that location. Example FPR traces from the red and orange squares are shown in panel b with their respective
fits. (¢) Diffusion coefficients for the locations indicated in panel a are plotted against the normalized axial position along the growth plate. The curve shows a
polynomial fit to the data. (d) Cumulative plot of data such as those in panel ¢ from multiple experiments and multiple tracers. These data represent
measurements from n = 7 (FL, blue), n = 6 (10k-FL, green), and n = 6 (Ova-FL, yellow) similar experiments.

In vivo transport properties of small molecules

Because of its ability to penetrate relatively deeply into op-
tically scattering specimens, multiphoton microscopy offers
a unique opportunity to visualize the growth plate in vivo.
Direct imaging in the living animal allows us to account for
transport characteristics within the environment of an intact
growth plate, which experiences a wide spectrum of physi-
ologic pressures and potentially interstitial fluid flow due to
an intact circulatory system. We cannot measure diffusion
coefficients using MP-FPR in an intact growth plate pri-
marily because we are unable to achieve the powers neces-
sary for photobleaching the dye after penetrating through
the perichondrium. (Other problems with this method in vivo
include flow and breathing artifacts.) Our approach in the
living animal has been to administer a bolus of fluorescent
tracer to the circulatory system via an intracardiac injection
and directly observe fluorescent tracer movement into the
growth plate region. We previously showed that fluorescent
tracers of 10,000 MW and less saturate the full growth plate
region (~300 wm across) within 5 min (29).
Representative data of vascular fluorescein extravasating
and moving into the ECM of a growth plate is shown in the
time series of images 18, 54, and 102 s after the IC injection
(Fig. 4, a—c). The fluorescence intensity is averaged laterally
across the growth plate to generate the time series of fluo-
rescence profiles in Fig. 4 d, color-coded to indicate time.
Initial fits using diffusion as the only transport parameter

yielded abnormally high diffusion coefficients and inconsis-
tent fits. We found that fitting the tracer equilibration data for
both diffusion and flow (convection) transport processes was
essential for achieving consistent results. To fit the data, the
laterally averaged fluorescence (Fig. 4 d) between the two
COJs (demarcated by dotted lines) was fit to easily differ-
entiated functions (fifth-order polynomials, Fig. 4 e). The
rate of change of the data was then analyzed as a function of
its first and second spatial derivatives for determining the
local transport coefficients within the cartilage (Eq. 3). D and
v curves were selected by a y>-minimization routine at each
point along the growth plate (Eq. 4). To compare the trans-
port coefficients of different growth plates, the axial position
from all growth plates is normalized to 0.0 at the £ COJ and
1.0 at the M COJ. The approximate positions of the resting,
proliferative, and hypertrophic zones are diagramed for refer-
ence along this scale in Fig. 1. The blue and orange curves
plotted in Fig. 4 f show axially specific diffusion coefficients
and flow rates for the particular series shown in Fig. 4, a—c.
The error bars show the average mean * SE for n = 7 such
series. Overall flow is directed from the two vascularized
CQls into the cartilage. Diffusion coefficients are found to be
fivefold higher in the axial center of the cartilage than at the
two COJs. Note that at the metaphyseal COJ, a trough in the
fluorescence intensity often appears over time (Fig. 4 d). This
is a consistent result, which we believe is real and may result
from lymphatic drainage within the region.

Biophysical Journal 93(3) 1039-1050
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FIGURE 4 Multiphoton images of the proximal tibial growth plate 165-um deep from the superficial surface of the perichondrium in a 32-day-old mouse
(a) 18, (b) 54, and (c) 102 s after an IC injection of FL. The tracer is distributed to the epiphyseal and metaphyseal vasculature (EV and MV) within seconds and
reaches the axial center of the growth plate within minutes (scale bar = 50 wm). Such images are recorded every 5.8 s and the intensity values are averaged
laterally and displayed color-coded for time in panel d. Polynomial fits to these curves (e) provide functions that are smoothed and easily differentiable. Local
flow rates and diffusion coefficients are calculated by analyzing the rate-of-change of the fluorescence and comparing it to the first and second spatial
derivatives at every point. For comparison among growth plates, the axial position along the growth plate is normalized such that the £ and M COJs are at 0.0
and 1.0, respectively; positions are demarcated by vertical dotted lines throughout the figure. (f) The blue and orange curves represent the local D and v values
for the image series in panels a—c. The error bars show average mean *+ SE for n = 7 similar experiments.

A caveat to this analysis is that differential partitioning
of the tracer can occur within the growth plate due to bind-
ing and endocytosis, resulting in tracer that cannot move.
The major problem seems to be fluorescence that is actively
transported into the hypertrophic chondrocytes, resulting in a
stronger signal from the hypertrophic region of the growth
plate. This effect is especially visible after 5 min. We tried
several methods for alleviating these effects, both normal-
izing to an ‘‘equilibrated’’ tracer concentration and masking
out fluorescence inside the cells using thresholding algorithms.
In both cases, extra complications were introduced to the anal-
ysis and the problems were not entirely alleviated. We de-
cided instead to use a relatively fast analysis window; only
data from 30 to 180 s after injection were analyzed. This time
window maximized the effect of the real concentration dif-
ferential due to the injection, while minimizing partitioning
effects. Note that the concentration maximum in the hyper-
trophic region (Fig. 4 d) moves in toward the axial center, an
indication that it represents a translocation of the injection
bolus as it flows across the growth plate rather than an effect
due to differential partitioning.
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Another caveat to this experiment is that although we
image deep enough into the growth plate that chondrocytic
columns are parallel and aligned perpendicular to the two
COlJs, we are still toward the edge of the bone. For instance,
Fig. 4, a—c, shows images that are 165-um deep (through
90 pm of perichondrium and 75 um of growth plate). How-
ever, tibias in mice this age average 1.2 mm in width, so we
are still only imaging within the outer quarter of the growth
plate; results must be interpreted accordingly.

In vivo transport properties of larger molecules

We previously showed that FL as well as the larger fluo-
resceinated dextrans enter the growth plate from three primary
vascular sources, the epiphyseal and metaphyseal vasculature
as well as the circumferential plexus surrounding the growth
plate. Compared quantitatively to the amount of FL entering
the region, 3 kDa and 10 kDa dextrans only enter the growth
plate at 62 and 15%, respectively (29). Though all tracers can
arrive from all three vascular sources, repeated imaging ob-
servations with different size indicators at the same region
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in the same growth plate suggest a subtle difference in the
arrival pattern; the larger and more anionic dextrans tend to
arrive more from the subperichondrial plexus than does FL.
For example, Fig. 5 a shows the edge of the growth plate, or
the ‘‘groove of Ranvier’’, 63, 168, and 290 s after an IC in-
jection of 10k-FL. Note that the larger tracer seems to arrive
from the edge (arrow), presumably from the subperichon-
drial plexus encircling the cartilage disk. Note also that the
10k-FL never entirely equilibrates within this measurement
window. Fig. 5 b shows the same region 12, 46, and 93 s
after a second IC injection, this time with FL. In this series,
the tracer arrived to the growth plate faster and clearly from
the E and M vasculatures. We see this same trend toward a
more circumferential entrance for the larger dextrans in five
out of eight similar experiments. (The other three experi-
ments were inconclusive due to a lack of signal in the growth
plate.) Because of a combination of low signal and lack of
axial symmetry in the entrance time series, the elemental
image analysis protocol could not be used for determining
transport coefficients for these larger tracers.

The more circumferential entrance of the larger dextrans
occurs at least in part because of a severe transport block into
the growth plate at the metaphyseal COJ. Fig. 6 a shows an

ECOJ M COJ
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image series at 90-s intervals after an IC injection of 10k-FL.
Note that the tracer leaks out of the metaphyseal vasculature
and labels the matrix of the primary spongiosa, but very little
of it moves across the metaphyseal COJ and into the car-
tilage. A similar series after an IC injection of FL (at 12-s in-
tervals, Fig. 6 b) shows the tracer quickly crossing the COJ
boundary upon extravasating from the metaphyseal vascu-
lature. In Fig. 6, ¢ and d, fluorescence values from the vas-
culature (red), the bone matrix (blue), and the growth plate
just adjacent to the COJ (green) are plotted as a function of
time for the two series. Note that for 10k-FL (Fig. 6 ¢), fluo-
rescence in the bone matrix peaks several minutes after that
from the vasculature, but signal in the cartilage does not ap-
preciably rise (remaining <0.1 of the peak vasculature sig-
nal). For the FL, however, all three regions have comparable
intensities and all three regions peak within seconds after the
cardiac injection, implying no transport barriers either across
the metaphyseal vasculature or across the COJ. These types
of observations are difficult to assess at the epiphyseal COJ,
where the bone structure is more scattering to light and tends
to obstruct the acquisition of clear images in this region. We
have previously shown that 10k-FL ultimately reaches the
growth plate at an amount that is 10-fold less than that of

E COJ

M COJ

FIGURE 5 Arrival patterns of 10k-FL and FL at the same location. Multiphoton images of the growth plate edge, the ‘‘groove of Ranvier’’, acquired (a) 63,
(b) 168, and (¢) 290 s after an IC 10k-FL injection and (d) 12, (e) 46, and (f) 93 s after a second injection, this time with FL. Note that the 10k-FL exhibits a more
circumferential arrival whereas the FL clearly enters from both bone vasculatures. Scale bar = 50 um.
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FIGURE 6 10k-FL transport is effectively blocked at the metaphaseal COJ. (a) Time series of images at 90 s intervals showing that the IC-injected 10k-FL

leaks from the metaphyseal vasculature into the primary spongiosa, but not to an appreciable degree into the cartilage. (b) A similar series of images (12 s
intervals) after a FL injection showing that FL immediately enters the cartilage as well. Scale bar = 50 um. (c) Average intensity plotted as a function of time
for the 10k-FL series in panel a. Different regions (the vasculature, the primary spongiosa, and the cartilage just adjacent to the metaphyseal COJ) are color-
coded in red, blue, and green, respectively (see inset). Note that the fluorescence peaks at 90 s in the vasculature and in the spongiosa a few minutes later. The
tracer does not significantly enter the cartilage. (d) A similar analysis of the FL-injected images shows that all regions peak within less than a minute.

FL (29). The transport block at the metaphyseal COJ appears
to be the primary reason that the larger dextrans (=10 kDa)
do not efficiently enter this region from the metaphyseal
vasculature, not the permeability of the vasculature itself.
Because we were unable to use neutral dextrans for this
experiment (see Materials and Methods), we could not
separate the effects of charge from those of size. However, the
FL and 10k-FL diffusion coefficients were measured to be at
most twofold different in the ex vivo experiments (Fig. 3 d),
so we suspect that the transport block may be a charge effect.

DISCUSSION

Diffusion profile: zonal differences within the
growth plate

Researchers have measured molecular diffusion in a wide
variety of cartilage preparations (35-42). Cartilage measure-
ments of small molecules (tetramethylrhodamine and sucrose
(35,37,39,40), 10 kDa dextrans (35,37,39,40) and 40 kDa
molecules (35-37,39) vary six-, four-, and 25-fold, respec-
tively. Our measurements lie within these ranges. We know
of only one diffusion measurement made in growth plate
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cartilage—a 66 kDa albumin in the proliferative zone of a
porcine growth plate section was measured to be D = 49
,u,mz/s (41). Our own diffusion measurements are consistent,
showing a smaller 45 kDa ova-FL in the proliferative zone of
the mouse cartilage explant with D ranging from 30 to 50
wm?/s. There has been no literature discussion of a transport
gradient along the chondrocytic differentiation axis. Our mea-
sured diffusion profiles are presumably indicative of consis-
tent changes in matrix structure along the growth plate axis.

Our results from in vivo and ex vivo FL diffusion mea-
surements differ in several ways. Firstly, diffusion coeffi-
cients were measured to be two-to-threefold higher in the
tissue sections than in the live animal (Fig. 3 d vs. Fig. 4 f).
This difference may be due to the pressures encountered in
cartilage with an intact perichondrium (43), effectively decreas-
ing the fluid phase volume, which is expected to decrease
diffusion twofold (38). Secondly, the decreasing gradient of
diffusion values toward the £ and M COlJs is less pronounced
in the tissue sections (twofold versus fivefold in the live
animal). Whether the discrepancies between the in vivo and
ex vivo measurements are real or due to experimental error is
unknown. Certainly the pressure gradients expected to exist
in the cartilage structures of live animals (44) are absent in
the ex vivo tissue. Furthermore the ex vivo measurements



Transport in Growth Plate Cartilage

are point measurements within the extracellular matrix only,
whereas the in vivo results average over both cellular and
noncellular regions. Thus the measurements will differ in the
fractional volume (¢) available for diffusion (extracellular
volume/total volume), which varies significantly within the
different zones of the growth plate. For instance, ¢ in the
proliferative and hypertrophic zones for this age mice was
measured to be 0.61 and 0.38, respectively (45). The effect of
the chondrocytic exclusion can be estimated using Maxwell’s
effective medium permeability approximation for randomly
dispersed spheres (46):

D 2
Dsoln_S_d).

Using this estimation, the measured in vivo diffusion coef-
ficients should be reduced to 0.51 and 0.29 as compared to
the ex vivo proliferative and hypertrophic values, respec-
tively. These reduced values agree quite well with our results
(Fig. 3 d, ex vivo and Fig. 4 d, in vivo). Discrepancies be-
tween the results may also arise from matrix degradation in
the ex vivo tissue sections or potential imaging artifacts from
decreased transmission of light by calcified regions around
the COJs in the live animals. Nonetheless, similar diffusive
trends were found using two very different measurement mo-
dalities, suggesting that the matrix in the proliferative and early
hypertrophic zones is at least two-to-fivefold as permissive
as that at the two COlJs.

Not only does the volume of the extracellular matrix
(ECM) vary along the growth plate, the structure of the ECM
varies as well. For instance, in human rib, the collagen ultra-
structure, as visualized by EM, changes dramatically along
the growth plate axis (47) and would be expected to influ-
ence transport properties. The matrix adjacent to the meta-
physeal COJ is partially calcified and thus particularly dense
(48). An image analysis of EM micrographs (47) accounting
for a 30% volume reduction due to fixation (49) reveals a
fractional intrafibrillar volume (f) available for molecular dif-
fusion in resting, proliferative, and hypertrophic zones to be
0.54, 0.82, and 0.36, respectively. The resulting diffusional
hindrance can be estimated using the Mackie and Meares
approximation (50), which accounts for a tortuosity increase
due to a polymeric matrix:

Dsoln _ 2_f ?
50

This equation is derived assuming that the size of the dif-
fusing molecules is small compared to that of the obstacles,
which is thought to be true for proteins of MW < 70,000
in cartilage (47,51,52), alleviating the need for theories
accounting for more complex protein-matrix interactions (53).
The Mackie and Meares approximation yields a diffusional
hindrance of 7.1, 2.1, and 21 in the three regions, respectively,
which fits somewhat quantitatively to the graph in Fig. 4 f,
assuming an intrafibrillar viscosity that is 1.8-fold increased
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compared to our solution fluorescein measurement of 265 *
30 um?/s.

The resting zone contains large radial/transverse fibers that
fix the perichondrium into the epiphyseal bone (54). Within
the proliferating zone, the fractional intrafibrillar volume is
minimal. Throughout their development, chondrocytes se-
crete new matrix and upon doing so, construct an environ-
ment that ultimately defines their interactions with other cells.
After secretion of more and more matrix and after swelling
and thus reducing the available extracellular volume for dif-
fusion, hypertrophic chondrocytes can no longer commu-
nicate as freely with the perichondrium, where many of the
signaling molecules originate (Fig. 7). This self-constructed
environment may then partially define their development to-
ward hypertrophy as perichondrium-produced molecules such
as BMP2, fibroblast growth factor 18, and PTHrP (4,6,9,12)
may become concentrated at the more permissive proliferative/
hypertrophic junction, the transition at which chondrocytes
commit to hypertrophy. This low-collagen density region
may represent a region where chondrocytes are particularly
susceptible to lateral cross-talk between other chondrocytes
and cells in the perichondrium. This permissive band is also
evident in gadolinium-enhanced T1-weighted MR images of
normal piglet hips (55), in which a dark band indicates a
faster relaxation of tipped spins at the axial midplane of the
growth plate.

In contrast at the metaphyseal COJ, the two extracellular
proteins that are crucial to vascular invasion (and subsequent
bone formation) are the angiogenic VEGFs and the ECM-
degrading MMPs. These molecules tend to be tethered to
cells or matrix elements. When both of these molecules are
soluble and freely diffusing, the resulting vessel construction
is nonviable, essentially with a bloated architecture. MMPs
and VEGF must act in concert in a targeted mode of action
for achieving a functional vessel architecture (56). In the case
of the growth plate, vessels are organized such that each new
vessel opposes the last transverse septum of the terminal hy-
pertrophic chondrocyte of each column (57). At the meta-
physeal COJ, it is primarily the matrix- and membrane-bound
(nondiffusible) VEGF and MMP isoforms that are found to
be crucial for targeted vascular invasion (13,16,22,58). MMP-9
is a diffusible protein that is involved in this process, but it
is large (92 kDa) and relatively immobile with an estimated
<10 wm?/s diffusion. It is intriguing that at the metaphyseal
COJ, where chondrocytes have already committed to dif-
ferentiation and scaffolding for bone production has already
been constructed, cellular interactions among chondrocytes,
chondroclasts, and endothelial cells are conducted in a dense
extracellular environment where cellular interactions are
expected to be short range. By contrast, the matrix of the
proliferating and early hypertrophic zones of the growth plate
is relatively loose and permissive, allowing access to auto-
crine interactions between chondrocytes and paracrine in-
teractions between chondrocytes and perichondrium-residing
cells.

Biophysical Journal 93(3) 1039-1050
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General transport patterns

In this study, we have confirmed our previous study (29) de-
termining that FL tracer entry patterns (Fig. 4) show no in-
dication of a proposed unidirectional entrance to the growth
plate sourced by the epiphyseal vasculature. Though trans-
port patterns are generally symmetric from both the £ and M
vasculatures, it is unknown whether the concentration of
nutrients and oxygen within the two vasculatures are equiv-
alent or whether the consumption of these molecules within
the growth plate causes a differential availability to different
populations of chondrocytes (59). Because tracers arrive to
the two vasculatures within seconds after an IC injection, the
former possibility seems improbable. The E-to-M asymmetry
in vasculature-chondrocyte communication may ultimately
stem from an as-yet unidentified diffusible survival signal
from the E vasculature.

Fluid flow was found to contribute significantly to molec-
ular transport of substances from the blood stream into the
cartilage, implying a pressure differential between the bone
vasculature and the cartilage matrix. Due to conservation of
mass, this flow profile from the two COJs ultimately suggests
an overall centrifugal flow toward the perichondrium (though
a small percentage of the fluid would be shunted to hyper-
trophic swelling.) As a result, nutrients or hormones produced
or released in the COJs would become distributed throughout
the growth plate, but molecules produced or released in the
perichondrium would tend to remain concentrated within the
more permissive central cartilage canal. Such is in fact true
for the 10k-FL transport pattern evident in Fig. 5, a—c. Note
that Fig. 5 ¢ was acquired almost 5 min after injection and
still the tracer remains relatively concentrated adjacent to the
subperichondrial plexus from which it originated. In con-
trast, FL, which tends to enter more from the two COlJs,
equilibrates through the growth plate within 90 s. (Note that
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FIGURE 7 The illustration to the left displays transport
routes critical to chondrocyte development and ultimately
bone growth (4,6,9,12). To the right, hypothesized transport
patterns within the growth plate are diagramed. Cartilage
permissivity is coded by shading around the chondrocytes,
with hindered diffusion near the two COJs. Axial flow
measurements (solid lines) reveal flow that is directed away
from the COJs. Draining toward the perichondrium is
presumed (dotted lines). Note that due to both the hetero-
geneous diffusion characteristics and the overall flow pro-
file, perichondrium-produced molecules will be enriched in
the proliferative and early hypertrophic zones.

the diffusion coefficient for 10k-FL is only twofold smaller
than that for FL, implying only a twofold difference in equil-
ibration times if transport in both cases were purely dif-
fusive.) The overall centrifugal flow pattern is characteristic
of a resting limb only; limb stresses and movement are ex-
pected to significantly alter cartilage pressure gradients.
Fig. 7 is a diagram of the growth plate demonstrating the
three vascular access routes, and also indicating several
molecules of biological significance thought to be active
in autocrine and paracrine signaling pathways during the
chondrocytic differentiation cascade. In the present study,
we have used fluorescent tracers as surrogates for physio-
logically meaningful molecules, and all interpretations of the
data have been made in terms of a combination of diffusion
and flow within the growth plate’s ECM. Our goal for this
study was to establish a baseline understanding of transport
in this region. Clearly, our model is a simplification of the in
vivo situation. In the living animal specializations of the
endothelial cells of each of the three access routes (including
fenestrae, caveolae, transendothelial pores, cell-to-cell junc-
tions, and specific receptors) may, in different combinations,
either restrict or facilitate entrance of a particular biological
molecule from a given vascular direction, and thus influence
its pattern of distribution within the ECM (60). Furthermore,
our tracers were chosen to be relatively biologically inert,
whereas signaling molecules are not. Binding to ECM ele-
ments and cell surfaces in selected locations would significantly
slow molecular transport. For example, the Thh distribution
was shown to be dramatically influenced by heparin sulfate
chains on extracellular matrix proteoglycans (17-19). In
addition, secreted molecules, such as IGF-1 or FGFs-1 or 2,
might bind to the ECM and subsequently influence the same
cell in an autocrine response later in the cell’s life span. This
would require no physical change in position of the molecule
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itself within the ECM; time would, in effect, negate any
requirement of movement, since the cell that originally syn-
thesized the molecule could mature and subsequently react
to it (61). An important point indicated in Fig. 7 and sup-
ported by our data is that a signaling molecule such as BMP-2,
which is produced by cells within the perichondrium, will
tend to accumulate at the relatively permissive proliferative/
hypertrophic junction (Fig. 5 @) due to flow patterns that are
generally directed away from the bone. In contrast, molecules
that enter with equal facility from either the metaphyseal or
the epiphyseal bone will become distributed throughout the
growth plate (Fig. 5 b).
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