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Quantifying the diffusive transport of large molecules in avas-
cular cartilage tissue is important both for planning potential
pharamacological treatments and for gaining insight into the mo-
lecular-scale structure of cartilage. In this work, the diffusion
coefficients of gadolinium-DTPA and Gd-labeled versions of four
proteins—lysozyme, trypsinogen, ovalbumin, and bovine serum
albumin (BSA) with molecular weights of 14,300, 24,000, 45,000,
and 67,000, respectively—have been measured in healthy and
degraded calf cartilage. The experimental technique relies on the
effect of the paramagnetic on the relaxation properties of the
surrounding water, combined with the time course of a 1-dimen-
sional spatial profile of the water signal in the cartilage sample.
The enhanced technique presented here does not require a prior
measurement of the relaxivity of the paramagnetic compound in
the sample of interest. The data are expressed as the ratio of the
diffusion coefficient of a compound in cartilage to its diffusion
coefficient in water. For healthy cartilage, this ratio was 0.34 =
0.07 for Gd-DTPA, the smallest compound, and fell to 0.3 = 0.1
for Gd-lysozyme, 0.08 = 0.04 for Gd-trypsinogen, and 0.07 = 0.04
for Gd-ovalbumin. Gd-BSA did not appear to enter healthy
cartilage tissue beyond a surface layer. After the cartilage had been
degraded by 24-h trypsinization, these ratios were 0.60 = 0.03 for
Gd-DTPA, 0.40 = 0.08 for Gd-lysozyme, 0.42 = 0.09 for Gd-
trypsinogen, 0.16 + 0.14 for Gd-ovalbumin, and 0.11 % 0.05 for
Gd-BSA. Thus, degradation of the cartilage led to increases in the
diffusion coefficient of up to fivefold for the Gd-labeled proteins.
These basic transport parameters yield insights on the nature of
pore sizes and chemical-matrix interactions in the cartilage tissue
and may prove diagnostically useful for identifying the degree and
nature of damage to cartilage. © 2001 Academic Press
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INTRODUCTION
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cartilage degradation of osteoarthritis—€). Proposed treat-

ments include protease inhibitors and cytokines that antagon
the action of interleukin-1. All of these molecules are proteir
that must move through the cartilage matrix to exert their effe
on either chondrocytes or the structural matrix. In this study.
1-dimensional NMR imaging technique is developed and us
to measure the diffusion coefficients of several protein-siz
molecules in healthy and degraded cartilage.

In previous studies, the diffusivity of small molecules (mo
lecular weight less than 200) in healthy articular cartilage h
been shown to be 45 to 60% of that of the same molecule
aqueous solution7( 8). This fraction is largely independent of
the charge of the diffusing molecule. Degraded cartilag
whether produced byn vitro protease treatment or obtainec
from arthritic joints, exhibits an increased weight fraction c
water (hydration) and an increased diffusivity, @). Static
compression of cartilage had the reverse effects, with c
creased hydration and a decreased diffusivity of water. Tt
correlation between hydration and diffusivity indicates thz
steric hindrance plays a large role in determining the diffusic
coefficient of small molecules in cartilage. A study of th
diffusion of divalent copper ion into bovine nasal cartilag
found a potential interaction between the copper and the fix
charges of the cartilage matrix, leading to non-Fickian difft
sion behavior 10). Cyclic compression does not alter the
transport of small molecules significantly, as measured by t
rate of absorption of the solute into cartiladiel (12).

In studies of larger molecules, the diffusion coefficient c
serum albumin in articular cartilage was found to be 25% of i
value in aqueous solutiorB), This finding only applied to
articular cartilage with a fixed charge density (FCD) betwee
—0.05 and—0.13 m- equiv/g. When the FCD was even more

Since articular cartilage contains no blood vessels throughegative, the partition coefficient for serum albumin, defined
out most of its volume, the chondrocytes within the cartilagbe ratio of the concentration of a solute in cartilage to tt

tissue must receive nutrients and macromolecules from

tbencentration in a bathing solution at equilibrium, was vel

articular surface by diffusive transport and/or entrainment low (0.01 or less), which may have made measurement of |

the fluid being transported. The quantitative evaluation

aiffusion coefficient difficult. In this same study, the partitior

macromolecular transport through the cartilage matrix is likegoefficient was found to strongly depend not only on FCD, b
to be especially important in the study and treatment of ostesso on the size of the solute for molecular weights rangil
arthritis. Macromolecules such as metalloproteinases, cyfmem 17,000 to 160,000. The diffusion coefficient was nc
kines, and growth factors have been shown to play a role nmeasured for these other molecular weights.
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Another study produced estimates of the apparent diffusion Tl pl—TE2 —»| «—TE2 —»|
coefficients of various sizes of dextran in articular cartilage
which decreased with increasing Stokes radi}.(In contrast RF |—| |—‘ iy
to small solutes, cyclic compression tended to enhance the U u uvv
transport of serum albumirl®), proteoglycan fragments, and 180° 000 180°
collagen fragmentsld@) by 30 to 100%. A quantitative estimate
of the effective diffusion constant was not obtained in theSegadient ’_|

studies. This enhanced transport was hypothesized to arise dllj—'?G. 1. Schematic of the NMR pulse sequence used for acquisition
to increased fluid flow in the cartilage due to cyclic compresggysion data. The time Tl is variable. The time TE is typically 7 ms.
sion (11, 15. Static compression impeded the flow of larger
molecules 14).

This study characterizes and models the transport of a range X + Xo
of protein sizes under varying degradation states of articular C=Co k- erfc[ > ,ﬁ], [2]
cartilage. The experimental technique involves chelating gad- v
olinium (Gd) to the protein and then using a time-series of

. . . : . whereC, is the concentration of paramagnetic molecule in tf
magnetic resonance 1-dimensional profiles to monitor the

transport of the bound Gd into a cartilage sample of defint%%SN? rvg:;rlj];s JZSCﬂirgggSer%Z?&en;g:ﬂ?i;?ﬁ??gg;?(
geometry. Such a technique has been describ&yd put this pV P 9 P g

. . ) LN 0ir), x is the distance from the solution—cartilage boundzagy,
previous technique required a separate determination of the L . .

o . . IS & parameter to account for uncertainty in the precise locati
relaxivity of the paramagnetic compound in the gel. The a

proach described here measures the relaxivity and diﬁusi%;]the'solut|on—car't|lage bqunc!arly;s the.ellapsed time of the
periment, and is the diffusion coefficient. Parametgg

coefficient with a single experiment. The technique is first . . .
. . i . ; xists because the location of the solution—cartilage bound

validated by mathematical simulations and by measuring ths

diffusion of copper ions in agarose gel.

IS"not precisely determined by the NMR profile, and therefol
the depth of any particular NMR data point in the profile i
better determined by fitting the diffusion model to the data ths
by choosing the boundary location. Substitution of Eq. [2] int
Eq. [1] produces an equation in whidh depends on position
in the sample X) and time of experiment. Note that substitu

The geometry of the experiment allows transport of thtgon of Eq. [2] into Eq. [1] produces the produbt: C, - K,

paramagnetic compound from a well-mixed reservoir throughhich is considered a single parameter calkEd for curve-
just one end of the cylindrical cartilage. Thus, the concentritting purposes. Equation [2] assumes a sample that is infin
tion of the paramagnetic compound varies only in one dimeimwidth and semi-infinite in depth. Regarding width, the sma
sion. The NMR images (1-d profiles) used to monitor thdiffusion distance in the direction (at most 1.0 mm) relative
transport of the paramagnetic compound into the cartilage the width of the sample (7 mm) indicates that the later
produce a signal intensity that depends on the water relaxatexiges of the sample will exert a minimal effect. Regarding tl
time T,. The effect of the paramagnetic is to shortenThef depth, care must be taken to only use data in which no dete
surrounding water according to able paramagnetic has reached the bottom of the sample
detected by a decrease in the signal intensity at the bottom
the sample for the most sensitive profile. Only data obtain

T,-at bC, [1] before this event are used for data analysis.

THEORY

Diffusion Theory

. _ . NMR Microscopy
whereC is the concentration of the Gd-labeled proteiris the

inverseT, of water in the absence of the paramagnetic, land The T, measurement is accomplished using a standard

is the molar relaxivity. Thus, the signal intensity at a giveMersion-recovery NMR pulse sequence (Fig. 1). The NM
spatial position in the sample reflects the concentration of thignal intensity from the inversion recovery pulse sequence
protein of interest at that position. By obtaining a time-series gfven by

these profiles as the paramagnetic compound moves into the

cartilage, one can determine the time required for each con- M = Mg (e"™™)(1 — (1 — cosa)e ™), 3]
centration of protein to reach a given position within the
sample. whereM is the resultant signal intensitly), is the maximum

The solution to the diffusion equation for free diffusion intesignal intensity,« is the RF pulse angle (nominally 180°, bu
a semi-infinite slab (sample at all locations where 0) from must curve-fit for accurate value), TE is the echo time, and
a constant concentration reservoir is is the delay following the inversion pulse. Thls measure
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ment is performed with a magnetic field gradient applied alomglaxivity b and the partition coefficierit. The approach taken
the diffusion direction so as to acquire a profile of the in previous studies has been to perform a separate determ
dependent signal intensity along the depth of the cartilage.tion of theb - k product of the paramagnetic compound in th
Substituting Eq. [2] into Eg. [1] and then substituting thgel of interest. This measurement is done by equilibratir
result into Eq. [3] produces the equation used to fit NMR signaiultiple gel samples in solutions of varying paramagnet
intensity data. The echo time TE was short (7 ms) relativie,to concentration and then measuring Theof each sample using
in the absence of paramagnetic (50 to 100 ms in cartilagaultiple Tl values and the standard inversion-recovery expe
higher in agarose gels). In the presence of paramagnetit,thement. In some experiments this approach may be either i
will decrease as the concentration of paramagnetic increagesssible, if the number of samples is limited or the biologic
However, the effect of altered, as the paramagnetic diffusesexperiment is performeth vivo, or simply inefficient due to
will be quite minimal until high concentrations of paramagthe requirement of the separate determination of relaxivity a
netic are reached due to the high initig) of the samples partition coefficients.
relative to TE. For example, a reductiondf from 100 to 60  Therefore, a modification of this technique was made
ms causes only a 4.6% reduction in signal intensity, which isnaonitoring multiple Tl values as the paramagnetic compou
small change compared to the changes in signal intensity dilifuses into the sample. This modification thus combines tl
to T, alterations. Therefore, due to the small effectTgfon b - k product measurement and the 1-dimensional diffusic
signal intensity,M, - exp(—TE/T,) is grouped into a single experiment, both described above. In practice, the combinat
parameter called1,. The full equation is then of these two measurements is performed by obtaining a pro
at one Tl value, then obtaining a profile at a second TI valu
and so on until profiles at 10 Tl values have been obtaine
Then this sequence of sequentially obtaining profiles at
different Tl values is repeated until the diffusion experiment

Prior to initiating the diffusion of the paramagnetic comcomplete. This process is illustrated in Fig. 2, in which ea
pound, the proton signal intensity and at each depth of row represents a specific Tl value, and each column represe
cartilage were measured. These data are used to facilitate @héifferent cycle through the list of Tl values. Thus, th
curve-fits of the paramagnetic diffusion data. Neither the totgkperiment described previouslyQ, 1§ would correspond to
proton signal intensityN!,) nor « is expected to change during@ single row of Fig. 2.
the diffusion experiment.

M = M;(1 — (1 — cosa)e THatPrerfdxx)/2 Deit))  [4]

EXPERIMENTAL
Diffusion Measurement

. . e Sample and Solution Preparation
The NMR technique used to estimate the diffusion constant

is related to a technique previously used to monitor diffusion in Agarose gels were prepared by mixing 1 or 3% (w/v) ag:
gels (L6) and cartilage X0). In that earlier technique, a signalrose (Sigma, St. Louis) in 150 mM NaCl solutions at roor
intensity profile is obtained as a function of time after exposirtgmperature. The mixture was heated in a 100°C water b:
one surface of the sample to a paramagnetic compound. Timil the agarose dissolved and then poured into a cylindric
signal intensity profile that is monitored is obtained using tteample holder with a diameter of 7 mm. The depth of the g
inversion-recovery pulse sequence at a single Tl value. Afteas 1 to 2 cm. After gelling, the plug was removed from th
taking the absolute value of the signal intensity data, the mastmple holder, the meniscus was trimmed from the plug, a
prominent feature of such a profile is a null signal at a partithen the entire plug was inverted and reinserted into the sam
ular depth in the sample. According to Eq. [3], the null signdlolder. This enabled the exposure of a flat surface to the b,
for a particular Tl corresponds to a specific value and thus containing the diffusing compound.

also corresponds to a particular concentration of the paramagFrozen knee joints of 6- to 10-week-old calves were ol
netic compound according to Eqg. [1]. As the experimendined from a local supplier (Der Dutchman, Waynesuville
progresses, the null point progresses deeper into the sanmkd). Articular cartilage was harvested from the femoropatell
according to the diffusion equation. Note that a different choigroove. A coring tool was used to create plugs of cartilage pl
of Tl would produce a null point that moves through thenderlying bone of diameter 7 mm. The plugs were then plac
cartilage at a different “rate,” simply because it is tracking @ a lathe and then the cartilage was trimmed on the top surfz
greater or lesser concentration of the paramagnetic. In orde(flarmerly exposed to synovial space) and trimmed away fro
accurately quantifp from this experiment, one needs to knovihe bone to create plane-parallel disks of thickness 1 to 2.5
the concentration that is represented by this null point. Exarfihe cartilage disks were stored-a20°C until the time of the
ination of Eqgs. [1] and [4] reveals that relating the choice of experiment. Some cartilage disks were placed in a bath c
particular Tl to a particular concentration that gives the nuihining 10 mg/ml trypsin (Sigma) for 24 h. Treatment witt
signal (or any other signal intensity) requires knowledge of thieypsin degrades the proteoglycan matrix, thereby reducing 1
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FIG. 2. Sequence of experiments to perform the diffusion measurement. Starting at the top left, a profile is obtained for each of the Tl values (movi
the first column) until all TI values have been used. Then the cycle is repeated until a sufficient motion of paramagnetic into the sample is dieadbted,
5 to 10 cycles through the Tl list. The times printed inside each subgraph are the average times (for the eight acquisitions) for each profdéradtdiffoiion
with the paramagnetic. Each row is labeled with the Tl value that is used for all subgraphs in that row. Note that the null point moves more rapidly fi
0.4 s than for Tl= 0.2 s. This is due to the fact that a Tl of 0.4 s is tracking a lower concentration of paramagnetic than the Tl of 0.2 s. These plots wer
from an experiment in which Gd-lysozyme diffuses into healthy cartilage.

FCD and simulating a degenerative state of the cartil@ye (ium. The resulting solution is transferred to dialysis tubin
The 24-h exposure to trypsin leads to a significant loss 000—-8000 MW cutoff, Spectra/Porl, Fisher Scientific) ar
proteoglycans from the cartilage tissue and thereby produakalyzed agains2 L of 0.15 M NaCl plus 0.025 M Tris at pH
severely degraded cartilage. 8.0 for 24 h to remove unchelated gadolinium from the sol
The paramagnetic atom gadolinium was attached to seveiah. A second dialysis is then performed against a new 2
proteins using a previously published methad)( The proce- NaCl plus Tris solution for 24 h. A similar procedure was use
dure used to prepare Gd-bovine serum albumin (BSA) tis chelate Gd to lysozyme (MW 14 kDa), trypsinogen (MW 2
briefly described. To 200 ml of a 0.1 M solution of NaHGO kDa), and ovalbumin (MW 45 kDa) (all proteins from Sigma)
BSA (MW 67 kDa, Sigma) is added such that its concentratidfor lysozyme, the concentrations were: protein, 138,
is 75 uM. Then 1.5 mM cyclic DTPA anhydride (DTPAA, DTPAA, 7 mM; and GdCJ, 8.7 mM. For trypsinogen, the
Aldrich Chemical Co., Milwaukee, WI) is added. The solutioroncentrations were: protein, 10M; DTPAA, 2.91 mM; and
is briefly stirred and then allowed to sit for 5 min to allowGdCl;, 4.17 mM. For ovalbumin, the concentrations were
covalent bonding of DTPA to the protein. After the 5-mirprotein, 150uM; DTPAA, 3.0 mM; and GdCJ, 5.2 mM. The
duration, 1.0 M acetic acid is added until the pH becomes 5B, values of the final Gd—protein chelate solutions used for t
Then 2.3 mM gadolinium chloride hexahydrate (GgG\l- diffusion experiments were as follows: Gd-BSA, 0.15 t
drich Chemical Co.) is added and mixed, and the solution @s29 s; Gd—lysozyme, 0.10 to 0.29 s; Gd-trypsinogen, 0.15
allowed to stand for 30 min to allow chelation of the gadolin®.24 s; Gd—ovalbumin, 0.10 to 0.23 s.
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Cap The NMR experiments were performed on a 2.35-T Bruk
/ Biospec spectroscopy/imaging system (Bruker Instrumen
Flow Out Inc., Billerica, MA). The 6-cm-diameter gradients are custon
built and capable of achieving 20 G/cm. The 2-cm-diamet

radiofrequency probe is a custom-built saddle coil tunedHto
For sodium and water measurements needed to calculate F

(’ (18), a double RF coil was created. The inner 2-cm-diamet

Bathing Solution

saddle coil was tuned t&Na, and the outer 2.3-cm-diamete

Flow in saddle coil was tuned téH. The experiments were all per
Cartilage formed at room temperature, which ranged from 22 to 24.5°

FIG. 3. Schematic for NMR cartilage sample holder. The holder has an For agarose eXpe”r_nents’ the reservo_lr Concentratl(_)n
inner diameter of the same dimension as the cartilage disk diameter, so thattSQ was 15 mM. Typically, 40 or 80 profiles were acquiret
cartilage fits snugly in the holder. The screw on the bottom is removed durifigiring diffusion times of 60 to 90 min. Ten different TI
disk insertion, to allow air to escape, and then screwed back in after the d'ds&lays (0_1, 0.3, 0.5, 0.7, 0.9, 1.0, 1.5, 4.0, 6.0, and 15.0
is in place. A cap on the holder is screwed on and makes a seal with the basgre uysed for each experiment. Thus, during a typical agar

using an O-ring. The cap also contains two tubes=fidL.1 mm) running . .
through it, one for flow into the chamber above the cartilage disk and one f%%perlment, 4 or 8 cycles through the Tl delay list wer

flow out of the chamber. The total volume of the chamber above the cartilag@MPleted. _ _
disk is approximately 0.2 cinwith a small variation introduced by variation ~ For cartilage experiments, 5 to 10 cycles through the list
in the thickness of the cartilage sample. No fluid resides under the cartilab® TI values are performed, resulting in 50 to 100 profile
sample. The entire sample holder was placed horizontally in the magnet. B’@ing acquired during a 0.5- to 3-h diffusion period. The 10
location of the 2-cm RF coil (schematically depicted as a solenoid, but actuz\l% . .
g lues, in the order actually used when acquiring data, we
a saddle coil) is also shown.
0.4, 0.3, 0.25, 0.2, 0.15, 0.1, 0.5, 0.6, 1.5, and 5.0 s. At ec
profile, 4 or 8 acquisitions were averaged, with a 5-s del:

In addition, diffusion experiments were performed Wiﬂpetween acquisitions. The profiles contain 512 data poin

GdDTPA (Magnevist, Berlex Laboratories, Montville, NJ)correspondmg o 512. d|fferent_spat|al locations within t.h
. : R . . -mm NMR field of view. The time TE used for all experi-
The final solution used in diffusion experiments is 5 ml\}?

GADTPA in 150 mM NaCl. ments was 7 ms.

NMR Data Analysis

The cartilage disks or agarose gel plugs were placed in aSimulations of the experiment were generated using Eq. [
sample holder as shown and described in Fig. 3. A peristalG@ussian noise, with a standard deviation of 1 or 59%ef
pump, sitting outside the magnet, withdrew fluid from a nearhyas added to the profiles. Ten data sets were created for e
reservoir. The reservoir volume was typically 50 mL. Theoise level. Data analysis of this simulated data set was p
pump then pushed fluid through the inflow tube in the samplermed in a manner identical to experimental data sets,
holder cap. The fluid pushed out of the outflow tube in theescribed below.
sample holder cap drained back into the reservoir. The rate ofThe absolute value dfl is used both in curve-fits and in
flow into (and out of) the chamber was set at 1 ml/s. Thalots to maintain consistency with previous reports using tl
primary purpose of the perfusion system is to keep the bathingll point technique 10, 16§. Thus the parameters which are
solution well-mixed. This fixes the boundary conditions fodetermined by curve-fitting aid ,, «, a, P1, D, andx,. These
obtaining solutions to the diffusion equations. A secondaparameters are determined by two data sets: (1) therofile
purpose of the perfusion system is to enable changes to ti#ained before exposing the sample to the paramagnetic c«
bathing/perfusion solution by changing a reservoir outside tpeund; and (2) the diffusion data set with 50 to 100 profile
magnet. This is a routine procedure in the diffusion expeffter exposure to the paramagnetic compound. The first d
ment, since initially the perfusion is performed without theet, the preparamagnefig profile, was used to estimaid,
Gd-labeled protein for initial cartilage characterization, anahd « at each depth of cartilage using Eq. [3] with thg
then the bathing solution is abruptly switched to one containisgbstitution. Both of these parameters are expected to rem
the Gd-labeled protein to begin the diffusion measuremewbnstant even after exposing the sample to paramagnetic. -
The solution flowing in and out of the chamber above th&econd data set, the set of NMR signal intensity profiles &
cartilage disk was changed by turning off the pump, swappimgired at multiple times after initiation of paramagnetic expc
the inflow line to a new reservoir, and then restarting the pumgure, is then used in a curve fit of Eq. [4] to the data. The fo
When sufficient time had elapsed for the old solution in thearameters determined aaeP1, D, andx,. These equations
tubing to be purged, the outflow from the tubing was placed hmave been implemented in MATLAB on a PC and are fit to tf
the new reservoir to reestablish the recirculating system. data using a nonlinear least-squares optimization.



DIFFUSION OF PROTEINS IN CARTILAGE 131

TABLE 1 TABLE 2
Simulation of the Diffusion Experiment in Agarose Gel Experimental Diffusivity of CuSO, in Agarose
True value 1% agarose 3% agarose
(no noise) 1% noise 5% noise
a(s)™ 0.38+ 0.02 0.41+ 0.03
a(s)? 0.40 0.4 +0.0 0.4+ 0.0 P1 (s)* 9.8 +0.2 10.4 = 0.4
P1 (s)* 9.6 9.6 +0.2 9.2+ 0.3 D (10°° cm?/s) 6.4 *0.4 5.6 +0.2
D (10°° cm?/s) 5.00 5.02+ 0.03 5.0+ 0.1
RESULTS profile across the gel for several different Tl delays of a
experiment. The curves in Fig. 4 were actually obtained fair
Simulations close in time to each other, within 5 min, and are from a sing

, , ) “column” of Fig. 2. As time progresses in the experiment, ea
Table 1 lists the true and estimated values for simulateg point for each Tl value will progress from left to right

noise levels of 1 and 5% (standard deviation as a percentage ofording to the diffusion equations. Subsequent curve-fitti
maximum signal intensity) for the diffusion experiment. The, astimateD andP1 was performed only on a subsection o
simulations indicate that the technique accurately determings, complete profile, as indicated by the region between 1
bothP1 and the diffusion constant in a single series of expeftical dashed lines in Fig. 4. This was to avoid signal inte
iments and that it is quite insensitive to random noise in “"s,‘?ty aberrations near the boundary between the gel and
NMR signal. The random noise in agarose gel experiments Waserqir and between the gel and the bottom of the samj
about 0'50/2* while the random noise in cartilage experimenfese edge effects are visible as a “notch” in the profile in Fi
was 2 to 5%. 4 near the zero position point and are due to differences in 1
magnetic susceptibility between fluid and cartilage.
The results of three experiments each for 1 and 3% conct
To validate the NMR technique, the diffusivity of Cug{d trations of agarose gel are presented in Table 2. The diffusi
agarose, which has been studied in other published repartsmstant of CuSQin 1 and 3% agarose determined in thes
(16, 19, was measured using procedures and geometry idemxperiments is 98 and 86% of the diffusion constant of CuSt
tical to that used for cartilage. Figure 4 depicts the compleite solution (6.5x 10~° cm?/s) (10). These percentages agre
well with a summary of investigations of diffusion in gelkdj,
which revealed that, in all cases where ions or small molecul

Agarose Gel

:?g i i<__>i Inversion Delay like water were diffusing through agar or gelatin with a soli
Data Points « 01s volume fraction of 1%, thé&/D, ratios were between 90 and

100 7 | Used for Fit = 03s 99%. The diffusivity also reveals the expected trend wif
: 8;22 increasing agarose concentration. An estimate of the relaxiv

b can be obtained from the parameteft by assuming a
partition coefficient of 1.0 for CuSQin the agarose gel. For
the 1% experimenth = 9.81/(15 mM- 1.0) = 0.65 (mM
s)™Y), and for the 3% experiment, = 10.4/(15 mM- 1.0) =
0.69 (mM- s)*. These values compare well with a separate
determined relaxivity of CuSQin agarose of 0.64- 0.04
(mM - s)™* obtained by equilibrating concentrations of CuSC
ranging from 0 to 20 mM in 1% agarose.

Signal Intensity (arbitrary units)

Cartilage

2000 4000 6000

) Graphs of a typical Gd—BSA diffusion experiment ir

Distance from gel boundary (um) trypsinized cartilage are shown in Fig. 5. Each of the pane

FIG. 4. Complete depth profiles at four inversion delays in 1% agarosg.epiCtS the magnitude of the signa_l inthSitY- The valley, «
The stirred bath is located at negative distance values, while the gel is locatederted peak, corresponds to the situation when a zero-crc
at positive distance values between 0 and approximately f000nly data  ing, or null point, would occur in a typical inversion-recoven

points in the region between the vertical dashed lines were used for C“%%(‘periment Thex-position of this null point corresponds to the
fitting estimation of diffusivity and relaxivity. These plots were acquired iti .f ifi trati f ti
during the following time intervals after placing Cu$i@ the bathing solution: X-position of a speciic concentration of paramagnetic cor

for TI = 0.1 s, 1510-1550 s; for T+ 0.3 s, 1590-1630 s; for T+ 0.5 s, pound (6). Note the change in the null point location versu
1670-1710 s; and for T 0.9s, 1750-1790 s. time in Figs. 5B, 5C, and 5D. The Tl used for Figs. 5B, 5C, ar
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A B intensity, this long Tl value would reflect that. A small reduc
e " 2 tion of signal intensity at the fluid—cartilage boundary of les
g5 . than 5% was occasionally observed for this 5-s Tl value, wi
2 10 . 3 most occurrences of signal loss occurring for the Gd—BS
g ¢ : ) diffusion probe.
® 4 : 1 Table 3 lists the diffusion coefficients in healthy articula
0 i 0 ; . . cartilage for each of the Gd-labeled compounds, along wi
-2000 0 2000 4000 0 400 800 1200 1600  that of H,0 examined in previous work. The table also lists th
Cc A Position in Profile (um) D Distance from Cartilage Edge (um) estimated size of the molecule, the diffusion coefficient of tt

same compounds in free solutioB ), and the ratio of cadi

lage diffusivity to free solution diffusivityD/D,). In addition

to the expected decrease in diffusion coefficient with incree
ing size, one can see that the diffusion coefficients of the larg
molecules are a smaller fraction of the free solution diffusivity
The data reveal a steep declineDiD, between the sizes of
Gd-lysozyme and Gd-trypsinogen. Gd—-BSA only entered t
surface layers of each cartilage sample. After approximately
FIG. 5. Magnitude profiles from a Gd-DTPA-BSA diffusion experimentmin, no further movement of Gd—-BSA into the cartilage we

in trypsinized cartilage. (A) The entire profile of the signal from the NMR fielbhserved. The average fixed charge density for all healt
of view. The cartilage sample itself resides between 0 and approximately 2?(9z9rtilage samples was 240 + 70 mM

um. Negative positions correspond to the bathing solution. This profile was . . . .
obtained before initiating Gd—-DTPA-BSA diffusion and used a Tl of 5.0 s. In Table 4 is equwalent to Table 3, except that it prOVIdE

order to speed curve-fitting and to avoid magnetic susceptibility artifacts at fifusion information for cartilage samples that have bee
cartilage—bath boundary, only the region between the two vertical lines (fgquilibrated in trypsin for 24 h. As expected, all solutes exp
tween 300 and 150@m) was used for data analysis. Only this region is showpienced enhanced diffusion in the trypsinized cartilage. A she

in the other subplots. (B), (C), and (D) contain data (circles) obtained d“”?ﬂansition inD/D, ratios for trypsinized cartilage can be see

the diffusion experiment and subsequent fits (lines). These plots were acquitr)e(% t | | . th b d for health
with a Tl of 0.5 s during the following time intervals after placing Gd—-DTPA- ut at larger molecular sizeés than observed Tor healiny ca

BSA in the bathing solution: (B) 670710 s, (C) 1140-1180 s, and (Dfg€, namely between Gd-trypsinogen and Gd-ovalbum
1620-1660 s. The midpoint of each acquisition duration is used as the timBe diffusion of Gd—BSA was easily quantifiable within a 2-|
value for curve-fitting. experiment. The average fixed charge density for

trypsinized cartilage samples wai0 = 44 mM.

Signal Intensity
= N W A~ O,
]

0 400 800 1200 1600 0O 400 800 1200 1600
Distance from Cartilage Edge (pm) Distance from Cartilage Edge (um)

5D was just 1 of 10 used for the entire 40-min experiment, with

five cycles completed for each TI. One of the 10 Tl values used DISCUSSION

was 5 s, which is long enough so that change¥ irfrom its

original (no paramagnetic) value of aralh s toshorter values A novel NMR technique for quantifying diffusion of para-
will not affect signal intensity. However, if a shortening of thenagnetic macromolecules in gels and cartilage has been |
T, values due to the presence of Gd leads to a loss of siggahted. One problem with other similar NMR techniques is

TABLE 3
Parameters to Curve-Fit of the Diffusion Experiment in Healthy Cartilage
Radius a P1 D D,
N MW (nm) (s (s (10°® cm?/s) (107 cm?/s) D/D,

H.0 NA 18 0.19 NA NA 9.4 =09 23.4 0.40+ 0.04
Gd-DTPA 4 530 0.61 1.3 +0.2 10 *4 1.4 +0.3 4.0 0.34+ 0.07
Gd-lysozyme 3 14,300 28 1.5 +0.2 5.6+ 0.6 0.25+ 0.09 0.87 0.3 *0.1
Gd-trypsinogen 4 24,000 35 1.34+ 0.08 24+ 1.6 0.05+ 0.03 0.70 0.08+ 0.04
Gd-ovalbumin 3 45,000 47 1.4 =03 2.7+ 0.6 0.04= 0.02 0.52 0.07+ 0.04
Gd-BSA 4 67,000 58 NA NA NA 0.62° ~0

Note.NA, not applicable.

# Hydrodynamic radius.

® Bursteinet al. (7).

° Radius was computed from the MW vii= 0.0332- MW°** (21). D, was computed from the radius via the Stokes—Einstein relation.
¢ Measured value2@).
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TABLE 4
Parameters to Curve-Fit of the Diffusion Experiment in Trypsinized Cartilage
Radius a P1 D D,
N MW (nm) (s™h (s™h (10°° cm?/s) (10°° cm?/s) D/D,
H,O NA 18 0.19 NA NA 11.0 0.9 23.4 0.47+ 0.04
Gd-DTPA 3 530 0.61 11 =0.1 10.2 = 0.4 24 0.1 4.0 0.60* 0.03
Gd-lysozyme 3 14,300 %8 0.88+ 0.02 2.26* 0.05 0.35+ 0.07 0.87 0.40+ 0.08
Gd-trypsinogen 4 24,000 35 1.2 =02 2.6 0.4 0.29+ 0.06 0.70 0.42+ 0.09
Gd-ovalbumin 3 45,000 47 1.22+ 0.06 8.1 =20 0.09+ 0.07 0.52 0.16*+ 0.14
Gd-BSA 5 67,000 538 1.2 0.2 8.6 +54 0.07+ 0.03 0.62 0.11+ 0.05

Note.NA, not applicable.

* Hydrodynamic radius.

® Bursteinet al. (7).

° Radius was computed from the MW vii= 0.0332- MW°*** (21). D, was computed from the radius via the Stokes—Einstein relation.
¢ Measured value2Q).

necessity of assuming that the relaxivity of the paramagnetic re(1-— \,@)
compound is unchanged when the paramagnetic compound Rims = D (5]
moves from the bathing solution to the tissue. The technique —In D~ V@

0

presented here overcomes this problem by combining a well-
defined geometry for monitoring diffusion into a sample with . . e .
T, measurements during the diffusion process. Using this a;/éherer Is the radius of the diffusing macromolecule apds

proach, CuSQrelaxivity and diffusion coefficients in agarose e solid volume fraction of matrix. Using estimates of soli

gels have been determined. When using Gd-labeled protei‘ﬁ%lume fraction for healthy cartilage of 0.12 and trypsinize

theD/D, ratio for healthy cartilage decreased as the moIecuI%tEr“‘tIlage of 0.096 %), application of this theory to th®/D,

radius increased, with a steep drop off between the sizesr%%"oS given in Tables 3 and 4 produces the estimateRfr

. ) -~ given in Table 5. In all caseR,,s increased with trypsinization
Gd-lysozyme and Ga-trypsinogen. When applied to cartila s expected. Also, the near impermeability of healthy cartila

that had been severely degraded by 24-h exposure to tryp?(')nGd—BSA is not surprising given this range of pore size

:\he IIch/ Do r?'luo Wean: UOI|3 n evegﬁgaset_whe_tr;] pompar_ed tleowever, several pore size estimates don’t appear to follow t
ealthy cartiiage. The decrease o fallo With InCreasing  yengs in the table—namely the low pore size estimate f

molecular size was still present, but the most rapid decline WAS_DTPA in healthy cartilage and the elevated pore si
now appare_nt at a slightly Ia_rger molecular size—namely bSétimates for Gd—lysozyme and Gd—trypsinogen in degrac
tween the sizes of Gd-trypsinogen and Gd—ovalbumin. .5 ijage. These anomalies may indicate that factors other

Regarding the resolution of the NMR profiles, 512 dalgric hindrance may affect diffusion within the gel, such ¢
points within a 6-mm field of view correspond to a slice 11.4qnrandom orientation of fibers (i.e., channels within the ti
um wide. For a pulse sequence of 0.5-s length on average, gpfé) or charge interactions.

diffusion of water moleculesD = 9.4 X 10°° cm’/s (7)., since the curve-fit paramet®l is equal tob - C, - k, one
would be expected to travel a mean distance ofBil Thus @ ¢an obtain an estimate for the relaxiviyof these chelates in

typical water molecule will travel near paramagnetic moleculgge cartilage tissue if one has knowledge of the partitic

from three adjacent slices, producing at most this level gpefficientk. Estimates oP1 for protein diffusion experiments
imprecision in the location of the resulting signal. Averaging

effects (aT, based on the average relaxivity of three adjacent

slices is going to be very close to tiie produced by the center TABLE 5

SliCE) will somewhat minimize the impreCiSion. Also, the data Calculation of R, using Ogston’s Theory

analysis, as graphically depicted in Figs. 2, 4, and 5, does not

depend so much on precise locations as it does on monitoring Rms healthy cartilage R, trypsinized cartilage

the average signal trend over time from 50—100 experiments. (nm) (nm)
Ogston’s theory for diffusion of large molecules througlyy_prpa 0.54 209

randomly oriented straight fibers accounts for limited pored-lysozyme 2.05 3.18

sizes and can be used to estimate the root-mean-square ra@itgypsinogen 1.05 4.33

of spherical spaceR,, within the fiber network 19). The Gd-ovalbumin 1.32 213

Gd-BSA NA 2.10

relevant equation which can be derived is




134 FOY AND BLAKE

in cartilage were 5.6 for Gd-lysozyme in healthy cartilage 3. J. P. Pelletier, J. A. DiBattista, P. Roughley, R. McCollum, and J.
(Table 3) and 8.7 € for Gd—BSA in trypsinized cartilage Martel-Pelletier, Cytokines and inflammation in cartilage degrada-
. .. tion, Rheum. Dis. Clin. North Am. 19, 545-568 (1993).

(Table 4). If one conservatively assumes that the partition J'm; Weum 'SM 'tn_ Ort | m o d(th 3). o |
. . . .Jd. R oessner, atrix metalloproteinases an elr innipitors In

coe;flmen:clg fo(; thezz ero;eln(s; dlsl around O'D)é ghﬁg fthe connective tissue remodeling, FASEB J. 5, 2145-2154 (1991).

product ofb - C, Is S O_r __ysozyme an or 5. D. D. Dean and J. F. Woessner, Extracts of human articular carti-

_Gd_B_SA- The value Ob_ * C, in saline solution was measured  |age contain an inhibitor of tissue metalloproteinases, Biochem. J.

just prior to each experiment and was found to be®9.7.4 s* 218, 277-280 (1984).

for Gd—-lysozyme and 4.2 0.5 s* for Gd-BSA. SinceC, is 6. D.D. Dean, J. Martel-Pelletier, J. P. Pelletier, D. S. Howell, and J. F.

fixed, these results indicate that these large paramagnetic mol-Woessner, Evidence for metalloproteinase and metalloproteinase

ecules experienced a greatly enhanced relaxitityn the inhibitor (TIMP) imbalance in human osteoarthritic cartilage, J. Clin.
. . . : Invest. 84, 678-685 (1989).

confined spaces of articular cartilage. Since the proton relax- _ ,

ation enhancement due to a paramagnetic species is a functiz)' p. Burstein, M. L. Gray, A. L. Hartman, R. Gipe, and B. D. Foy,

. p . g P _rbiﬁusion of small solutes in cartilage as measured by nuclear

of th(_a molecqlar—scale mtt_aractlons between the paramagnetic magnetic resonance (NMR) spectroscopy and imaging, J. Or-

species and its local environmerit7( 20, the study of the thoped. Res. 11, 465-478 (1993).

relaxivity of paramagnetically labeled macromolecules mag. A. Maroudas, Distribution and diffusion of solutes in articular car-

provide an additional tool for understanding the motion of tilage, Biophys. J. 10, 365-379 (1970).

|arge molecules in Carti|age tissue. 9. A. Maroudas, Transport of solutes through cartilage: Permeability
to large molecules, J Anat. 122, 335-347 (1976).
CONCLUSIONS 10. K. Potter, R. G. S. Spencer, and E. W. McFarland, Magnetic reso-

nance microscopy studies of cation diffusion in cartilage, Biochim.
. . Biophys. Acta 1334, 129-139 (1997).
The technique described here has been shown to accurately Py (1997) ”
timate the diffusion coefficient both in mathematical siml}—l' J. P. G. Urban, S. Holm, A. Maroudas, and A. Nachemson, Nutrition
es. - : . i of the intervertebral disc, Clin. Orthoped. And Relat. Res. 170,
lations and in a diffusion experiment of Cu$ih agarose gel. 296-302 (1982).
The advantage of the technique is that separate measurements. p. 0'Hara, J. P. G. Urban, and A. Maroudas, Influence of cyclic
of relaxivity and partition coefficient are not necessary to loading on the nutrition of articular cartilage, Ann. Rheum. Dis. 49,
determine the diffusion coefficient. Also, the diffusion coeffi- 536-539 (1990).
cient of paramagnetically labeled proteins in healthy and d& P.A. Torzilli, T. C. Adams, and R. J. Mis, Transient solute diffusion
graded cartilage was measured. The r&ti®, was found to In articular cartilage, J. Biomech. 20, 203-214 (1987).
decline with increasing molecular size, in contrast to an earligt R: L- Sah. J. H. Doong, A. J. Grodzinsky, A. H. K. Plaas, and J. D.
d . f smaller molecular sizé‘}s (I'hese Sandy, Effects of compression on the loss of newly synthesized
Stu_ y using a range o 3 . o proteoglycans and proteins from cartilage explants, Arch. Bio-
estimates of macromolecular diffusion coefficients can be used chem. Biophy. 286, 20-29 (1991).
to quantify the time needed for a particular compound to fullys. r. L. sah, Y. J. Kim, J. H. Doong, A. J. Grodzinsky, A. H. K. Plaas,
penetrate the avascular cartilage, such as when one wishes tand J. D. Sandy, Biosynthetic response of cartilage explants to
treat cartilage or chondrocytes with a drug. Estimates of pore dynamic compression, J. Orthoped. Res. 7, 619-636 (1989).
sizes from these experiments indicate that simple steric hi#¢- B.J. Balcom, A. E. Fischer, T. A. Carpenter, and L. D. Hall, Diffusion
drance may be insufficient to explain diffusion of large mole- " 2dueous gels. Mutual diffusion coefficients measured by one-
les i il Al limi id indi hat th dimensional nuclear magnetic resonance imaging, J. Am. Chem.
cules in cartilage. Also, preliminary evidence indicates thatthe g, 115 3300-3305 (1993).

relaxivity of these paramagnetically labeled proteins may li? R. B. Lauffer and T. J. Brady, Preparation and water relaxation

enhanced over their values in solution. properties of proteins labeled with paramagnetic metal chelates,
Magn. Reson. Imaging 3, 11-16 (1985).
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