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Abstract

Manganese(II)-transferrin (Mn(III)-Tf) was investigated as a way to accomplish manganese-
labeling of murine hepatocytes for MRI contrast. It is postulated that Mn(III)-Tf can exploit the
same transferrin-receptor-dependent and -independent metabolic pathways used by hepatocytes to
transport the iron analogue Fe(IIl)-Tf. More specifically, it was investigated whether manganese
delivered by transferrin could give MRI contrast in hepatocytes. Comparison of the 7'y and T,
relaxation times of Mn(IIT)-Tf and Fe(IIT)-Tf over the same concentration range showed that the ;|
relaxivities of the two metalloproteins are the same in vitro; with little contribution from
paramagnetic enhancement. The degree of manganese cell labeling following incubation for 2-7 h
in 31.5 uM Mn(III)-Tf was comparable to that of hepatocytes incubated in 500 uM Mn2* for 1 h.
The intrinsic manganese tissue relaxivity between Mn(III)-Tf-labeled and MnZ*-labeled cells was
found to be the same; consistent with Mn(III) being released from transferrin and reduced to
MnZ*. For both treatment regimens, manganese uptake by hepatocytes appeared to saturate in the
first 1-2 h of the incubation period and may explain why the efficiency of hepatocyte cell labeling
by the two methods appeared to be comparable in spite of the ~16-fold difference in effective
manganese concentration. Hepatocytes continuously released manganese, as detected by MRI, and
this was the same for both Mn2*- and Mn(III)-Tf-labeled cells. Manganese release may be the
result of normal hepatocyte function; much in the same way that hepatocytes excrete manganese
into the bile in vivo. This approach exploits a biological process — namely receptor binding,
endocytosis, and endosomal acidification — to initiate the release of an MRI contrast agent;
potentially confering more specificity to the labeling process. The ubiquitous expression of
transferrin receptors by eukaryotic cells should make Mn(II)-Tf particularly useful for manganese
labeling of a wide variety of cells both in culture and in vivo.
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INTRODUCTION

Manganese (Mn2*) has proven to be a useful MR contrast agent for functional imaging (1),
neuronal tract tracing (2), and as an anatomical contrast agent (3). The paramagnetic
properties of manganese provide localized T-weighted MRI contrast following the cellular
sequestration of MnZ* (1). Functional imaging using manganese-enhanced MRI (MEMRI)
methods assumes Mn?* acts as a Ca2* analogue and enters cells via calcium channels. Other
mechanisms for manganese delivery into cells are also possible (4) and may play a role in
the anatomical contrast detected using MEMRI. For example, transferrins (Tf) — a major
class of plasma iron-binding proteins — can accommodate a variety of other metal ions in the
two available iron-binding sites of the Tf molecule (5). In particular, Tf has been shown to
be one of the major manganese plasma transport proteins in both rodents and humans (6, 7).
Another potential pathway for manganese transport across biologic membranes is via the
divalent metal ion transporter 1 (DMT-1), which can facilitate the influx/efflux of a number
of divalent metal cations, including Mn?2+ (8,9). Lastly, Zn2+ uptake in cultured rat cortical
neurons is strongly inhibited by manganese, suggesting that Mn2* may also serve as a
substrate for Zn* transporters (10, 11). The fact that manganese transport can be facilitated
by a variety of transporters leads to possibilities for exploiting these pathways to deliver
Mn2+ for MEMRI studies.

Transferrins are single-strand glycoproteins (~80kDa) containing two structurally similar
metal-binding domains (12). Within the hydrophilic cleft of each metal-binding domain,
four amino acid residues contribute donor groups that coordinate to the metal ion. For
transition metals, the two other metal-coordination sites are occupied by “synergistic
anions”(usually carbonate or bicarbonate) which act as bridging ligands between the protein
and the metal ion (5). In addition to facilitating the formation and stabilization of the metal-
Tf complex, the synergistic carbonate is thought to play an integral role in the subsequent
release of the metal ion in low-pH environments within the cell (see below). In the case of
manganese, Tf will only bind to the metal ion in the trivalent state (13). In solution under
physiological conditions Mn2* is the most stable form; however, Mn(III)-Tf is the only form
of the metalloprotein. Presumably, the presence of oxidizing agents such as ceruloplasmin
converts Mn2* to its trivalent form in plasma (6).

Metal-Tf transport is initiated when the metalloprotein binds to transferrin receptor 1 (TfR1)
— a transmembrane glycoprotein — at the cell surface (5). The metal-Tf/TfR1 complex is
enveloped within a clathrin-coated pit and then transported into the cell via TfR1-mediated
endocytosis. In this case, specific binding to the receptor is required to trigger endocytosis.
The acidic pH (~5.5) within the resulting endosomal compartment subsequently releases the
metal from the internalized protein complex, presumably via protonation of the synergistic
carbonate group within each of the Tf metal-binding domains. In the case of manganese, the
free Mn3* should be rapidly reduced to its more stable Mn2* oxidation state. The hypothesis
for the present study is that the divalent Mn2* can then be transported across the endosomal
membrane into the cytosol. This can occur via the divalent metal transporter (DMT-1) (9).
The metal-free apo-Tf/TfR1 complex that remains within the endosome can then be recycled
back to the cell surface through exocytic vesicles. In the neutral-pH environment (~7.4) of
the extracellular fluid, the apo-Tf/TfR1 complex dissociates and both proteins are reused in
another cycle of cellular metal-ion uptake. In the case of iron, each Tf molecule is estimated
to participate in 100-200 cycles of metal binding, transport, and release during its plasma
lifetime in humans (12). Thus it should be possible to use Mn(III)-Tf to load cells with
manganese for MEMRI. Indeed, this represents a novel way to use a biological pathway for
targeting and to release an MRI contrast agent into cells.
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Parenchymal liver cells (hepatocytes) play a major role in maintaining iron homeostasis in
the body; employing transferrin as one of the primary iron-transport proteins. Although most
eukaryotic cells use receptor-mediated endocytosis (RME) almost exclusively for Fe(III)-Tf
uptake, hepatocytes also appear to have a number of transferrin-receptor-independent
pathways available for iron accumulation via transferrin (14, 15). For example, non-specific
mechanisms, such as pinocytosis (fluid-phase endocytosis), have been suggested as
significant contributors to Fe(IIT)-Tf uptake (15). A redox-mediated model has also been
proposed, which depends on metal-Tf binding to TfR1, but yet is independent of RME (14,
16). Finally, a cell-surface interaction not involving TfR1 may also play a role in transferrin-
receptor-independent uptake of Fe(IIl)-Tf; however, the mechanism of this process remains
unclear (15). Consequently, based primarily on experiments from isolated cells, there is
considerable evidence that other transport mechanisms (in addition to RME) are major
contributors to Fe(III)-Tf uptake in hepatocytes. However, all proposed mechanisms will
lead to the metal-Tf complex residing in an acidic environment which in turn will initiate
metal release.

This study investigates the feasibility of manganese labeling of murine hepatocytes via the
transferrin-receptor-dependent and/or -independent metal-transport pathways described
above for Fe(IIT)-Tf. The chemical similarities between manganese and iron (e.g., similar
ionic radii; similar valence states — (II) and (IIT) — under physiological conditions; and
similar binding affinities for Tf) suggest that these transport processes have the potential to
label cells with relatively high concentrations of manganese using Mn(IIl)-Tf. Given the
cyclic nature of RME, the extent of cellular labeling is not limited by the total number of
available cell-surface transferrin receptors since TfR1 can be continuously regenerated
following each metal-ion-transport cycle.

EXPERIMENTAL
Mn(lll)-Tf Synthesis

Mn(III)-Tf was prepared using a modification of the procedure described by Aisen et al.
(13). Metal-free, human Tf (apo-Tf) was obtained from Sigma-Aldrich, Inc. (St. Louis, MO)
and 0.4 g of the protein was dissolved in 16.8 mL of 0.1M KCl-0.05M TRIS buffer
(pH=7.5). The affinity of human apo-Tf for the rodent TfR1 receptor is similar to that of the
endogenous murine form (17). A 0.01M solution of 1:1 Mn(II)-citrate (pH=5.0) was
prepared by adding 0.198 g of MnCl,-4H50 to 0.210 g of citric acid monohydrate dissolved
in 100 mL of distilled water. The pH of the resulting acidic solution (pH~2.1) was then
adjusted to 5.0 with drop-wise addition of 1.0M NaOH. To the buffered apo-Tf solution was
added, with stirring, 3.2 mL of the Mn(II)-citrate solution. The apo-Tf/Mn(II)-citrate
solution was then made 0.04M in NaHCOj3 by adding 0.065 g of the compound. The
solution was then gently aerated (to minimize foaming) with 100% O, for 24 h, with
stirring, in order to completely oxidize the Mn2* to Mn3* (the required oxidation state for
effective binding to Tf). The initially colorless reaction mixture changed to dark brown over
the 24-h period. The reaction mixture was then divided between two dialysis cassettes
(10,000 MW cutoff) and dialyzed for 30 h against 4.0L of PBS (pH=7.4) with two dialysis-
bath changes over the 30-h period. The two dialyzed samples were then combined to yield
~18.5 mL of a clear, dark-brown solution.

The UV-VIS spectrum of Mn(III)-Tf was obtained from a X3 dilution of the dialysate, using
PBS as a reference. The UV-VIS spectrum showed absorption bands at 330 and 430 nm,
consistent with the spectrum reported by Aisen et al. (13). The absorption band in the visible
region (430 nm) was used to estimate the Mn(IIT)-Tf concentration of the dialysate, based on
a molar absorptivity of 9,600 M~1ecm™! (18). The 248 uM dialysate solution contained 0.366
g of Mn(III)-Tf (92% yield).
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Hepatocyte Isolation and Labeling

Murine hepatocytes were isolated from male FVB, B6, or B6D2 mice using a collagenase
perfusion method (19). Isolated hepatocytes were suspended and cultured in DMEM/F12 +
Glutamax (GIBCO 10565-018). Also added to the medium was 10% FBS, 2% Pen/Strep,
1% Insulin/Transferrin/Selenium, 100nM Dexamethasone, and 2mM EGF. Hepatocytes
were plated at a density of ~6 x 107 cells/cm? in T-75 plastic culture flasks and incubated to
confluence at 37°C under atmospheric conditions (~24 h). Cell viability (using Trypan Blue
staining) of plated hepatocytes was ~85-90%. After reaching confluence, the growth
medium was replaced with GIBCO D-MEM/F-12 growth medium (Cat. No. 11039-021;
Invitrogen Corp., Carlsbad, CA) containing 31.5 uM Mn(III)-Tf (typically 10-15 mL,
depending upon the number of flasks being treated) and incubated over a range of time
periods (2, 3, 4, 6, and 7 h). For control samples, hepatocytes were incubated with growth
medium alone.

Following the Mn(III)-Tf incubation period, the growth medium was removed from each
flask and saved for subsequent MRI analysis. Each flask was then washed twice with 5-10
mL of sterile Hank’s Balanced Salt Solution (Cat. No. 21-022-CV; Mediatech, Inc.,
Hearndon, VA) to remove any residual serum. To each flask was then added 3.0 mL of
trypsin (Trypsin-Versene mixture; Cat. No. 17-161E; BioWhitaker, Walkersville, MD) and
the flasks were incubated at 37°C for successive 2—3 min intervals until the cells were
detached. A 10-mL volume of GIBCO William’s Media E (Cat. No. 12551-032; Invitrogen
Corp., Carlsbad, CA) — which contains serum — was then added to each flask to terminate
the trypsinization process. The contents of each flask were then transferred to separate 15-
mL conical centrifuge tubes and the cells were pelleted at S0XG for 5 min. The supernatant
was then removed and the cells were resuspended in 5 mL of stock D-MEM/F-12 growth
medium and then centrifuged again at 50XG for 5 min. After removal of the supernatant, the
cell pellets were resuspended in 1.0 mL of stock D-MEM/F-12 growth medium, transferred
to a 2.0-mL conical vial, and centrifuged at low speed for 1 min. MRI measurements were
performed immediately thereafter.

For comparative studies with MnZ* alone, hepatocytes were incubated for 1 h in growth
media containing 500 pM MnCl,-4H,O(in place of the 31.5 pM Mn(III)-Tf); all other work-
up procedures were the same as those used for Mn(II)-Tf. For comparative studies with
Fe(III)-Tf (Sigma-Aldrich, Inc., St. Louis, MO), a 268 uM Fe(III)-Tf stock solution was
prepared by dissolving 0.1268 g of the compound in 6.0 mL of PBS. A 31.5 uM Fe(III)-Tf
solution was prepared by diluting the stock solution with growth media. Hepatocytes were
incubated in the 31.5 uM Fe(III)-Tf growth medium for 2-, 3.75-, and 5.75-h time periods;
all other work-up procedures were the same as those used for Mn(IIT)-Tf. Cell viability was
evaluated immediately prior to the final low-speed-centrifugation step in the work-up
procedure and averaged 48% for Mn2*-treated hepatocytes and 43% for Fe(III)-Tf-treated
hepatocytes.

For Mn(III)-Tf relaxivity measurements, concentration standards (10, 25, 50, 75, and 100
uM) were prepared by diluting the 248 uM Mn(III)-Tf stock solution with PBS. For
comparative Fe(II)-Tf relaxivity studies, concentration standards (10, 25, 50, 75, and 100
uM) were prepared by diluting the 268 uM Fe(II)-Tf stock solution with PBS. 7| and T,
relaxation time measurements on fresh growth media were performed on samples obtained
directly from the stock bottles.

MRI Measurements

MRI was performed at 7.0T using a Bruker Biospec console interfaced to a Pharmascan
magnet. Sample vials were arrayed in a 2 x 3-vial sample holder and positioned upright in a
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59-mm-diameter birdcage RF coil. T and T, relaxation times of the hepatocyte cell pellets,
growth media, and concentration standards were determined from calculated 7 and 7>
maps. For T| and T, measurements of hepatocyte and growth media samples, 8§—12
(depending on the number of sample vials) axial slices (i.e., oriented parallel to the long axis
of the sample vials and perpendicular to the B, field) were acquired through the sample-vial
array. The slice thickness varied from 2.5-2.7 mm and the slice separation (from center-to-
center) was varied from 2.75-3.0 mm, respectively. The slice-packet position was optimized
to maximize coverage of the hepatocyte cell pellets in all of the vials and — under these
conditions — each cell pellet was often intersected by two adjacent slices. For T and 7>
measurements of the concentration standards, a single 5-mm-thick slice was acquired
perpendicular to the long axis of the sample vials.

T measurements were performed using the progressive saturation method with multi-slice,
spin-echo images acquired with repetition time (TR) values of 110.2 (or 126 in some cases),
300, 500, 750, 1000, 2000, 4000, and 8000 ms. Other imaging parameters were: echo time
(TE) = 10.4 or 11.9 ms; field-of-view (FOV) = 45 mm X 45 mm; data acquisition matrix =
256 x 128 (zero-filled to 256 x 256); and number of averages (NEX) = 1 for the
concentration standards and NEX = 2 for the hepatocyte and growth media samples.

T, measurements were performed using multi-slice, multi-spin-echo imaging. For measuring
short-T,-components (e.g., Mn(III)-Tf-, Fe(IlT)-Tf-, and Mn2*-treated hepatocytes), 40
echoes were acquired with intervening TE values of 10.4, 11.9, or 15.0 ms. For measuring
longer-T5-components (e.g., treated and untreated growth media samples), 25 echoes were
acquired with intervening TE values of 25 ms. Other imaging parameters were: TR varied
from ~1000-10000 ms (depending upon TE, the number of echoes, and the number of
slices); FOV =45 mm x 45 mm or 50 mm x 50 mm; data acquisition matrix = 256 x 128
(zero-filled to 256 x 256); and NEX = 1.

Calculated T and T, maps were obtained using the MRI Analysis Calculator plug-in (v1.0;
Karl Schmidt, Brigham and Women’s Hospital, Boston, MA) in ImageJ (20). Following
MR, the cell pellets were evaporated to dryness within their respective sample vials and
then submitted for manganese elemental analysis (West Coast Analytical Service, Inc.,
Santa Fe Springs, CA). Duplicate 1-mL samples of the 248 uM Mn(III)-Tf stock solution
were also evaporated to dryness within separate 2-mL conical vials and analyzed for
elemental manganese.

Treatment of Elemental Analysis Data

The results from the manganese elemental analyses of the hepatocyte cell pellets were
reported as total manganese/dry weight of cellular material (ng/g). Hepatocyte water content
was estimated from the formula: (wet weight — dry weight)/dry weight = 3.65 (21). The
manganese concentration was then converted to mmole/L (mM).

Data Analysis

For each slice through the cell-containing sample vials, the boundary of the cell pellet in the
image was used to define a region of interest (ROI). The 7| and T relaxation times of each
cell pellet in the slice were then estimated from the respective calculated 77 and T,
relaxation-time maps by averaging the pixel values within the ROIs using ImagelJ. For
pellets that were intersected by more than one image slice, the 7 and 7, values from the
pellet in each slice where averaged to derive the overall relaxation time values for the entire
pellet.

For sample vials containing only growth media or concentration standards, an ellipsoidal
ROI was defined (using ImageJ) within the signal boundaries of each vial within the image.
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The T and 7> relaxation times of each sample were then estimated from the respective
calculated T and T, relaxation-time maps by averaging the pixel values within the ROIs.

Statistical analysis for distinguishing between two normally-distributed sample populations
was performed using a one-tailed, Student’s t-test, with unequal variances (Microsoft Office
Excel 2003, Microsoft Corp., Redmond, WA); a value of P < 0.05 was considered
significant. All P values were corrected (Bonferroni) for multiple comparisons. Linear-least-
squares regression analysis and the associated plots were generated using the Scientific
Fig.Processor (Fig.P) software package (BIOSOFT, Cambridge, UK; Ferguson, MO, USA).
Excel was used to exclude outliers using the Quartile or Fourth-Spread Method (22).
GraphPad Prism 5 Software (San Diego, CA) was used to evaluate the statistical similarity
between: (1) slopes and intercepts of two linear-least-squares regression lines; and (2) the
slope of a linear-least-squares regression line and a line of zero slope.

Elemental analysis of the 248 uM Mn(III)-Tf stock solution used in all of these studies was
performed on duplicate 1-mL samples. The manganese content of the metalloprotein was
assayed to be 1460 and 1650 pug Mn/g dry weight of Mn(III)-Tf, respectively, for the two
samples. Assuming a molecular weight of 80,000 g/mole for the metalloprotein, the mole
ratio of manganese to Tf was 2.1 and 2.4, respectively; in good agreement with the expected
value of 2.0.

Fig. 1A shows a plot of T} relaxation rate (R; = 1/T; s~ 1) as a function of concentration for
Mn(III)-Tf and Fe(III)-Tf (uM) in phosphate-buffered saline (PBS). For Mn(II)-Tf, a linear-
least-squares regression fit to the data yielded: Ry (s™1) = 1.0+0.3-[Mn(III)-Tf] (mM) +
0.34+0.02 (r2 = 0.80). The errors on the linear least-squares fitting parameters are +1 SE.
For Fe(Ill)-Tf, Ry (s~!) = 1.0+0.2-[Fe(II)-Tf] (mM) + 0.34+0.01 (2 = 0.87). The slopes of
the two lines are statistically equal.

Fig. 1B shows a plot of T, relaxation rate (R, = 1/T; s 1) as a function of concentration for
Mn(IID)-Tf and Fe(III)-Tf (mM) in PBS. For Mn(III)-Tf, R, (s~!) = 2122-[Mn(III)-Tf] (mM)
+3.020.1 (12 = 0.97); for Fe(I)-Tf, R, (s~ 1) = 7+2-[Fe(II)-Tf] (mM) + 2.6+0.1 (r% = 0.82).
The r, relaxivity values for Mn(III)-Tf (21 s™'mM™!) and Fe(III)-Tf (7 s 'mM™!) are
statistically different; to an extent that precluded testing whether the intercepts differed
significantly.

Fig. 2 shows representative T1-weighted MR images [TR/TE = 500/10.4(11.9 for Mn(III)-
Tf) ms] of control, Mn(III)-Tf-treated (31.5 puM for 4h), Mn2*-treated (500 uM for 1h), and
Fe(II)-Tf-treated (31.5 uM for 2h) murine hepatocytes. The control-cell pellet is outlined in
white since the relatively longer 7' relaxation time (2.15 s in this case) makes the control-
hepatocyte signal isointense with that of the surrounding stock D-MEM/F-12 growth
medium. The similar 7 values of Mn(III)-Tf-treated (0.61 s) and MnZ*-treated (0.54 s)
hepatocytes in this example yield comparable T'-weighted signal enhancement under these
conditions. The T relaxation time of Fe(Ill)-Tf-treated hepatocytes (1.60 s) yields T-
weighted signal enhancement between that of the control and the Mn(III)-Tf-treated and
Mn?Z*-treated hepatocytes.

Fig. 3 shows T'|-weighted MR images (TR/TE = 500/10.4 ms) and calculated 7| maps of
Mn2*-treated (500 puM for 1 h) and Mn(III)-Tf-treated (31.5 pM for 3 h) hepatocytes. The
solution above the hepatocyte cell pellets is stock D-MEM/F-12 growth media. For both
MnZ*-treated and Mn(III)-Tf-treated hepatocytes, there is a T-signal-enhancement gradient
in the growth media adjacent to the cell-pellet boundary. Notice that the T'j-relaxation-time
gradient is significantly more pronounced in the vicinity of the Mn(II)-Tf-treated
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hepatocytes as compared to the Mn2*-treated sample. This prominent 7} gradient was also
observed in two other Mn(III)-Tf samples (data not shown) and was consistently more
pronounced than that of the Mn2*-treated samples.

Fig. 4A shows a plot of T relaxation time (s) of hepatocyte cell pellets as a function of
hepatocyte incubation time in 31.5 uM Mn(III)-Tf or Fe(III)-Tf (h). The best-fit linear
regression lines for both Mn(III)-Tf and Fe(III)-Tf had 12 values less than 0.1 and slopes that
were not significantly different from zero. Consequently, there is no dependence of the T
relaxation time on hepatocyte incubation time in either 31.5 uM Mn(III)-Tf or Fe(III)-Tf
over the time period from 2—7 h.

Fig. 4B shows a plot of T, relaxation time (s) of hepatocyte cell pellets as a function of
hepatocyte incubation time in 31.5 pM Mn(III)-Tf or Fe(Il)-Tf (h). The best-fit linear
regression lines for both Mn(III)-Tf and Fe(III)-Tf had r2 values of 0.09 and 0.25,
respectively, and slopes that were not significantly different from zero. Consequently, there
is no dependence of the T, relaxation time on hepatocyte incubation time in either 31.5 uM
Mn(IID)-Tf or Fe(IIT)-Tf over the time period from 2—7 h. Since both the 77 and T,
relaxation times of hepatocytes appear to be independent of incubation time under these
conditions, the hepatocyte relaxation time values for the different incubation-time periods
were pooled to calculate the average values of 7 and T for a particular treatment regimen
(see Table 1).

Fig. 5A shows a plot of T relaxation time (s) of Mn(III)-Tf hepatocyte incubation media as
a function of incubation time (h) in 31.5 pM Mn(III)-Tf. The best-fit linear regression lines
for Mn(II)-Tf had an r2 value of 0.28 and a slope that was not significantly different from
zero; indicating that there is no dependence of the T relaxation time of the Mn(III)-Tf
hepatocyte incubation media on incubation time over the time period from 2—7 h.

Fig. 5B shows a plot of 7> relaxation time (s) of Mn(IIl)-Tf hepatocyte incubation media as
a function of incubation time (h) in 31.5 pM Mn(III)-Tf. The best-fit linear regression is: T
(s) = —0.004+0.001-(Mn(III)-Tf Incubation Time; h) + 0.14420.005 (2 = 0.69). The
deviation of the slope of the best-fit linear regression line from zero was statistically
significant; indicating that there is a dependence of the T’ relaxation time of the Mn(III)-Tf
hepatocyte incubation media on incubation time over the time period from 2—7 h.

Table 1 shows the mean (+1 SD) 7} relaxation times (s) and relaxation rates (s~!) of murine
hepatocytes and incubation growth media samples for the various treatments regimens. For
hepatocytes incubated in 31.5 pM Mn(III)-Tf, 500 uM MnZ*, or 31.5 uM Fe(IID)-Tf, the
mean 7 values decrease [following the trend Mn(III)-Tf (0.7£0.2 s) < Mn2* (0.9+£0.4 s) <
Fe(IID)-Tf (1.7+0.2 s)] relative to that of the control hepatocytes (2.3+0.2 s). For the growth
media samples used to incubate the hepatocytes, the mean 7' values decrease [following the
trend Mn2* (0.42+0.06 s) < Mn(IID)-Tf (1.9+0.2 s) < Fe(Il)-Tf (2.9+0.1 s)] relative to that of
the growth media used to incubate the control hepatocytes (3.0+0.2 s).

Table 1 also shows the mean (+1 SD) T, relaxation times (s) and relaxation rates (s~ !) of
murine hepatocytes and incubation growth media samples for the various treatments
regimens. For hepatocytes incubated in 31.5 pM Mn(IID)-Tf, 500 uM Mn2*, or 31.5 uM
Fe(IID)-Tf, the mean T, values are similar [Mn(III)-Tf (0.05+0.01 s) ¥ Mn2* (0.07+0.02 s) ~
Fe(IID)-Tf (0.06+0.01 s)]. For the growth media samples used to incubate the hepatocytes,
the T, values decrease {following the trend Mn2+ [0.025+0.002 s] < Mn(II)-Tf [0.136 s (2
h) —0.116 s (7 h)] < Fe(III)-Tf [0.223+0.003 s]} relative to that of the growth media samples
used to incubate the control hepatocytes (0.30£0.01 s).
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Fig. 6A shows a plot of T relaxation rate (R; = 1/T}; s~ 1) of hepatocyte cell pellets as a
function of hepatocyte manganese concentration (mM) following incubation in 31.5 pM
Mn(III)-Tf (for time periods ranging from 2—7 h; see Fig. 4A), 500 uM Mn2* (for 1 h), or
stock D-MEM/F-12 growth media alone. For Mn(III)-Tf, the best-fit linear regression line
is: Ry (s71) = 8.740.9-[Mn] (mM) + 0.34+0.13 (r2 = 0.93). For Mn?*, the best-fit linear
regression line is: Ry (s™1) = 7.720.7-[Mn] (mM) + 0.31+0.08 (r? = 0.93). For the Mn(III)-Tf
data, two outliers ([Mn] = 0.264 mM; R = 1.19 s !; and [Mn] = 0.328 mM, R; = 1.19s71)
were excluded from the data set based on the Quartile or Fourth-Spread Method(22), prior to
performing the linear-least-squares regression analysis. For the Mn2* data, one outlier ([Mn]
=0.306 mM, R; = 1.49 s™1) was excluded from the data set using the same method (22). A
statistical comparison between the two linear-least-squares regression lines in Fig. 6A reveal
that both the slopes and the intercepts were statistically the same for the Mn(III)-Tf- and
MnZ*-treatment regimens.

Fig. 6B shows a plot of T, relaxation rate (R, = 1/T5; s~ 1) of hepatocyte cell pellets as a
function of hepatocyte manganese concentration (mM) following incubation in 31.5 pM
Mn(IID)-Tf (for time periods ranging from 2—7 h; see Fig. 4A), 500 uM Mn2* (for 1 h), or
stock D-MEM/F-12 growth media alone. For Mn(III)-Tf, the best-fit linear regression line
is: Ry (s™1) = 44+15-[Mn] (mM) + 1123 (r2 = 0.50). For Mn2*, the best-fit linear regression
line is: R, (s_l) =38%11-[Mn] (mM) + 112 (r2 = 0.58). The Quartile or Fourth-Spread
Method (22) did not identify any outliers in either of these data sets. As is the case in Fig.
6A, a statistical comparison between the two linear-least-squares regression lines in Fig. 6B
reveal that both the slopes and the intercepts were statistically the same for the Mn(III)-Tf-
and Mn2*-treatment regimens.

It should be mentioned that the internalized manganese that was released into the
surrounding growth media during the MRI studies (see Fig. 3) is included in the elemental
manganese analyses (as shown in Fig. 6). Following MRI, the cell pellets (as well as the
surrounding growth media) were evaporated to dryness within their respective sample vials.
The contents of each vial were then quantitatively removed and analyzed for elemental
manganese.

DISCUSSION

This study investigates the feasibility of using Mn(III)-Tf for manganese labeling of murine
hepatocytes via the same transferrin-receptor-dependent and/or -independent metal-transport
pathways used by Fe(III)-Tf. The chemical similarities between manganese and iron [e.g.,
similar ionic radii; similar valence states — (II) and (III) — under physiological conditions;
and similar binding affinities for Tf] suggest that the iron transport processes mentioned
above can potentially be exploited to label cells with manganese using the Mn(III)-Tf
analogue. The cell-labeling efficiency of Mn(III)-Tf was compared to that of Mn2* alone;
which has been shown to be an effective cell-labeling agent for lymphocytes and isolated
pancreatic beta cells (23, 24). The NMR and cell-labeling properties of Mn(III)-Tf were also
compared with those of Fe(III)-Tf to better characterize the NMR relaxation-time and
transport behavior of Mn(III)-Tf relative to that of the iron analogue.

Comparison of the T and 7> relaxation times of the Mn(IIl)-Tf and Fe(IIl)-Tf concentration
standards (Figs. 1A and 1B) provide some interesting insights into the relative similarities
and differences between the two compounds over the same concentration range (which also
encompassed that used in the cell-labeling studies in this investigation). In the T
comparison (Fig. 1A), the slopes (i.e., r| relaxivities) and intercepts of the two best-fit
regression lines are statistically equal (1.0 s"'mM™! and 0.34, respectively). Since both
Mn(III) and Fe(III) are fully coordinated within the hydrophilic cleft of each Tf metal-
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binding domain, inner-sphere coordinate covalent bonding between the metal and
surrounding water molecules is precluded. Furthermore, since coordinatively-saturated
Mn(III) is effectively shielded from the aqueous solvent when sequestered in the two Tf-
binding domains far from the protein surface, outer-sphere relaxation is not likely to be a
significant contributor to the total relaxivity. Consequently, the r| relaxivities for both
Mn(III)-Tf and Fe(III)-Tf appear to be largely a function of Tf concentration alone; with
little contribution from paramagnetic Mn(IIl) enhancement. This assertion is consistent with
the report of Koenig and Brown (25), which indicated that Mn3* in transferrin gives little
measurable relaxation contribution.

NMR relaxation data for other Mn(III) complexes are limited and confined mainly to
metaloporphyins (26). Furthermore, these compounds are not coordinatively saturated; as
would be expected for Mn(III)-transferrin. However, for coordinatively-saturated Mn(II)
complexes (e.g., Mn(II)-DTPA, Mn(II)-EGTA, and Mn(IT)-NOTA), inner-sphere relaxation
effects are minimized resulting in relatively low r; values (e.g., ~1.6 s_'TmM ™! at higher
fields such as 60 MHz). The Fe(III)-Tf r| value measured in the current study is also in
accord with that of the coordinatively-saturated Fe(II)-DTPA complex (r; = 0.83 s ImM™!
at 60 MHz). Consequently, the | value of 1.0 s~ !mM™! for both Mn(III)-Tf and Fe(II)-Tf
is consistent with both metals being bound in coordinatively-saturated environments within
the metalloprotein.

The T study also confirmed that there was little (if any) non-specific adsorption of Mn2* to
the Mn(III)-Tf complex following the synthetic procedure and subsequent dialysis. For
example, if Mn?* was non-specifically adsorbed on the Mn(III)-Tf surface — and accessible
to water exchange — an increase in water r; might be expected due to an increase in
rotational correlation time for the metal iassociated with the protein. If this were the case,
the rq values of Mn(III)-Tf and Fe(III)-Tf would probably have been different, if this
additional contribution to r| — other than protein concentration alone — was present. The
absence of non-specific adsorption is also supported by the elemental manganese analysis of
the purified Mn(III)-Tf used in these studies, which was in good agreement with the
expected mole-ratio value of 2.0. These data are therefore consistent with the assumption
that all of the manganese is completely sequestered within the metal-Tf binding domains.

The results of these studies suggest that murine hepatocytes can be effectively labeled with
manganese using Mn(III)-Tf and at a much lower incubation concentration as compared to
that of Mn2* alone. As shown in Fig. 2, the degree of manganese cell labeling by 31.5 uM
Mn(III)-Tf is comparable to that of 500 uM Mn2* under these conditions (based on the
similarities between their respective 7| and 7, relaxation times; see Table 1). These
similarities do not appear to be due to differences in intrinsic Mn2* tissue relaxivity between
Mn(III)-Tf- and Mn?*-labelled cells; since both the r| and r, relaxivities are the same for
both labeling regimens (as shown in Fig. 6).

In addition to the in vivo r; and r, relaxivities for both Mn(III)-Tf and Mn2* being the same,
the absolute values are similar to those reported for aqueous Mn2*. In vitro r; relaxivity
values for MnZ* are on the order of 7-8 s 'mM ™! for magnetic field strengths above 1.5T,
while the 7, relaxivity values are in the range 30—125 s~ 'mM™! (27). The | value of the
MnZ* aquoion has also been measured in this laboratory to be 7.9 s~ 'mM ™! at 7.0T
(unpublished data). In vivo relaxivity constants have been reported to be up to one order of
magnitude higher than those in vitro, due to binding of Mn%* to macromolecules (28, 29).
Intracellular Mn2* in rat hepatocytes has been shown to be partitioned between cytosolic
and noncytosolic compartments (e.g., mitochondria); with the cytosolic ion tightly bound by
macromolecules (30). Consequently, increased in vivo Mn?* relaxivity, relative to the in
vitro value, might also be expected for hepatocytes (31). However, large differences
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between in vitro and in vivo Mn2* relaxivities were not observed for hepatocytes in this
study. One explanation for this similarity is that molecular-correlation-time effects on
relaxivity at 7.0T are likely reduced compared to the relatively low-field (e.g., 0.5 — 2.0T)
measurements performed in earlier studies (28, 29). Alternatively, if some fraction of the
manganese is sequestered such that MnZ* is inaccessible to water, then the “apparent” in
vivo ry relaxivity would be reduced to a value more similar to that in vitro.

Although the Mn(III)-Tf-treated hepatocyte sample in Fig. 2 was incubated for a longer
period of time (4 h) as compared to 500 uM MnZ*-treated hepatocytes (1 h), the amount of
manganese cellular uptake was comparable (again based on the similarities between their
respective T and T, relaxation times). In fact, both the 7| and T relaxation times of
Mn(III)-Tf-treated hepatocytes were independent of incubation time over the time period
from 27 h (as shown in Fig. 4), suggesting that manganese uptake by murine hepatocytes
incubated in 31.5 pM Mn(III)-Tf may saturate at some point during the initial 2-h incubation
period. In the case of MnZ*-treated hepatocytes (rat liver slices incubated in vitro), it has
been shown that Mn2* uptake saturates within the first 30 min of the incubation period with
100 uM Mn2+ (32). Since the K in the Galeotti et al. (32) studies was observed at ~100
uM Mn2*, the Mn2* uptake observed in the current study (following incubation in 500 uM
MnZ* for 1 h) is also expected to be saturated. Consequently, if the hepatocyte Mn2* uptake
is saturated for both of the Mn(IIT)-Tf- and Mn%*-treatment regimens used in this study, it
may explain the similarities between the 7’| and T relaxation times under these conditions;
in spite of the almost 16-fold difference in effective manganese concentration between the
two treatment regimens.

Another interesting observation during the course of these studies was the apparent release
of internalized manganese from the hepatocytes during the MRI studies (as shown in Fig. 3).
Although observed for both MnZ*- and Mn(III)-Tf-treated hepatocytes, the amount of
internalized manganese released following the latter treatment regimen was much more
significant; based upon differences in 7 and T, (data not shown) relaxation times of the
grow media adjacent to the cell-pellet boundaries (see quantitative 7-relaxation-time color
scale in Fig. 3). Although some portion of the manganese release may be from non-viable
cells that did not survive the incubation procedure, precedent for these observations has been
reported for cultured human hepato-carcinoma (Hep-G2) cells. The proposed model of
hepatic manganese metabolism is similar to that of isolated rat hepatocytes (33). Hep-G2
cells that were pulsed for 15 min with 3*Mn (in a defined salt buffer containing 0.1 uM total
manganese), and then placed into a non-radioactive medium, quickly released a large
fraction of their internalized manganese. For example, in the first 2 h following the 3*Mn
pulse, the cellular manganese concentration declined by ~25%, with most of the decrease
occurring in the first hour. Given that the MRI measurements in the current study were all
performed within the first 1-2 h following collection of the hepatocytes from culture, and
that the stock D-MEM/F-12 growth media above the hepatocytes initially contained no
Mn?2*, these results are consistent with those of the Hep-G2 cell studies.

There is also support in the current study for internalized manganese release into the
incubation medium during the actual treatment period. If this occurs, it would be expected
that the 7’| and T relaxation times of the incubation medium would be reduced following
the treatment period, relative to their pre-incubation values. Based on the Mn(II)-Tf
calibration curves in Figs. 1A and 1B, the T| and 7’ relaxation times of 31.5 pM Mn(III)-Tf
in PBS are estimated to be 2.7 and 0.27 s, respectively; well above the post-treatment values
of the Mn(III)-Tf-treated hepatocyte incubation-media samples at the same concentration
(1.9 and 0.13 s, respectively; see Table 1). Furthermore, since the slopes (i.e., rj relaxivities)
and intercepts of the Mn(III)-Tf and Fe(III)-Tf calibration curves in PBS are essentially
identical, the pre-incubation T value of 31.5 pM Mn(III)-Tf in growth media would be
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expected to be similar to that of Fe(IlI)-Tf in growth media at the same concentration. Since
the mean post-incubation 7 value of 31.5uM Fe(III)-Tf in growth media is 2.9 s (Table 1),
and assuming that no iron is released into the incubation medium during the incubation
period, it is reasonable to expect that the pre-incubation 7 relaxation time of 31.5 uM
Mn(III)-Tf in growth media is between 2.7 and 2.9 s. Consequently, the ~1-s decrease in the
post-treatment 7 value of the Mn(III)-Tf hepatocyte incubation growth media (relative to
the expected pre-incubation value) clearly supports the contention that internalized
manganese is released both during the incubation period as well as in the first 1-2 h
following hepatocyte isolation from culture. Furthermore, although the 7| relaxation time of
the Mn(III)-Tf hepatocyte incubation growth media does not show a statistically significant
dependence on incubation time over the 2—7 h time period (Fig. 5A), there is a statistically
significant dependence of the 7, relaxation time of the Mn(III)-Tf hepatocyte incubation
growth media as a function of incubation time (Fig. 5B) over the same time period (again
consistent with the release of internalized manganese).

In the case of 500 uM Mn?2*-treatment, it is doubtful that internalized manganese release
from hepatocytes could be detected based on T -relaxation-time differences between the pre-
and post-treatment incubation medium. As shown in Fig. 3, the internalized manganese
release following 500 uM Mn?* treatment is much more difficult to detect than that
following incubation in 31.5 uM Mn(III)-Tf. In this case, the concentration of the released
manganese would be relatively low compared to the 500 uM Mn?* incubation medium,
making it difficult to measure a relatively small change in what is already a significantly
reduced T value (0.42 s; Table 1). Although difficult to detect by NMR, the release of
internalized manganese during incubation with Mn2* alone has also been observed in Hep-
G2 cells using >*Mn isotopic studies (33); suggesting that it does in fact occur.

Release of manganese after cell loading is a problem for all labeling studies. However, it
may offer an advantage. For example, manganese is actively accumulated in the liver and
secreted into the bile against a strong concentration gradient (34). Although the mechanism
by which manganese moves from the plasma to the bile is still not well understood, recent
studies in Hep-G2 cells (33) suggest that it is an active, energy-requiring process that may
involve lysosomal packaging and transport. There is strong evidence in the current study
that internalized manganese is released from hepatocytes both during the incubation period
(Fig. 5B and Table 1) as well as following hepatocyte isolation from culture (Fig. 3). These
results are consistent with those of Finley (33) and suggest that internalized manganese
release may simply be the result of normal hepatocyte metabolism; much in the same way
that hepatocytes excrete manganese into the bile in vivo. In this case, manganese release
from hepatocytes and liver could be exploited as an MR assay of normal liver function.
Furthermore, there is also interest in developing MR assays for viability and function of
hepatocytes (35) and other cell types (24) after transplantation. For these and other
applications, MEMRI monitoring of Mn2* release via normal cellular processes offers
interesting possibilities for future work.

The uptake of manganese by hepatocytes incubated in Mn2+ alone is thought to proceed by
different mechanisms than those for Mn(III)-Tf. Studies by Galeotti er al. (32), using in vitro
incubation of rat liver slices in Mn2*, suggest that hepatocytes have three apparently
saturable routes for manganese entry. These are (1) a low-affinity mechanism with K, in
the region of 100 puM; (2) a moderately-high-affinity mechanism with K, in the range of
0.5-2 uM; and (3) a high-affinity mechanism that operates with a K, of 0.075 uM. The first
mechanism is thought to correspond to a route where Mn2* substitutes for Ca2* and can
traverse receptor-operated Ca2* channels in liver and other cells over the 500—1000 uM
concentration range (36, 37). For the second mechanism, Mn?2t is postulated to substitute for
Ca2* and enter the cell via the Na/Ca-exchange carrier (32). Since the two relatively high-
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affinity Mn2* uptake mechanisms operate in the physiological concentration range for total
plasma manganese (~0.1 uM), it is likely that the low-affinity mechanism (i.e., K, ~100
uM) plays a significant role in the current study, given the 500 uM Mn2* incubation growth
media used in these studies. The transport mechanism responsible for the low-affinity
mechanism has yet to be elucidated.

In contrast to transport mechanisms that employ Mn2* as a Ca2* analogue, manganese cell
labeling of hepatocytes with Mn(III)-Tf likely proceeds via alternative pathways. The most
obvious are those employed by the iron analogue, Fe(IIT)-Tf, which is taken up by
eukaryotic cells almost exclusively via receptor-mediated endocytosis (RME). In the case of
hepatocytes, there are also a number of transferrin-receptor-independent pathways
(summarized in the Introduction) available for iron accumulation via transferrin (14,15).
Consequently, given the chemical similarities between manganese and iron, it is reasonable
to assume that these same iron transport processes can be exploited to label cells with
manganese using the Mn(III)-Tf analogue.

The efficiency of hepatocyte cell labeling with 31.5 uM Mn(III)-Tf is comparable to that of
500 uM Mn2+ under the conditions used in the current study. One explanation for these
results is that the cyclical nature of TfR1-mediated endocytosis has the potential to label
cells with relatively high concentrations of manganese, even using relatively low
concentrations of Mn(III)-Tf. Furthermore, the efficiency of metal-Tf transport via
transferrin-receptor-independent pathways, such as pinocytosis (which is also cyclical), may
actually be much greater than via receptor-mediated endocytosis (14), making this a
particularly attractive approach for practical manganese cell labeling of hepatocytes.

The relatively lower cytotoxicity of Mn(III)-Tf allowed incubation of the hepatocytes for
much longer labeling times (2-7 h) — and at a much lower effective manganese
concentration — as compared to the 1-hr time limit imposed by the use of 500 uM Mn%*.
However, as observed in Fig. 4, increasing the Mn(II)-Tf incubation time did not
significantly increase hepatocyte uptake of manganese. These results suggest that
manganese uptake by hepatocytes incubated in 31.5 uM Mn(II)-Tf saturates at some point
during the first 2 h of the incubation period. Manganese uptake by hepatocytes incubated in
500 uM Mn2* for 1 h was also saturated and may explain why the efficiency of hepatocyte
cell labeling by the two methods appeared to be comparable in spite of the ~16-fold
difference in effective manganese concentration. Another factor that may limit the efficiency
of hepatocyte cell labeling using either Mn?* or Mn(III)-Tf is the internalized manganese
release that occurs both during the incubation period as well as after hepatocyte isolation. It
may be the case that at some point early in the incubation period, the rate of internalized
manganese release equilibrates with the rate of manganese uptake by the hepatocytes,
resulting in a relatively constant steady-state hepatocyte manganese concentration over time.
In spite of this potential limitation, the ubiquitous expression of transferrin receptors by
eukaryotic cells should make Mn(III)-Tf particularly useful for manganese labeling of a
wide variety of cells both in culture and in vivo.

There is some question about whether the intracellular fate of Mn2* differs depending up the
methods of delivery; that is, via voltage-gated calcium channels (VGCCs) — in the case of
MnZ* alone — or via RME using Mn(III)-Tf. There is preliminary evidence from this
laboratory that some portion of the Mn2* delivered via RME may end up in the same sub-
cellular compartments as compared to Mn2* delivered via VGCCs. For example, in vivo
MnZ* transport studies following direct intracerebral injections of either MnZ* or Mn(III)-Tf
in the rat have shown that the subsequent white matter tract-tracing efficiency of Mn2* was
the same in both cases (unpublished results from this laboratory). On the other hand, it may
be the case that distinct transport chaperones are present following the initial arrival of MnZ*
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in the cytosol by each process; which could then redirect Mn2* to different sub-cellular
compartments. However, support this hypothesis is limited in the case of Mn2*.

The stability of the metal-protein complex is a crucial consideration for any biological
applications that might employ Mn(IIl)-Tf as an MRI contrast agent. An estimate for the
stability constant of Mn(III)-Tf is ~1019 M~1 (38) and that for Fe(III)-Tf is ~1022 M1 (39).
Consistent with competitive binding studies of manganese in human and rat plasma,
manganese did not bind to Tf as strongly as iron, but was considerably better than zinc and
cadmium (40). For example, iron in Fe-saturated Tf could not be displaced by manganese.
However, at normal plasma iron concentrations (0.9-2.8 pg/mL), normal iron binding
capacity (2.5-4.0 pg/mL), and at normal Tf concentration in plasma (3 mg/mL) with 2
metal-ion binding sites per molecule (molecular weight ~80,000) of which only 30% are
occupied by Fe3*, Tf has available 50 umole of unoccupied Mn3* binding site per liter.
Consequently, manganese does not need to displace iron in order to bind to Tf in vivo (41).

The high molecular weight of Mn(III)-Tf certainly poses limitations on the maximum dose
that might be delivered in vivo. Based on experiments conducted in this laboratory, the
solubility of Mn(III)-Tf in PBS is limited to ~2 mM. Nevertheless, even at this
concentration, direct intracerebral injection of ~ 2 mM Mn(III)-Tf in the rat striatum resulted
in T reductions at 7.0T from ~1.4 s to ~0.4 s in the core of the injection site (unpublished
data from this laboratory). On T1-weighted MRI at the same field, signal-intensity changes —
relative to baseline — routinely exceeded 100% in the same region. As mentioned previously,
the efficiency of in vivo neuronal tract tracing in the rat brain — following direct intracerebral
injection of Mn(III)-Tf — has been observed to be similar to that of the equivalent dose of
Mn?Z* (unpublished results from this laboratory).

In regards to MRI contrast enhancement following intravenous injections of Mn(III)-Tf, the
possibilities have yet to be investigated in this laboratory. There have been numerous studies
to understand better how manganese is distributed, excreted, and accumulated in
experimental animals. For example, following intravenous administration in cows, Mn(III)-
Tf is removed from the plasma quite slowly, with a half-life of ~3 h. By contrast, free Mn*
in bovine plasma is very rapidly cleared by the liver and excreted in the bile; at a rate that is
~30 times faster than that of Mn(III)-Tf (42). Consequently, it may in fact be possible to
generate detectable MRI contrast via this administration route. Even at low doses of
Mn(III)-Tf), the metalloprotein will circulate ~30 times longer in the blood stream relative to
the much higher doses of Mn2* that are often used in experimental studies. In this case, the
use of Mn(III)-Tf should provide an opportunity for more targeted delivery of Mn2* relative
to the administration of Mn?* alone.

CONCLUSIONS

The results of these studies demonstrate that Mn(III)-Tf is an effective MRI contrast agent
for labeling murine hepatocytes. Mn(III)-Tf is thought to exploit the same transferrin-
receptor-dependent and -independent metabolic pathways used by hepatocytes to transport
the iron analogue Fe(III)-Tf. Comparison of the 7| and T relaxation times of Mn(III)-Tf
and Fe(IIT)-Tf over the same concentration range showed that the r relaxivities of the two
metalloproteins are the same in vitro; with little contribution from paramagnetic
enhancement. The degree of manganese cell labeling following incubation for 2-7 h in 31.5
uM Mn(II)-Tf was comparable to that of hepatocytes incubated in 500 uM Mn2* for 1 h.
The intrinsic manganese tissue relaxivity between Mn(III)-Tf-labeled and Mn%*-labeled
cells was found to be the same; consistent with Mn(III) being released from transferrin and
reduced to MnZ*. For both treatment regimens, manganese uptake by hepatocytes appeared
to saturate in the first 1-2 h of the incubation period and may explain why the efficiency of
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hepatocyte cell labeling by the two methods appeared to be comparable in spite of the ~16-
fold difference in effective manganese concentration. Hepatocytes continuously released
manganese, as detected by MRI, and this was the same for both Mn?*- and Mn(III)-Tt-
labeled cells. Manganese release may be the result of normal hepatocyte function; much in
the same way that hepatocytes excrete manganese into the bile in vivo.

One of the most interesting aspects of the present study is that it exploits a biological
process — namely receptor binding, endocytosis, and endosomal acidification — to initiate the
release of an MRI contrast agent. Indeed, the low intrinsic r| relaxivity of the Mn(III)-Tf and
the large T changes detected after incubation of hepatocytes with Mn(III)-Tf indicates that
Mn3* is released from the metalloprotein complex within the endosomal compartment,
reduced to MnZ* in the low-pH (~5.5) environment of the endosome, and then transported
across the endosomal membrane into the cytosol via the divalent metal transporter DMT-1
(9). Consequently, cellular uptake of MnZ* via this route involves more than receptor
binding alone, conferring significantly more specificity to the entire labeling process. The
ubiquitous expression of transferrin receptors by eukaryotic cells should make Mn(III)-Tf
particularly useful for manganese labeling of a wide variety of cells both in culture and in
vivo.
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Figure 1.

(A) Plot of T relaxation rate (R = 1/T; s~ 1) as a function of concentration for Mn(III)-Tf
and Fe(II)-Tf (mM) in phosphate-buffered saline (PBS). The r| relaxivity values for
Mn(III)-Tf and Fe(III)-Tf (i.e., the slope of the respective best-fit lines) are statistically
equal (1.0£0.3 and 1.0£0.2 s"!'mM™!, respectively) and are likely a function of
metalloprotein concentration alone. (B) Plot of T relaxation rate (R, = 1/75; s Dasa
function of concentration for Mn(IIT)-Tf and Fe(III)-Tf (mM) in PBS. In contrast to rj, the
ry relaxivity of Mn(II)-Tf (2142 s~ 'mM™1) is factor of three larger (and statistically
different) than that of Fe(III)-Tf (72 s~ !mM™1).
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Figure 2.

T,-weighted MR images of control (outlined in white), Mn(III)-Tf-treated (31.5 uM for 4h),
MnZ*-treated (500 uM for 1h), and Fe(III)-Tf-treated (31.5 uM for 2h) murine hepatocytes.
The acquisition parameters are: TR = 500 ms; TE = 10.4 ms (except for Mn(III)-Tf, where
TE = 11. 9 ms); FOV =45 mm x 45 mm (cropped above to 16.4 mm x 30.0 mm for each
sample vial); slice thickness = 2.5 mm (Mn(III)-Tf-treated hepatocytes), 2.6 mm (Fe(III)-Tf-
treated hepatocytes), and 2.7 mm (control and Mn2*-treated hepatocytes). Solution above
hepatocyte cell pellets is stock D-MEM/F-12 growth media (see text for details). Images are
intensity-scaled to be approximately comparable to each other.
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Figure 3.

T-weighted MR images (TR/TE = 500/10.4 ms) and calculated 7| maps of Mn2*-treated
(500 pM for 1 h) and Mn(II)-Tf-treated (31.5 uM for 3 h) murine hepatocytes. The solution
above the hepatocyte cell pellets is stock D-MEM/F-12 growth media (see text for details).
The color scale for the calculated 7'} maps is the same for both Mn?+*- and Mn(III)-Tf-treated
hepatocytes. There is a prominent 7-signal-enhancement gradient in the growth media
adjacent to the cell-pellet boundary, which is most apparent in the 7j-weighted MR image of
the Mn(I1I)-Tf-treated hepatocytes (see arrow). This T-relaxation-time gradient is better
appreciated in the calculated 77 maps for each sample (see arrows); particularly for the
MnZ*-treated hepatocytes, where the effect is more subtle. These observations are consistent
with hepatocytes releasing internalized Mn2*, much in the same way that hepatocytes
attempt to excrete Mn2* into the bile in vivo.
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Figure 4.

(A) Plot of T relaxation time (s) of hepatocyte cell pellets as a function of incubation time
(h) in 31.5 uM Mn(IID)-Tf or Fe(II)-Tf. (B) Plot of T, relaxation time (s) of hepatocyte cell
pellets as a function of incubation time (h) in 31.5 uM Mn(III)-Tf or Fe(IIl)-Tf. The
deviation of the slopes of the best-fit linear regression lines from zero was not significant for
either Mn(III)-Tf or Fe(III)-Tf in (A) or (B); indicating that there was essentially no
dependence of the T or T, relaxation times on hepatocyte incubation time over this time
period.
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Figure 5.

(A) Plot of T relaxation time (s) of Mn(III)-Tf hepatocyte incubation growth media as a
function of incubation time (h) in 31.5 uM Mn(III)-Tf. The deviation of the slope of the
best-fit linear regression line from zero was not significant; indicating that there is
essentially no dependence of the 7| relaxation time of the Mn(II)-Tf hepatocyte incubation
growth media on incubation time over the time period from 2—7 h. (B) Plot of T’ relaxation
time (s) of Mn(III)-Tf hepatocyte incubation growth media as a function of incubation time
(h) in 31.5 pM Mn(II)-Tf. The deviation of the slope of the best-fit linear regression line
from zero was statistically significant; indicating that there is a dependence of the T,
relaxation time of the Mn(III)-Tf hepatocyte incubation growth media on incubation time
over the time period from 2—7 h. This result is consistent with hepatocyte release of
internalized Mn?* into the incubation medium over the course of the incubation period.
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Figure 6.

(A) Plot of T} relaxation rate (R; = 1/T}; s~ !) of hepatocyte cell pellets as a function of
hepatocyte manganese concentration (mM) following incubation in 31.5 uM Mn(III)-Tf (for
time periods ranging from 27 h; see Fig. 4A), 500 uM Mn2* (for 1 h), or stock D-MEM/
F-12 growth media alone (the data points at [Mn%*] ~ 0.01 mM). Both the slopes and
intercepts of the respective best-fit lines through the data are statistically the same. (B) Plot
of T, relaxation rate (R = 1/T5; s~ 1) of hepatocyte cell pellets as a function of hepatocyte
manganese concentration (mM) following incubation in 31.5 uM Mn(III)-Tf (for time
periods ranging from 2-7 h; see Fig. 4A), 500 uM Mn2* (for 1 h), or stock D-MEM/F-12
growth media alone. Both the slopes and intercepts of the respective best-fit lines through
the data are statistically the same.
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Table 1

Mean T and T relaxation times (s) and relaxation rates (s~!) for murine hepatocytes and incubation growth
media as a function of treatment regimen. Hepatocytes were incubated in 31.5 uM Mn(III)-Tf (for time
periods varying from 2-7 h; see Fig. 4), 500 uM Mn2* (for 1 h), or 31.5 uM Fe(III)-Tf (for time periods
varying from 2.0-5.75 h; see Fig. 4) prepared in stock D-MEM/F-12 growth media (see text for details).
Control hepatocytes were incubated in stock D-MEM/F-12 growth media alone. Hepatocyte-incubation-media
samples were acquired at the conclusion of each incubation period. Stock D-MEM/F-12 growth media
samples were taken directly from the stock bottle. The number of hepatocyte or hepatocyte-incubation-media
samples is given in parentheses following the table entry for each sample. Values are reported as mean + 1
standard deviation (SD).

Hepatocyte or Hepatocyte-Incubation-Media Sample Ti#1SD (s) | Ri#1SD (s7!) | Tox1SD(s) | Rx1SD (s
Mn(IID)-Tf-Treated Hepatocytes (N = 8) 0.7+0.2 1.6+0.6 0.05+0.01 20+7
Mn?*-Treated Hepatocytes (N = 8) 0.9+0.4 1.3x0.4 0.07+0.02 16+5
Fe(IID)-Tf-Treated Hepatocytes (N = 3) 1.7+0.2 0.6+0.1 0.06+0.01 18+2
Control Hepatocytes (N = 7) 2.3+0.2 0.45+0.06 0.09+0.01 1242
Mn(III)-Tf-Treated Hepatocyte-Incubation Media (N = 8) 1.9+0.2 0.52+0.06 0.136 (2 h)l 2
0.116 (7 h)
Mn?*-Treated Hepatocyte-Incubation Media (N = 9) 0.42+0.06 2404 0.025+0.002 4043
Fe(IIT)-Tf-Treated Hepatocyte-Incubation Media (N = 3) 2.940.1 0.35+0.01 0.223+0.003 4.540.1
Control Hepatocyte-Incubation Media (T}, N = 8; T,, N=4) 3.0+0.2 0.33+0.02 0.30+0.01 3.3+0.1
Stock Growth Media (Ty, N = 4; Ty, N=2) 3.2+0.3 0.31+0.03 0.32+0.02 3.2+0.02

1
The T data were correlated as a function of time (r2 = 0.69) and therefore were not pooled to calculate a mean value. The reported 779 values

were calculated from the best-fit line through the data (N = 8) at the endpoints of the incubation period.

2Could not be calculated.
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