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Manganese-Enhanced MRI of Mouse Heart During

Changes in Inotropy

Tom C.-C. Hu,"® Robia G. Pautler,” Guy A. MacGowan,* and Alan P. Koretsky'?"

Recently the dual properties of manganese ion (Mn3*) as an
MRI contrast agent and a calcium analogue to enter excitable
cells has been used to mark specific cells in brain and as a
potential intracellular cardiac contrast agent. Here the hypoth-
esis that in vivo manganese-enhanced MRI (MEMRI) can detect
changes in inotropy in the mouse heart has been tested. T,-
weighted images were acquired every minute during an exper-
imental time course of 75 min. Varying doses of Mn?* (3.3-14.0
nmoles/min/g BW) were infused during control and altered in-
otropy with dobutamine (positive inotropy due to increased
calcium influx) and the calcium channel blocker diltiazem (neg-
ative inotropy). Infusion of MnCl, led to a significant increase in
signal enhancement in mouse heart that saturated above 3.3 +
0.1 nmoles/min/g BW Mn?* infusion. At the highest Mn?>* dose
infused there was a 41-47% increase in signal intensity with no
alteration in cardiac function as measured by MRI-determined
ejection fractions. Dobutamine increased both the steady-state
level of enhancement and the rate of MRI signal enhancement.
Diltiazem decreased both the steady-state level of enhance-
ment and the rate of MRI signal enhancement. These results are
consistent with the model that Mn?*-induced enhancement of
cardiac signal is indicative of the rate of calcium influx into the
heart. Thus, the simultaneous measurement of global function
and calcium influx using MEMRI may provide a useful method of
evaluating in vivo responses to inotropic therapy. Magn Reson
Med 46:884-890, 2001. Published 2001 Wiley-Liss, Inc.t
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There has been rapid development in functional cardiac
MRI techniques. MRI can be used to assess anatomy as a
function of cardiac cycle (1), regional blood flow using
contrast agents (2) or endogenous arterial spin labeling
techniques (3), and regional wall motion using phase-
sensitive (4,5) or tagging techniques (6). In addition to
MRI, spectroscopic techniques, including *'P, **C, and
?3Na, offer a means to measure metabolic changes associ-
ated with changes in cardiac function (7). Intracellular
calcium is a key regulator of myocardial contraction; how-
ever, there are few ways to assess this important factor.
Fluorescent techniques have been widely used in isolated
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cardiac myocytes, but these techniques cannot be ex-
tended to in vivo studies. MRI calcium probes, such as
fluoroBapta and DOPTA-Gd, have not found widespread
use (8,9).

One possible technique for assessing intracellular cal-
cium is to use a paramagnetic agent that has physical
properties similar to calcium, such as manganese ion
(Mn?*"). Mn?" has an ionic radius similar to that of Ca®*",
and is handled similarly in many biological systems (10).
For example, Mn®" is known to enter cardiac myocytes
through voltage-gated calcium channels (11,12). Mn®" is
also an excellent T, contrast agent (13,14), and it was used
as the first MRI contrast agent by Lauterbur and coworkers
(15). These properties of Mn*™" (that it is an excellent MRI
contrast agent and enters excitable cells like calcium) were
recently used to detect active regions of the brain (16). In
addition, Mn** was shown to be useful in tracing neuronal
connections (17). This ability of Mn*" to visualize cell
activity on MRI indicates that Mn*" might be a useful MRI
agent for quantitating relative rates of calcium influx in the
heart.

The fact that Mn®?" primarily enters cardiac cells
through voltage-gated calcium channels predicts that the
rate of influx into the heart should be altered under con-
ditions that increase or decrease calcium influx into heart.
B-Adrenergic agents, such as dobutamine, are known to
increase calcium influx into the heart to increase contrac-
tile function. Calcium channel blockers, such as diltiazem,
are known to decrease cardiac function by decreasing cal-
cium influx into the heart. In this study we investigated
the usefulness of Mn?" as a measure of calcium influx and
inotropic state in the heart by testing whether dobutamine
increases and diltiazem decreases MRI enhancement dur-
ing infusion of MnCl,. In vivo experiments were per-
formed on mouse heart using T,-weighted fast low angle
shot (FLASH) images under control and dobutamine- and
diltiazem-induced changes in inotropy. Dobutamine in-
creases the rate of signal enhancement and the steady-state
level of enhancement, and diltiazem decreases the rate of
enhancement and the steady-state level of enhancement
obtained compared to controls. This occurred without any
evidence for cardiotoxic effects of Mn®* at the doses used.
These data support the use of manganese-enhanced MRI
(MEMRI) as a measure of calcium influx and cardiac ino-
tropic state in the heart.

MATERIALS AND METHODS

Animal Preparation

Male FVB mice were used for all experiments. Avertin
(2,2,2-tribromoethanol) was administered intraperitone-

ally at a dose of 0.017 ml/g body weight (BW) to initially
anesthetize the mice. It was made from 0.5 ml of a stock
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solution (25 g avertin/15.5 ml T-amyl alcohol) that was
diluted with 39.5 ml of distilled water. Anesthesia was
maintained with 7 wl/g BW avertin injected every 30—40
min via an i.p. line. This protocol was established to
maintain a relatively constant level of anesthesia and heart
rate during the MRI experiment. Once mice were anesthe-
tized, an intravenous tail catheter was introduced, secured
with suture ties, and connected directly to a syringe pump
(Cole Palmer) to infuse MnCL,.

MRI

Images were acquired on a 7-T, 15-cm horizontal bore
Bruker Avance spectrometer (Bruker Instruments, Bil-
lerica, MA) equipped with a 4.3-cm microimaging gradient
insert. Procedures were as previously described (18). An
in-house-built single-loop transmit/receive RF coil (diam-
eter = 25 mm), tuned to the "H frequency (300 MHz), was
used to detect the signal to increase resolution and signal-
to-noise ratio. The ECG signals were obtained with copper
wires from the front paws of the animal with an electrical
conducting gel to aid contact. This signal was preamplified
and connected to a Gould universal amplifier (Gould In-
strument Systems, Valley View, OH). The ECG signals
were used to trigger the FLASH acquisition sequence (19).
For experiments measuring ejection fraction, both ECG
and respiratory gating were used. The respiratory signal
was acquired through a water-filled balloon connected to a
pressure transducer (Ohmeda DTX Plus disposable pres-
sure transducer; Cardio Medical Products Inc., Rockaway,
NJ) via PE-50 tubing. The balloon was placed on the side of
the abdomen, and the respiratory signal was amplified
with a Gould universal amplifier.

A pilot coronal image using an ECG-gated FLASH se-
quence was obtained, from which the long axis of the heart
was identified. Single-slice, short-axis heart images were
acquired with the cardiac-gated FLASH imaging sequence
midway through the left ventricle and perpendicular to the
long axis of the heart. Since the cardiac cycle was too fast
for short-axis images to be acquired in one scan,
16 segments were used so that each segment contained
four phase-encodes. The imaging parameters were as fol-
lows: matrix = 128 X 64; TE = 1.3 ms; TR ~ 300 ms; four
phase-encodes/segment; slice thickness = 1.00 mm;
FOV = 2.5 cm (except for ejection fraction measurements
in which the FOV was 2 cm); and eight averages. Images
acquired directly after the ECG gating of the R wave were
assumed to be at end-diastole, as previously demonstrated
(18). Image intensities in the relevant regions of interest
(ROIs) were normalized to an external water phantom
placed on the side of the mouse. Images were taken every
minute to monitor signal changes over the course of an
experiment. For all protocols, five to eight control images
were taken prior to any infusion, and the average intensi-
ties of these control images were used to normalize indi-
vidual time courses. Percent enhancements were calcu-
lated from the control intensities and the average values
after steady state was achieved. To verify that signal inten-
sity changes detected were not due to slight variations in
TR due to variations in heart rate, a range of TRs from
300 ms to 700 ms were tested. The change in signal inten-
sities due to the TR change was small compared to the
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changes detected with MnCl, under the imaging condi-
tions used, and the percent enhancements were not signif-
icantly different (data not shown).

For functional analysis of the heart pre- and post-Mn*”*
infusion, the left ventricular ejection fraction was mea-
sured using MRI. Five FVB mice were used for MRI mea-
surement of the left ventricular ejection fraction as a mea-
sure of cardiac function analysis pre- and post-Mn?** infu-
sion at a dose of 14.0 = 1.1 nmoles/min/g BW (119.64 *
0.05 mM Mn?" infusion dose). By using various delay
times between the MRI signal acquisitions and the ECG
trigger pulse, a full cardiac cycle from single-slice images
could be acquired. Percentage of cardiac cycle for each
image acquisition was calculated using the ECG delay
(manually set) normalized to the recorded measurement
from the ECG. ROIs were used for left ventricular cavity
area tracing (ParaVision software) and normalized to the
average area obtained from the end-diastolic images.

MnCl, Administration
Mn?" Infusion Protocol

Three doses of MnCl, were used: 3.3 £ 0.1 nmoles/min/g
BW, 7.0 *= 0.4 nmoles/min/g BW, and 14.0 =
1.1 nmoles/min/g BW were infused into the mice via the
tail vein line at a constant rate of 0.2 ml/h with the aid of
a syringe pump (Cole Palmer). Three concentrations of
MnCl, solution were used to achieve these concentrations:
29.99 = 0.03 mM, 60.08 = 0.00 mM, and 119.64 *
0.05 mM. The appropriate amount of MnCl, was dissolved
in saline. For control, an iso-equivalent amount of NaCl
comparable to 14.0 * 1.1 nmoles/min/g BW MnCl, solu-
tion was added to saline and infused at the same rate as the
MnCl,. The total infusion time was 30 min, using a total
volume of 0.1 ml. Due to the slow infusion rates and the
animal-to-animal variation in the volume of the saline
solution in the i.v. line, the time when the Mn*" solution
entered the mouse circulation was variable. To normalize
this variation, the time courses of signal intensity changes
were aligned to each half-maximal signal intensity change
point.

Altering Cardiac Inotropy

Dobutamine (1.5 pg/g BW i.p.) was administered to cause
positive inotropy and an increase in myocyte Ca®>* influx
(20). The onset of the dobutamine effect was monitored by
the heart rate increase, and lasted for 12—15 min. The
effects of dobutamine on MRI signal enhancement due to
MnCl, infusion were examined with two MnCl, doses of
14.0 nmoles/min/g BW (N = 4) and 3.3 nmoles/min/g BW
(N = 2).

Diltiazem (0.016 mg/min/g BW, iv) was used to induce
negative inotropy by blocking calcium channels (21). As
there were no significant signal intensity enhancement
differences between the two doses of Mn** used in the
dobutamine experiments, the diltiazem was used with the
lower Mn*" dose (3.3 nmoles/min/g BW; N = 5).

Statistics

Unless otherwise stated, the differences between different
manganese groups of mice were assessed using ANOVA
with a Scheffe’s test. Values reported are mean = SD.
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FIG. 1. Examples of short-axis images from the heart of an FVB mouse before and after Mn?* infusion: (a) image obtained prior to Mn?*
infusion, and (b) image obtained after 30 min of 14.0 nmoles/min/g BW Mn?* infusion. ¢: Image of the heart showing the ROIs that were
used for signal intensity analysis. These included the S, LW, L, and CW.

RESULTS

Infusion of Mn*" via the mouse tail vein leads to signifi-
cant signal enhancement in T,-weighted images. Figure 1
shows the T,-weighted short-axis heart images of an FVB
mouse infused with MnCl, solution. Figure 1a shows the
pre-Mn*" infusion image, and Fig. 1b shows the post-
Mn?*" infusion image. The signal intensity enhancement is
clearly seen. ROIs for the interventricular septum (S), left
ventricular free wall (LW), liver (L), and chest wall (CW)
were used for signal intensity analysis (Fig. 1c). Time
courses of T,-weighted MRI signal intensity changes in the
LW are shown in Fig. 2. Mn*" infusion leads to an approx-
imately 40-50% increase in signal in normal hearts. The
figure shows the signal enhancement changes during the
whole experimental course, in which images were taken
every minute starting from the pre-Mn®" enhancement
control images. In the control experiments shown in Fig.
2 (open diamond), the solution contains NaCl in addition
to the saline solution in order to match the osmolarity of
the 119.64 mM Mn*" solution. In the Mn** infusion ex-
periment shown in Fig. 2 (filled squares), each point rep-
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FIG. 2. Time course of T,-weighted MRI signal intensity changes in
the LW for control (open diamond), and 14.0 nmoles/min/g BW
infusion of Mn2" (filled square). Each point represents the average
pixel value taken from the left ventricular ROl and normalized to an
external reference of distilled water and the average of five to eight
control images taken before starting the infusion. (Error bars =
1S8D.)

resents the average pixel value taken from the ROI (LW in
this case) and normalized to both an external reference
(distilled water) and the average of the control images
taken pre-Mn”** infusion.

Left ventricular ejection fraction was measured pre- and
post-Mn*" to determine if Mn** infusion at the doses used
affects cardiac function. Figure 3a shows one normalized
cardiac cycle for pre-Mn?** infusion, and Fig. 3b shows one
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FIG. 3. Functional analysis of the mouse heart before and after
14.0 nmoles/min/g BW Mn2™ infusion. a: Normalized cardiac cycle
for hearts prior to Mn?™ infusion (N = 5). b: Normalized cardiac cycle
for hearts after Mn?" infusion (N = 5). The x-axis represents the
percent cardiac cycle for each image acquisition calculated by
using the ECG delay normalized to the recorded heart rate. The
y-axis represents the area of the left ventricle normalized to the
average of end-diastolic area and the estimated ejection fraction
from the normalized left ventricular area. There were no significant
differences in diastolic left ventricular areas or ejection fraction
before and after Mn2* infusion. (Error bars = 1 SD.)
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FIG. 4. Effect of altering the concentration of infused Mn?* on
T,-weighted signal enhancement from the LW. The x-axis shows the
total concentration of onset infused Mn?* normalized to mouse BW.
The y-axis shows the signal intensity changes in percent after the
signal intensity plateaued, normalized to the preinfusion signal.
(Error bars = 1 SD.)

normalized cardiac cycle for post-Mn*" infusion at a dose
of 14.0 nmoles/min/g BW. The x-axis represents the per-
cent cardiac cycle for each image acquisition calculated by
using the ECG delay (manually set) normalized to the HR
recorded from the ECG. The y-axis represents the relative
left ventricular area normalized to the average of end-
diastolic image(s). There was no significant difference in
LV end-diastolic areas pre- (0.093 + 0.023 cm?) and post-
(0.087 *+ 0.006 cm?) Mn*" infusion (with P = 0.6255; N =
5). The ejection fraction is approximately 65—66% for both
pre- and post-Mn*" infusion from the single-slice, short-
axis heart images. Therefore, manganese infusion in the

Table 1
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range of 3.3—14.0 nmoles/min/g BW does not depress car-
diac function from single-slice LV open-area ejection frac-
tion estimates in the mouse. In addition, there was no
significant change in HR pre- and post-Mn®*" infusion
(368 * 30 and 377 *= 40 BPM, respectively).

The dose dependence of the steady-state signal enhance-
ment detected after 30 min infusion of various doses of
MnCl, is shown in Fig. 4. Left ventricular signal intensities
were acquired from ROIs as shown in Fig. 1 and normal-
ized to pre-Mn*" infusion controls. The signal enhance-
ment reaches a plateau at an infused Mn?" dose of
3.3 nmoles/min/g BW. Table 1 shows all the numerical
results from all the ROIs collected. For S, the signal en-
hancement range is 41-46%, after which it plateaus. For
LV, values are 47-55%. For CW and L, enhancements
reach 2-19% and 40-67%, respectively.

To test whether alterations in cardiac inotropy affect the
MRI signal enhancements detected with Mn?** infusion,
dobutamine (increased calcium influx) or diltiazem (de-
creased calcium influx) were used. The time courses of
T,-weighted MRI signal intensity changes in the LW are
shown in Fig. 5 for Mn*" infusion alone (filled square),
Mn®" infusion plus dobutamine (at 14.0 nmoles/min/g
BW Mn*"* (open triangle)), and Mn** infusion plus dilti-
azem (at 3.3 nmoles/min/g BW Mn*" (open circle)). Do-
butamine increased the steady-state signal enhancement,
and diltiazem decreased the steady-state signal enhance-
ment significantly compared to control. The values of per-
centage signal enhancement with dobutamine and dilti-
azem are shown in Table 2 for all of the ROIs measured
and at different Mn*" infusion doses. The ROIs considered
were the S, LV, CW, and L. At 14.0 nmoles/min/g BW
infused Mn*", dobutamine increased the steady-state sig-
nal enhancement by 102% for both the S and LV compared

Steady-State Signal Enhancement From T,-Weighted MRI Due to Infusion of MnCl, at Various Concentrations

Control 3.3 nmoles/min/g
ROIs Pre-Dob Post-Dob Enhance Pre-Mn Post-Mn Enhance
(n =4 (=23 (%) (n=23) (n=23) (%)
Septum 103 =5 97 £ 7 0.1 = 8.1 102 + 3 145 + 88 42.3 + 5.8*
LV wall 101 £ 5 101 =10 0.7 =85 101 =2 149 = 78 48.0 = 9.1*
Ccw 104 £ 5 107 = 14 6.1+75 100 = 4 103 = 14 1.9+10.4
Liver 108 =7 120 = 28 11.9 + 254 103 = 4 173 + 22F 66.6 = 14.2
HR 416 + 39 513 + 17 — 390 + 52 386 = 11 —
7.0 nmoles/min/g 14.0 nmoles/min/g
ROIs Pre-Mn Post-Mn Pre-Mn Post-Mn
0, 0,
(= 23) (= 23) Enhance (%) (=6 (n = 6) Enhance (%)
Septum 101 =1 148 + 138 46.4 += 12.2¢ 102 = 6 144 + 138 41.1 = 15.3
LV wall 100 = 2 155 + 208 54.6 = 22.1* 102 £ 9 149 + 148 47.0 = 17.5*
cw 100 £ 0 106 = 5 6.0 45 102 =7 122 = 26 18.7 = 17.3
Liver 101 =2 152 + 25 50.3 = 26.7 102 =5 142 = 32 39.9 + 32.6
HR 390 + 25 395 + 16 — 367 = 50 385 + 54 —

Heart rate (HR), interventricular septum (Septum), left ventricular free wall (LV Wall), chest wall (CW), pre-dobutamine (Pre-Dob), post-
dobutamine (Post-Dob), pre-manganese infusion (Pre-Mn), and post-manganese infusion (Post-Mn). Values are expressed in mean = SD
as normalized percentage to initial images acquired at the start of each experiment. Statistics are done with ANOVA with Scheffe test

between groups.

*P < 0.01, signal enhancement % compared to control; TP < 0.05, Post- versus Pre-infusion; $P < 0.01, Post- versus Pre-infusion.
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FIG. 5. Time course of T,-weighted MRI signal intensity changes in
the LW for manganese infusion alone (filled square), manganese
infusion (14.0 nmoles/min/g BW) plus dobutamine (1.52 + 0.21 n.g/g
BW ip; open triangle), and manganese infusion (3.3 nmoles/min/g
BW) plus diltiazem (0.017 = 0.002 .g/min/g BW; open circle). Each
point represents the average pixel value taken from the LW ROI and
normalized to the external reference and the average of images
taken before any infusion. (Error bars = 1 SD.)

to Mn®" infusion alone. Similar increases in signal en-
hancements were detected at 3.3 nmoles/min/g BW in-
fused Mn*" for dobutamine plus Mn*" vs. Mn*" alone.
For diltiazem, the percentage signal enhancements were
13%, 20%, —4%, and 45% for the S, LV , CW, and L,
respectively. There was a 69% and 59% signal intensity
decrease for diltiazem plus Mn** compared to Mn*" in-
fusion alone for the S and LV wall, respectively.

In addition to the steady-state signal enhancements the
rate of increase in signal due to Mn*" infusion was ana-
lyzed. A rate constant describing the rise time for all the
experiments was obtained from first-order exponential fit-
ting to the normalized signal intensity starting from the

Table 2

Hu et al.

Table 3
Signal Rise Time Rate Constant for Left Ventricular Free Wall Due
to Various Manganese Concentrations, and Intropic Conditions

Rise time rate

constant
(1072 -min™")
Control (n = 4) 1.40 = 1.40
3.3 nmoles/min/g (n = 3) 5.73 = 4.00
7.0 nmoles/min/g (n = 3) 12.21 = 1.00
14.0 nmoles/min/g (n = 5) 12.43 = 3.10
14.0 nmoles/min/g + Dobutamine (n = 3) 30.90 = 3.40
3.3 nmoles/min/g + Diltiazem (n = 4) 3.75 £ 9.40

Values are expressed in mean * SD.

time when the signal enhancement began. The rate con-
stants obtained are shown in Table 3 for the LW for the
various conditions. The rise time rate constant increased
with increasing Mn*" infusion dose and reached a plateau
of ~12 min™" at 7.0 nmoles/min/g BW infused Mn*" dose.
With dobutamine the rate constant increased to =~31
min*, and with diltiazem the rate constant decreased to

~4 min~".

DISCUSSION

Mn?*" is paramagnetic and has been used to enhance
MRI signal by the shortening of water T,. Indeed MnSO,
was the first agent suggested for use as an MRI contrast
agent by Lauterbur et al. (15). There have been numer-
ous MRI studies that have measured the biodistribution
of injected Mn?** and Mn?*" chelates, such as MnDPDP,
to further the use of Mn®*" as an MRI contrast agent
(22—24). Recently, it has been demonstrated that Mn*™"
can be used to enhance excitable cells in the brain as a

Steady-State Signal Enhancement Increases or Decrease Due to Dobutamine or Diltiazem, Respectively

14.0 nmoles/min/g

14.0 nmoles/min/g + dobutamine

ROIs

Pre-Mn Post-Mn o Pre-Mn Post-Mn o

(= 6) =6 Enhance (%) (=4 (= 4 Enhance (%)
Septum 102 £ 6 144 + 138 41.1 =153 101 =3 186 + 228 83.5 = 17.2*T
LV wall 102 =9 149 + 148 47.0 = 17.5 101 = 2 197 + 178 94.8 + 16.4*T
CW 102 =7 122 = 26 18.7 +17.3 99 =3 127 = 22 27.6 = 19.6*
Liver 102 £ 5 142 + 321 39.9 = 32.6 103 =6 209 + 118 103.1 = 21.8"¥
HR 367 = 50 385 = 54 — 375 = 47 527 = 26 —

3.3 nmoles/min/g + dobutamine 3.3 nmoles/min/g + diltiazem
ROIs Pre-Mn Post-Mn Pre-Mn Post-Mn
() 0,

=2 =2 Enhance (%) (=5 (n = 5) Enhance (%)
Septum 101 =1 173 + 328 82.9 + 16.9" 101 =0 114 £ 15 12.9 + 151"
LV wall 102 £ 2 187 + 378 97.1 + 20.0"" 101 £ 2 121 £12 19.5 + 11.4°
CW 100 * 1 102 =3 62.4 = 19.1 101 =2 97 =10 -3.6 = 9.1
Liver 104 = 4 193 + 8% 84.4+0.4 103 =2 147 =171 43.6 = 15.0
HR 420 + 14 531 + 18 — 366 + 51 359 + 58 —

Heart rate (HR), interventricular septum (Septum), left ventricular free wall (LV Wall), and chest wall (CW). Values are expressed in mean *+
SD as normalized percentage to initial images acquired at the start of each experiment. Statistics are done with ANOVA with Scheffe test
between groups.
*P < 0.01, signal enhancement % compared to 120 mM Mn2*; P < 0.05, signal enhancement % compared to 120 mM Mn2*; TP < 0.01,
signal enhancement % compared to 30 mM + Diltiazem; *P < 0.05, signal enhancement % compared to 30 mM + Diltiazem; SP < 0.01,
Post- versus Pre-infusion; TP < 0.05, Post- versus Pre-infusion.
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technique to image regional brain activation by MRI
(16). Several other reports have verified this use of Mn**
as a functional brain contrast agent (25,26). These stud-
ies utilized the ability of Mn** to enter cells through
voltage-gated channels. Since voltage-gated calcium
channels are found in a wide range of tissues it might be
possible to use Mn*" to assess calcium influx by MRI.
Calcium influx is a key step in generating force during
cardiac contraction, and changes in inotropic state are
known to affect cardiac calcium influx. Indeed, building
on the work using Mn?* to mark excitable cells in the
brain, coupled with the fact that the FDA-approved
agent MnDPDP releases Mn*", has prompted a number
of groups to investigate the usefulness of Mn** as an
MRI contrast agent to detect ischemic cardiac tissue
(24).

The present work was performed to see if the time
course of Mn*" enhancement of the heart could be mod-
ulated by altering the inotropic state of the heart with
dobutamine, which is known to increase calcium influx,
and diltiazem, which is known to decrease calcium influx.
The long-term goal is to determine whether Mn®" can be
used to assess calcium influx rates in the heart by MRIL
Concentrations of MnCl, were infused intravenously into
mice, resulting in large signal enhancements without af-
fecting left ventricular ejection fraction or heart rate, and
the mice survived for at least 1 month after the MRI ex-
periments. However, Mn?" is known to be cardiotoxic at
high doses (27). Indeed, it is the toxic properties of Mn?*"
that have limited its development as an MRI contrast
agent. However, Mn®" is also an essential element for
maintaining cell viability. With the increase in stability
and sensitivity of MRI scanners it should be possible to use
much lower doses of Mn?" than used in early studies to
determine the suitability of Mn®" as an MRI contrast agent.
Our results indicate that, at least in mice, subtoxic doses
can cause significant enhancement of the heart without
affecting left ventricular ejection fraction or heart rate after
the MRI experiments. Since we relied on short TRs rather
than the inversion recovery pulse sequence, the T, weight-
ing used was not optimal. The dynamic range of enhance-
ment with an optimal pulse sequence may therefore in-
crease by a factor of 2 with the same Mn*" dose. Further-
more, the signal enhancements detected with our protocol
were relatively large, indicating that lower doses of Mn?"
could be used.

With 30 min of Mn®*" infusion there was a dose-
dependent increase in signal intensity in T,-weighted
MRI of the heart. The signal increased over the 30-min
infusion of Mn®" and then maintained a steady state for
at least 30 min after the infusion. Considering that the
halflife of Mn*" in blood is approximately 3 min (28),
the fact that the enhancement persists is consistent with
the model that Mn®*" is accumulating intracellularly, as
suggested previously (24). Furthermore, it has been ob-
served that Mn®" infusion into perfused heart and iso-
lated cardiomyocytes will quench the fluorescence of
intracellular fluorescence probes (29). Indeed, Mn?* in-
flux has been used to quench the signal from intracellu-
lar fluorescent calcium probes, and the quenching rate
of these probes has been used as a quantitative index of
calcium influx (29). In sheep and rat hearts, infusion of
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Mn?* led to a large linebroadening of intracellular phos-
phorus-containing compounds as detected by *'P NMR
(Koretsky, unpublished observation). How long the en-
hancement can last is an open question. In the brain,
regional enhancement due to Mn®?* accumulation in
active regions lasted at least 2 h (16). At longer times
(12—36 h), Mn?" has been shown to leave brain cells and
follow appropriate neuronal pathways (17). This prop-
erty makes Mn** useful as an MRI tract tracer.

By varying the calcium homeostasis state of the heart
with dobutamine (positive inotropy from increased cal-
cium influx) and diltiazem (negative inotropy from cal-
cium channel blocker), the signal intensity enhance-
ment increased and decreased for each case, respec-
tively. There are several possible reasons for this. We
favor the interpretation that the rate and extent of Mn?*”*
enhancement is proportional to changes in calcium in-
flux. However, there are other possibilities. The signal
intensity enhancement could have changed due to
changes in the heart rate causing variations in the TR of
the experiments. This was checked by varying the TR at
extreme cases from 300-700 ms; the variations of the
signal intensity due to varying TR was much smaller
than the signal enhancement due to Mn?* infusion (data
not shown). Furthermore, the fact that the signal was
stable for at least 30 min after Mn®* infusion argues
against heart rate fluctuations being responsible for the
detected enhancements. Another possible complication
that may affect the interpretation that Mn*" is reporting
on calcium influx is that dobutamine and diltiazem
probably modified coronary flow and changed the avail-
ability of Mn®* to the heart. There are several observa-
tions that argue against this possibility. First, the signal
intensity increase plateaued by 3.3 nmoles/min/g BW
and did not increase significantly up to 14.0 nmoles/
min/g BW infused Mn*" solution. Assuming coronary
flow does not depend on Mn?* concentration and this
concentration limit of Mn** does not affect heart func-
tion, the fact that the signal intensity plateaued with
large variations of Mn®" concentration argues that the
rate limiting step is accumulation of Mn**, not delivery
of Mn?*. Diltiazem is known to have a coronary vaso-
dilatory effect, but the signal enhancement rate was
slower and the steady-state signal enhancement was
lower compared to the 3.3 nmoles/min/g BW Mn** in-
fusion alone, suggesting that the enhancement is rate
limited by accumulation, not by delivery.

Diltiazem decreased the steady-state enhancement and
the rate of Mn** accumulation. Diltiazem is a calcium
channel blocker, so this result is consistent with the model
that Mn®" is entering cells and its accumulation is limited
by calcium entry pathways (28). Similarly, dobutamine
increased the steady-state enhancement and increased the
rate of signal increase. Dobutamine is known to increase
calcium influx into the heart (20); this result is consistent
with the model that Mn*"-induced enhancement is lim-
ited by calcium entry pathways. The rate constant describ-
ing the rate of increase was very sensitive to the different
agents used, suggesting that this will be a quantitative
index related to cardiac calcium influx. Furthermore, an
accurate rate constant could be obtained 5 min after start of
cardiac enhancement, indicating that there will be useful
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experimental protocols that infuse Mn®* for much shorter
times than the 30 min used here. There may be species
differences in the amount of calcium and Mn** that enters
the heart per beat. Indeed, the rodent heart may be less
dependent on extracellular calcium than are those of larger
mammals (30). This means that the dose used will proba-
bly be much lower in larger mammals than that used here
for mice.

In conclusion, Mn®" infusion in the mouse leads to
significant signal enhancement in T,-weighted MRI in
the heart. At the doses used, no significant effects on
cardiac function were detected, indicating that Mn**
was below cardiotoxic levels. The MRI signal enhance-
ment observed increases with the positive inotrope do-
butamine, and decreases with the calcium channel
blocker diltiazem. These results suggest that the rate of
Mn?" enhancement may be used to estimate relative
calcium influx in the heart. Furthermore, the technique
may be applicable to myocardial viability studies in
which calcium channels have been altered due to low
flow or ischemic conditions, as suggested by Brurok and
coworkers (31). For the technique to develop and be
applicable for clinical use, the infusion protocol must be
further optimized to minimize the Mn®*" dose, with
maximized signal enhancement, so as to eliminate any
possibilities of cardiotoxic effects from Mn®". Finally,
our ability to do these studies in the in vivo mouse with
altered calcium homeostasis should make MEMRI use-
ful for studying a variety of mouse models.
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