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ABSTRACT: Responsive or smart contrast agents (SCAs)
represent a promising direction for development of novel
functional MRI (fMRI) methods for the eventual noninvasive
assessment of brain function. In particular, SCAs that respond
to Ca2+ may allow tracking neuronal activity independent of
brain vasculature, thus avoiding the characteristic limitations of
current fMRI techniques. Here we report an in vitro proof-of-
principle study with a Ca2+-sensitive, Gd3+-based SCA in an
attempt to validate its potential use as a functional in vivo
marker. First, we quantified its relaxometric response in a
complex 3D cell culture model. Subsequently, we examined
potential changes in the functionality of primary glial cells
following administration of this SCA. Monitoring intracellular Ca2+ showed that, despite a reduction in the Ca2+ level, transport
of Ca2+ through the plasma membrane remained unaffected, while stimulation with ATP induced Ca2+-transients suggested
normal cellular signaling in the presence of low millimolar SCA concentrations. SCAs merely lowered the intracellular Ca2+ level.
Finally, we estimated the longitudinal relaxation times (T1) for an idealized in vivo fMRI experiment with SCA, for extracellular
Ca2+ concentration level changes expected during intense neuronal activity which takes place upon repetitive stimulation. The
values we obtained indicate changes in T1 of around 1−6%, sufficient to be robustly detectable using modern MRI methods in
high field scanners. Our results encourage further attempts to develop even more potent SCAs and appropriate fMRI protocols.
This would result in novel methods that allow monitoring of essential physiological processes at the cellular and molecular level.
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The crucial role of calcium in neural signaling processes has
been extensively investigated over the past few decades.

Numerous methodological approaches were reported, espe-
cially those attempting to measure intracellular calcium, aiming
to understand basic physiological processes and to enable
reliable monitoring of brain function. On the other hand,
investigating the extracellular calcium signaling has been mostly
overlooked, despite its occasional large reductions in the
intercellular space.1 Practical issues were probably the main
reason for currently better knowledge on intracellular calcium
signaling. Namely, the isolated cells are conveniently followed
in a dish rather than in large volumes with numerous cells by
majority of conventional techniques.
Either way, different approaches have been taken for the

development of efficient calcium indicators; thus far, the vast
majority of information was obtained using fluorescent
indicators, either synthetic or genetically encoded.2,3 However,
the limitations of fluorescence-based methods related to their

limited depth of penetration into tissues argues for the
development of techniques to circumvent such problems. In
particular, imaging techniques based on magnetic resonance are
of interest due to their unlimited depth penetration. Pioneering
attempts to establish NMR as the method of choice for this
employed 19F-labeled 1,2-bis(o-aminophenoxy)ethane-
N,N,N′,N′-tetraacetic acid (BAPTA) molecules.4 The impor-
tance of magnetic resonance imaging (MRI) for monitoring
neural function dramatically increased with the description of
functional MRI (fMRI) based on blood oxygen level-dependent
(BOLD) contrast,5 making this method the primary choice in
modern neuroimaging. Nevertheless, BOLD fMRI has inherent
limitations.6 It measures a surrogate signal resulting from the
neurovacular coupling where the obtained spatiotemporal
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information is heavily dependent on the brain’s vasculature and
its specific physiological responses. Therefore, a more direct
measurement of neural signaling, for example, by following
alterations in calcium fluctuations, remains of great interest.
The first responsive or “smart” contrast agent (SCA) suitable

for MRI was based on the same calcium chelator (BAPTA) as
its predecessor for fluorescence imaging or 19F NMR
spectrosopy.7 In the past decade, there have been a number
of attempts to prepare calcium-sensitive MRI contrast agents,
using either paramagnetic T1,

8 superparamagnetic T2,
9 or

PARACEST agents.10 However, to the best of our knowledge,
there are no reports of in vivo fMRI with any of these agents so
far, and it is currently not clear whether they will be able to
generate sufficient MR-signal changes to be observable in an in
vivo MRI experiment. On the other hand, were the MR
responses of the SCAs to be sufficiently robust, it is not known
whether their presence might influence standard cellular
physiological processes, thus preventing normal neural signaling
and consequently calcium fluctuations. Finally, a number of
technological issues such as appropriate animal preparation,
MRI protocols, and data analysis are crucial to accomplish
successful fMRI experiments using smart MR contrast agents.
In the present work, we performed an in vitro proof-of-

principle study and investigated SCA responses in a complex
cellular system that can potentially predict in vivo SCA
behavior. Specifically, we measured the amplitude of T1 changes
as a function of Ca2+ concentration in a 3D cell culture model
(fibroblasts embedded in an extracellular matrix gel) that, at
least to some extent, mimics the environment of a biological
tissue. Furthermore, we monitored changes in intracellular Ca2+

and ATP-induced Ca2+-transients upon the addition of SCA to
primary glial cells (conventional 2D cultures of astrocytes) by
means of laser scanning confocal microscopy using Ca2+-
sensitive fluorescent probes. Finally, based on the data obtained
from these model studies, we calculated the expected
longitudinal relaxation times for an idealized in vivo fMRI
experiment with SCA, and investigated whether extracellular
calcium fluctuations from 1.2 to 0.8 mM, present during intense
neuronal activity and triggered by robust stimuli,11−13 are
capable of yielding detectable T1 changes by means of MRI.

■ RESULTS
All studies described in this work were performed using the
dinuclear gadolinium complex Gd2L with an EGTA-derived
(ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic
acid) moiety which connects two macrocyclic, DO3A-type
chelators and serves as a selective chelator of Ca2+ (Figure 1a).
A pair of such SCAs was recently reported by our group, in
which Gd2L, the analogue possessing propyl linkers, exhibited a
higher longitudinal relaxivity (r1) response in the presence of
Ca2+.14 In HEPES buffer, the maximal observed increase in r1
was 82%, whereas the maximal increase in the brain
extracellular model (a medium that resembles brain extra-
cellular fluid) was 52%, presumably due to the presence of
anions that form ternary complexes with DO3A-type systems.15

Relaxometric Titrations. The relaxometric titrations were
performed for Gd2L at 37 °C in the same cell culture medium
(CCM) that was used for the 3D cell culture model (NIH-3T3
fibroblasts embedded in Matrigel; see below), in order to fully
characterize the behavior of Gd2L under the conditions studied.
We used the same conditions in terms of specific medium
combinations and appropriate NMR instrumentation (7 T), to
allow direct comparison of the results. For seven independent

titrations, Gd2L (1.0 or 1.8 mM) was dissolved in CCM
containing different Ca2+ concentrations, T1 values of the
solutions were determined for each Ca2+ concentration, and
respective r1 values were calculated (a single representative
titration is shown in Figure 1b). Curve fitting was performed
for each individual experiment according to eq 2 (Methods
section) and resulted in a mean conditional dissociation
constant Kd = 45.4 ± 28.0 μM (mean ± standard deviation
(SD), n = 7), which fully corresponds to the value previously
obtained for the same SCA in a slightly different medium.14

The r1,f relaxivity of the free SCA (in the absence of Ca2+) was
2.42 ± 0.19 mM−1 s−1 (mean ± SD, n = 7), whereas the r1,b
relaxivity value of the SCA fully bound to Ca2+ was 3.64 ± 0.13
mM−1 s−1 (mean ± SD, n = 7). The values of Kd and r1,f/b
obtained in this way were used to calculate the theoretically
expected T1 values in all subsequent experiments (see below).
It should be noted that two different approaches were used

for sample preparation (see Methods section). In both cases, a
drop in r1 values of ∼10% was observed for samples at higher
Ca2+ concentrations (3−4 equiv) that were measured >2 h after
preparing the solutions. Despite using a buffered CCM (20 mM
HEPES), a slight increase in the pH of these samples (up to 1
pH unit) was associated with this phenomenon. Thus, only
values up to 2 equiv of Ca2+ were used for fitting the curves.

NMR Studies of SCA within a Cellular Environment.
Despite the development of a number of SCAs reported in the
past decade, translation to in vivo applications is still very
challenging. For instance, in many cases, it is still not clear
whether the r1 changes observed in a buffered solution or more
complex media are actually sufficient for in vivo detection. One
of the great obstacles is the nature of the soft tissue, consisting
of cells and the extracellular space (ECS). In brain, ECS
accounts for approximately 20% of the volume;16 therefore,

Figure 1. (a) Chemical structure of the investigated smart contrast
agent Gd2L. (b) Representative relaxometric Ca

2+ titration in CCM at
7 T and 37 °C, [Gd2L] = 1.0 mM. The line represents the result for
fitting as described in the Methods section, assuming a single binding
site, with Kd = 47.3 μM, r1,f = 2.45 mM−1 s−1 and r1,b = 3.79 mM−1 s−1.
The inset shows same data on a logarithmic scale for the x-axis.
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signals arising from extracellular SCA are weak due to detection
only from the partial, active volume. On the other hand, if an
intracellular SCA is used, the “attenuation” of the MR signal
due to this effect would not be very prominent, as SCA would
be present in ∼80% volume occupied by cells. However, it
should be noted that very high amounts of SCA are needed for
delivery into cells in order to achieve robust MR signal changes.
This requires considerable efforts in modifying the SCA
structure to improve cell internalization.
This very fact underlies the efforts required to achieve the

best possible signal-to-noise ratio and specificity for each
molecule developed (e.g., maximal r1 changes for T1 agents).
Consequently, respective optimizations can best be carried out
in vitro. To simulate tissue conditions, we designed a model
system that mimics living tissues with regard to density,
partially occupied (extracellular) volume, and flow conditions.
Growing fibroblast cells (NIH-3T3) as 3D cultures embedded
in an extracellular basement membrane matrix gel (Matrigel)17

were used to simulate tissues populated with cells. Matrigel was
used to ensure cell adhesion, viability, and growth performance,
and to minimize perturbations which can be generated from the
circulating CCM. The cells were perfused with a CCM, which
was thermostated outside the NMR spectrometer and through
which Carbogen gas (95% O2/5% CO2) was bubbled
throughout the experiment to ensure sufficient oxygen supply
to the cells. During the course of the experiment, which usually
lasted for 3−4 h, the CCM supplied sufficient nutrients for the
cells to survive. The perfusion also simulated in vivo flow
conditions, where cells were supplied with fresh nutrients and
oxygen while at the same time metabolic waste products were
removed. Cells embedded in Matrigel (cells-Matrigel) were
placed in an NMR tube of 5 mm diameter covering the

complete sensitive volume of the coil. A porous glass frit was
used as a cover, to keep the membrane threads in place, while
oxygenized CCM was pumped into the NMR tube (Figure 2).
The Ca2+ concentration in the CCM was adjusted to 1.2 mM, a
value estimated to represent the ECS in the resting state of the
brain.13

At the beginning of the experiments, a 31P NMR spectrum
was recorded in order to ascertain cell viability. The spectra
exhibited a normal energy charge of the cells with α-, β- and γ-
nucleoside triphosphate (NTP) signals being present,18 thus
indicating a sufficient amount of viable cells in the cells-
Matrigel (Figure 3, lower spectrum). A defined amount of the
solid SCA was dissolved in CCM to achieve 1.2 mM SCA
concentration, which is equimolar to Ca2+ (see above). Upon
concentration equilibration for ∼15 min, the T1 value of the
SCA solution was determined and compared with the
theoretical T1 (Table 1), calculated from the fitted curve
(Figure 1b). As expected for the tissue model, longer T1 values
were experimentally obtained, depending on the exact density
of the cells-Matrigel portion (estimated for every experiment,
∼35−50% of the total volume). Namely, the presence of the
cells and in particular exchange of intracellular and extracellular
water protons modulate the overall T1 value in the sensitive
volume of the coil. This demonstrates the occurrence of an
“active volume” portion, which reduces the actual effect of SCA
on T1.
Next, we manipulated the extracellular Ca2+ concentration

([Ca2+]o) and determined ΔT1 by performing the same
inversion recovery experiments as in the relaxometric titrations
(see above). A defined amount of EDTA from a stock solution
(0.5 M) was added to the CCM to achieve 0.8 mM Ca2+

concentration, a reduction in Ca2+ that is also reached in vivo

Figure 2. Setup used for T1 determination in the model system where 3D cells-Matrigel culture is perfused with CCM containing SCA. The setup
consisted of the following components: (1) reservoir of the SCA solution in CCM; (2) thermostated water bath; (3) Carbogen bubbling line; (4)
the lines for pumping SCA solution to and from the NMR tube; (5) peristaltic pump; (6) cells-Matrigel inside the NMR tube; (7) glass frit; (8) SCA
solution in CCM above the glass frit and cells-Matrigel; (9) Teflon plug; (10) NMR spectrometer coil; (11) the line to the backup peristaltic pump,
also leading back to 1 (not shown for more clarity).
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during intense brain stimulation.11,13 On CCM equilibration, a
set of T1 values was recorded, revealing a statistical significant
mean increase of 3.3 ± 0.4 ms (2.4 ± 0.3%, n = 3 independent
repetitions, p < 0.01, unpaired Student’s t-test) in T1 (decrease
in r1) when compared to the initial “resting state” conditions of
1.2 mM Ca2+ (Table 1).
The reversibility of the SCA response was tested by adding

Ca2+ to the CCM, thus returning to the initial 1.2 mM
concentration (now excluding the bound Ca2+ portion in the
Ca-EDTA complex). Immediately after CCM equilibration, the
T1 values approached those recorded at the beginning of the
experiment at the “resting state” Ca2+ concentration (1.2 mM),
though still slightly higher (Table 1), resulting in a T1
difference of 1.0 ± 0.4 ms compared to the “resting state” T1

at the beginning of the experiment. However, the ΔT1 of the
“activated state” was still significantly higher than the difference
between the two “resting state” T1 values (3.3 ± 0.4 ms vs 1.0
± 0.4 ms, p < 0.01).
At the end of each experiment, another 31P NMR spectrum

was recorded (Figure 3, upper spectrum). The resonances of
α-, β-, and γ-NTP groups were still clearly detectable, albeit at
lower signal intensities concomitant with an increase of the
inorganic phosphate signal compared to the 31P NMR spectrum
at the beginning of the experiment. This indicates a loss of
living cells during the course of NMR measurements.
Control experiments were performed using Dotarem

(GdDOTA) in the presence of Polybead microspheres or
cells-Matrigel composites. The microspheres are based on

Figure 3. Cell viability in the 3D cell culture model. Representative 31P NMR spectra of cells embedded in Matrigel at the beginning (bottom) and
end (top) of the experiments (approximately after 3.5 h) at 37 °C in CCM. Abbreviations: α-, β-, or γ-NTP, nucleoside triphosphates; Piext/int, extra-
and intracellular inorganic phosphate; PME, phosphomonoesters.

Table 1. T1 Values Obtained from Three Different Experiments with Cells Embedded in Matrigel in the Presence of Gd2L (1.2
mM), and Comparison with Theoretically Calculated Values (without cells in Matrigel)

T1 (ms)

simulated condition exp no. 1 exp no. 2 exp no. 3 theor T1
d

“resting state” (1.2 mM Ca2+)a 141.6 ± 0.6e 143.6 ± 0.1e 130.8 ± 0.1e 117.3
“activated state” (0.8 mM Ca2+)b 145.7 ± 0.2e,**,## 146.4 ± 0.1e,***,## 133.8 ± 0.3e,***,## 126.3
ΔT1 4.1 (2.9%) 2.8 (2.0%) 3.0 (2.3%) 9.0
“resting state” (1.2 mM Ca2+)c 142.0 ± 0.6e 145.0 ± 0.3e 132.2 ± 0.2e 117.3

a[Ca2+] was adjusted in the CCM before the experiment. bCalculated volume of an EDTA stock solution was added to adjust CCM to the desired
[Ca2+]. cCalculated volume of a Ca2+ stock solution was added to the CCM to return the [Ca2+] to 1.2 mM. dT1 value calculated from the fitted r1
values (Figure 1b), assuming absence of cells in Matrigel (estimated extracellular fraction, EF = 1); see Table 2. eValues represent mean ± SEM (n =
3 consecutive measurements of T1 at each condition) except for ΔT1. **p < 0.01; ***p < 0.001 statistical significant difference vs initial resting state
(1.2 mM Ca2+); ##p < 0.01 statistical significant difference vs resting state (1.2 mM Ca2+) after recovery (ANOVA, Tukey’s multiple comparison
post-test).
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polystyrene and in analogy to the cells-Matrigel model also
occupied ∼50% of the total volume, thus simulating living
tissue in terms of the active volume that can be affected by the
contrast agent. However, the experimental T1 values obtained
in the presence of Polybead microspheres fully corresponded to
theoretical T1 values because the “effective” volume equaled the
ECS volume. In this case, no water is present inside the
microspheres, and hence, there is no apparent “dilution” of
SCA concentration.
Furthermore, studies with Dotarem and the cells-Matrigel

composites produced the same results as in the case of SCA;
that is, the experimental T1 was always longer than the T1
obtained without the cells-Matrigel composites (data not
shown). Finally, performing the same “resting−activated−
resting states” paradigm as was used with SCA in the cells-
Matrigel model by adding EDTA and Ca2+ to Dotarem
dissolved in CCM only, did not result in any T1 changes (data
not shown).
Monitoring Intracellular Ca2+ Changes. Astrocytes are

one of the most abundant and functionally significant cells in
the brain. We selected them for use as a conventional in vitro
cell culture model for testing possible biological effects of SCA.
These tests were done by monitoring intracellular Ca2+-
concentration, cell signaling, and viability in primary astrocytes.
Ca2+-signaling in nonexcitable as well as in excitable cells is
based on the maintenance of a low concentration of cytosolic
free Ca2+ (<200 nM) as compared to the extracellular
compartment (1−2 mM) and intracellular Ca2+-stores (0.1−1
mM).19,20 Due to this distribution, a gradient is formed across
the plasma and the subcellular membranes (the latter delimiting
endoplasmatic reticulum (ER), mitochondria, and lysosomes).
First, we determined whether the binding capacity of Gd2L

may also affect intracellular Ca2+-concentrations. We used laser
scanning confocal microscopy imaging and the Ca2+-sensitive
fluorescent probe Fluo-4. Gd2L was applied extracellularly in
three different concentrations, equimolar to [Ca2+]o (1.2 mM),
50% lower, or 50% higher (0.6 or 1.8 mM, respectively). A
decrease in intracellular Ca2+ was observed in response to all
three concentrations of SCA, with a similar time course (Figure
4). All concentrations tested induced an exponential decline in
cytosolic free Ca2+, stabilizing at the diminished level of 64−

67% about 5 min after the addition of the probe (Figure 4, inset
Table). There were no significant differences in relative
fluorescence intensity at the 5 min time point regardless of
the SCA concentration.
The major source of Ca2+ in astrocytes resides within the ER,

which is endowed with inositol 1,4,5-trisphosphate (InsP3) and
ryanodine receptors. When activated, these receptors mediate
the release of Ca2+ into the cytosol.21 Refilling of the ER stores
is attributed to the sarco-endoplasmic reticulum Ca2+-ATPase
(SERCA), while the depletion of intracellular stores addition-
ally draws Ca2+ from the extracellular space via store-operated
calcium entry (SOCE).22 An alternative, albeit less-studied
pathway for Ca2+ entry is associated with the plasma membrane
Na+-Ca2+ exchanger (NCX).23 These pathways were pharma-
cologically tested here in order to understand the mechanisms
underlying cytosolic Ca2+ loss in response to SCA.
To estimate the contribution of the SOCE pathway, two

types of experiments were conducted. In the first set of
experiments, calcium was omitted from the external solution,
while in the second set SOCE was blocked by the use of
specific pharmacological agents, a combination of trivalent
cations (La3+ and Gd3+) that block SOCE fully in the low
micromolar range,24 and 2-amino-ethoxydiphenylborane (2-
APB), a membrane-permeable inhibitor of InsP3 receptor
function, recently recognized as a direct inhibitor of SOCE.25

The decrease of cytosolic Ca2+ concentration in response to 1.2
mM SCA was then measured and compared to the values
already obtained in the standard external solution. The SCA-
induced decrease of cytosolic Ca2+ was reduced to 39 ± 1% (n
= 48) by omitting Ca2+ from the external solution, and to 43 ±
2% (n = 11) under pharmacological blockade of the SOCE
pathway (Figure 5). These values are significantly different
from the data obtained in standard external solution, but not
from each other. Overall, as compared to SCA-induced
decreased cytosolic Ca2+ in standard external solution, these
data suggest that ∼20−25% of cytosolic Ca2+ has been taken up
through the SOCE pathway.
The contribution of SERCA was estimated in a subset of

experiments where thapsigargin, a potent inhibitor of SERCA,26

was used in addition to SOCE pharmacological blockers
(defined above). The SCA-induced loss of cytosolic Ca2+ under
these conditions was decreased to 30 ± 1% (n = 40) (Figure 5).
Compared with the value obtained under conditions of blocked
SOCE, this points to ∼10−15% of Ca2+ decay as being
attributable to the activity of SERCA.
The involvement of NCX in SCA-induced decay of cytosolic

Ca2+ was estimated in the next set of experiments using the
NCX-specific blocker, benzamil hydrochloride.27,28 When
applied alone, this blocker revealed an SCA-induced Ca2+

decay of 41 ± 2% (n = 41), while in combination with
SOCE and SERCA blockers the decrease in the presence of
SCA was reduced to 11 ± 1% (n = 24) (Figure 5). When each
set of data was compared to the values obtained without
benzamil hydrochloride (SCA in standard external solution, or
with SOCE and SERCA blocked), the implication is that ∼20%
of Ca2+ decrease could be attributed to the activity of NCX.
Any potential acute toxicity of SCA toward astrocytes was

assessed by the MTT viability assay. Astrocytes were treated
with three concentrations of SCA (0.6, 1.2, and 1.8 mM) for 4
h, which corresponds to the duration and the local SCA
concentrations in the projected in vivo experiment.29 This MRI
probe was shown not to affect cell viability at any of the
concentrations used (Figure 6a).

Figure 4. SCA lowers the intracellular Ca2+ concentration in cultured
astrocytes. Relative decline of [Ca2+]i following the application of three
concentrations of SCA (indicated by colored lines). Inset: Table
presenting relative decrease of [Ca2+]i (mean ± standard error) 5 min
after SCA application, with the number of counted astrocytes given.
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Finally, the physiological conditions and the calcium
signaling capacity of astrocytes was estimated by their response
to 1 mM ATP in the presence of SCA. ATP was used as a
physiological stimulus and should lead to an increase in
intracellular Ca2+ as a consequence of a Ca2+ transient, expected
to arise from intracellular stores as well as the extracellular
space through the purinergic ion channels.30,31 First, the cells
were treated with 1.2 mM SCA for 45 min, and after
equilibration the responses to ATP were recorded, in the
presence of SCA. Astrocytes responded with a robust biphasic
transient increase in the intracellular concentration of calcium,
[Ca2+]i (Figure 6b).
Simulations of T1 in Vivo. Because the NMR and the

intracellular Ca2+ studies described above encourage the use of
SCA in vivo, we performed a simulation of T1 values in a
hypothetical idealized experiment. We calculated the expected
T1 at two different Ca2+ concentrations, 1.2 mM (assumed to
represent the “baseline” state) and 0.8 mM (assumed to
represent the “active” state), using the values for Kd and r1,f/b
described above. Furthermore, predictions were made for three
different conditions: in the absence of cells (in vitro
experiments in CCM; see above), in the presence of cells (in
vitro experiments in Matrigel; see above), and in vivo
(hypothetical experiments). The estimated T1 values were
obtained using eq 3 (see Methods section), which accounts for
the different extracellular volume fractions and diamagnetic
contributions of water molecules inside the cells. Namely, the
local concentration of SCA in a given volume proportionally
decreases with the increase in the cellular fraction along with
the T1,d shortening due to the higher amount of water inside
the cells that leads to the apparent reduction of SCA
concentration. On the other hand, the initial, “nondiluted”

SCA concentration is still available for interaction with Ca2+,
since SCA and Ca2+ interact in the extracellular volume, while
only water distributes throughout the intra- and extracellular
volume.
From the simulations, we found that the greatest Ca2+-

induced change in T1 was slightly above 7% (Table 2).
However, this change can only occur in the absence of cells,
provided that the concentrations of the SCA and Ca2+ are
similar, or that the SCA has a greater concentration than Ca2+.
At SCA concentrations half those of Ca2+, activation induces
much lower T1 changes (∼2%). In the presence of cells
(conditions equivalent to the in vitro experiments in Matrigel),
the maximal changes were only slightly reduced in comparison
to experiments in CCM alone. Likewise, in vivo, owing to its
low extracellular fraction and higher baseline T1, the Ca2+-
induced changes were up to 6%, again at [SCA] ≥ [Ca2+].

■ DISCUSSION
The relaxometric titrations of GdL with Ca2+ exhibited a drop
in r1 for samples with higher Ca2+ concentrations, measured >2
h after the solutions were prepared (see above). This effect was
probably caused by changes in bicarbonate/carbonate ratios

Figure 5. Pharmacological identification of pathways for [Ca2+]i loss.
Relative decline of [Ca2+]i measured 5 min after application of 1.2 mM
SCA in astrocytes pretreated with specific blockers (La3+, lanthanum
chloride; Gd3+, gadolinium chloride, 2-APB, 2-aminoethoxydiphenyl
borate; Thg, thapsigargin; benz, benzamil hydrochloride) in the
presence (2 mM) or absence of extracellular calcium. Numbers of
counted/analyzed astrocytes are presented at the bar bases. Statistically
significant differences (p < 0.001, ANOVA with Dunn’s post hoc
multiple pairwise test) between treatment groups are indicated by
horizontal lines connecting respective vertical bars.

Figure 6. Cell viability and responsiveness are not compromised by
SCA. (a) Cell viability assays (MTT) performed 4 h after acute
exposure to different concentrations of SCA (0.6, 1.2, and 1.8 mM).
Number of assays performed are presented at bases of the bars. (b)
Astrocytes responded to 1 mM ATP in the presence of 1.2 mM SCA,
45 min after exposure to the probe. The graph depicts an average
calcium transient (n = 11) in response to 1 mM ATP.
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over time in the solution. The increased influence of carbonates
on the Gd-DO3A moiety then led to ternary complex
formation, reduction of hydration number, and consequently
lower r1.

15 However, this phenomenon would not be expected
to take place in vivo where the bicarbonate concentration and
the pH are efficiently buffered.
Additionally, a number of important findings were revealed

with the experiments described above. First, despite the high
complexity of the 3D cell culture perfusion model used here,
the results indicated the following: (a) there was “an active
volume effect” for our SCA, because the partial ECS volume
results in lower MR signal changes detected from the SCA; (b)
the small but significant MR signal changes induced by SCA are
reversible, thus potentially allowing long-term studies of
neuronal activity rather than a “one-shot” study. The slightly
elevated T1 values when comparing the recovered with initial
“resting state” conditions suggest that the total duration of the
experiment and drastic perturbations in Ca2+ concentration
affect cell physiology in our model system, and lead to the
unreliability of values obtained more than 3−4 h after
beginning the experiment. However, we have also observed
that the duration of the experiment solely depends on local
physiological conditions, while SCA integrity and activity
remains intact during the course of the whole experiment.
Second, the fluorescence imaging study on astrocytes in

culture demonstrated that, by lowering the concentration of
cytosolic Ca2+ to a new stable level, SCA probably changes the
concentration gradient of this ion at the plasma membrane.
Intracellular calcium redistribution is accomplished mostly
through SOCE channels in the plasma membrane, although
SERCA and NCX pathways also have a significant role.
Interestingly, the decreased level of cytosolic Ca2+ remains the
same regardless of the SCA concentration. This may indicate
that upon being perturbed by SCA the above transport
mechanisms function in synergy in order to keep a different but
stable Ca2+ homeostatic state. Nevertheless, the cells remain
functional and responsive to stimulation by ATP.
Third, the relaxation time estimates at rested and activated

states yield T1 values that significantly differ from each other. It
is to note that actual SCA concentration plays a critical role for

the level of the expected changes. The estimates suggest higher
response to Ca2+ when SCA concentration is equimolar or
higher than its target ([SCA] ≥ [Ca2+]o, Table 2). Therefore, a
good control over the local [SCA] and concomitantly [Gd3+] is
necessary in order to assign the signal changes to variations in
the target concentration (Ca2+) rather than, for example,
changes of the SCA concentration due to the diffusion. Various
approaches to circumvent this problem have been developed
recently for pH-sensitive MRI agents and could in principle be
used for SCAs in general.32−34

The estimates also show that the level of T1 changes
advantageously does not drop proportional to the EF decrease,
even though the extracellular fraction (EF) decreases and a
lower SCA concentration is expected in vivo than in our in vitro
experiments. Nevertheless, the predicted values were 2−3 times
larger than actually observed in the cell experiments, stressing
the great complexity of in vitro/in vivo experiments and
apparent difficulty to experimentally achieve theoretically
expected values.
Overall, the results obtained in the experimental and

modeling studies described above are positive and encourage
further development of this potenitally novel fMRI method-
ology. Although the partial extracellular volume is much lower
than the intracellular one, targeting extracellular Ca2+ is very
reasonable. Its local concentrations outside are much higher
than those inside the cell; hence, the robust changes in the level
of 0.3−0.4 mM are very favorable for less sensitive methods like
MRI, where concentrations of the SCA and its target at the
same order of magnitude are required ([SCA] ≥ [Ca2+]o). On
the other hand, such high levels of SCA would be probably
impossible to achieve in vivo by an intravenous SCA
administration; therefore, more invasive intraventricular or
intracerebral injections may ensure appropriate local SCA
concentration.29,35

The fluorescence microscopy experiments revealed that SCA
affects the intracellular Ca2+ level by lowering it. Nevertheless,
SCA is not toxic to the cells, while, very importantly, Ca2+

transport through the plasma membrane is unaffected by the
agent. Intracellular Ca2+-signaling (triggered in our case by
stimulation with ATP) occurs despite the presence of relatively
high SCA concentrations (max. 1.8 mM), demonstrating
normal cellular functions under such conditions.
Finally, despite a strong attenuation of the MRI signal due to

the lower EF, estimated T1 changes caused by SCA document
the feasibility of monitoring extracellular Ca2+ changes by
means of MRI. Principally, these changes could be followed in a
dynamic manner, to allow tracking neuronal activity with high
temporal (subsecond) resolution, certainly better than the
current BOLD-based fMRI (2−3 s).6,36 Along these lines,
execution of T1-weighted MRI experiments would be preferable
to attain high temporal resolution (opposite to T1-mapping as
directly comparable to results presented here). Considering the
obtained T1 estimates (Table 2), the desired MRI experiment
with high temporal resolution (T1-weighted experiments) may
result in signal changes with the same or lower level than those
obtained in temporaly slower T1-mapping MRI experiments.
We also note that our estimates considered only T1 changes

directly caused by SCA, thus excluding many aspects and
obstacles relevant for in vivo experiments, such as other sources
of T1 signals (e.g., iron in the blood), blood inflow effects, or
SCA diffusion. Moreover, the results and potential signal
changes depend on additional parameters such as the imaging
hardware and protocols (the applied sequence, imaging

Table 2. Prediction of T1 Relaxation Times Expected for
Gd2L at Two Ca2+ Concentrations, Absolute T1 Difference,
and Percent Change in T1 for Three Conditionsa

baseline T1
[Ca2+] = 1.2 mM

activation T1
[Ca2+] = 0.8 mM ΔT1

change from
the

baseline T1

[SCA] in CCM
0.6 mM 214.7 ms 218.4 ms 3.7 ms 1.7%
1.2 mM 117.3 ms 126.3 ms 9.0 ms 7.7%
1.8 mM 85.4 ms 92.1 ms 6.7 ms 7.8%
[SCA] in cellular model
0.6 mM 309.2 ms 314.2 ms 5.0 ms 1.6%
1.2 mM 174.0 ms 186.8 ms 12.8 ms 7.4%
1.8 mM 128.0 ms 137.7 ms 9.7 ms 7.6%
[SCA] in vivo
0.6 mM 654.4 ms 661.3 ms 6.9 ms 1.1%
1.2 mM 434.5 ms 458.6 ms 24.1 ms 5.6%
1.8 mM 340.4 ms 361.3 ms 20.8 ms 6.1%

aThree conditions: in CCM only (estimated extracellular fraction, EF
= 1), the cellular model presented in this work (EF = 0.65), and in
vivo (EF = 0.20). For each condition, three different SCA
concentrations are considered.
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parameters, TE, TR, etc.). Given that the level of signal changes
produced by SCA in this work are comparable to BOLD-based
fMRI,37 it will be certainly necessary to develop specific
experimental and data analysis protocols that ensure the
appropriate statistical significance to support any of conclusions
obtained in the experiments employing this methodology.

■ CONCLUSIONS
This work is a continuation of attempts to validate the
feasibility of SCA for tracking biological processes in vivo.36,38

Here, we go beyond theoretical simulations and report in vitro
experiments supporting the theoretical data and confirming
potential practical utilization. The experimental methodologies
used suggest that SCA produces signal changes that may be
detectable by the appropriate instrumentation, and that SCA
administration does not affect the regular cellular physiology to
any great extent. Currently, the delivery of relatively high levels
of SCA and the possibility of observing such weak MRI signal
changes remain the major limitations of this methodology
which need to be improved in the future. Nevertheless, further
advances can contribute enormously to the ultimate practical
establishement of this methodology. In this work, we discussed
only the potential T1 and MR signal changes in vivo originated
by the specific SCA developed by us. Nevertheless, the
continuous chemistry efforts are expected to further improve
the SCA activity, resulting in SCA with even stronger
alterations in r1, and subsequently higher MR signal changes.
Furthermore, progress in MRI hardware or methodology by
MRI engineers and physicists, such as development of
dedicated sequences for fast imaging that exclude parallel
MRI signals and extract only the relevant ones, would enable
validation of this approach and the establishment of the crucial
role of chemistry in this complex but potentially extremely
beneficial research. The development of such fMRI method-
ology able to follow neuronal activity noninvasively in manner
superior to BOLD would be a great asset in neuroimaging and
molecular imaging techniques, leading us to much better
understanding of essential physiological processes in living
organisms.

■ METHODS
General Remarks. Gd2L was synthesized according to the

modified procedure published recently by our group.39 31P{1H}
NMR spectra were recorded on a Bruker Avance III 300 MHz (7.0 T)
spectrometer at 37 °C. The 1H T1 determinations were performed
with the same instrument at 37 °C, using a standard inversion recovery
pulse sequence. Matrigel Basement Membrane Matrix was purchased
from BD Biosciences, Germany, while the Polybead microspheres
were purchased from Polysciences Europe GmbH, Germany. Cell
culture medium (CCM) was prepared from Ca2+-free Dulbecco’s
modified Eagle’s medium (DMEM, Biochrom AG, Germany)
supplemented with 10% fetal bovine serum, 4 mM L-glutamine, 100
μg/mL streptomycin, and 100 U/mL penicillin (all from Biochrom
AG, Germany). The external solution for the astrocyte cell cultures
consisted of NaCl (130 mM), KCl (5 mM), CaCl2 (2 mM), MgCl2, (1
mM), D-glucose (10 mM), and HEPES (10 mM, pH 7.4, adjusted with
NaOH). For the Ca2+-free external solution, CaCl2 was omitted and
Na4EGTA (0.1 mM) was added.
Relaxometric Titrations. Experiments were performed in two

different ways. Method A: a solution of CaCl2 of known concentration
was added stepwise to a solution of SCA (starting concentration 1.8
mM Gd2L = 3.6 mM Gd3+), and the longitudinal proton relaxation
time T1 was measured after each addition of the analyte. Method B:
separate SCA solutions were prepared (1.0 mM Gd2L = 2.0 mM
Gd3+), with each solution containing different Ca2+ concentration. T1

was measured for each solution separately. For both methods, the r1
was calculated from eq 1 using the actual Gd3+ concentration at each
point of the titration. T1,obs is the observed longitudinal relaxation
time, T1,d is the diamagnetic contribution in the absence of the
paramagnetic substance, and [Gd] is the concentration of Gd3+. The
initial Gd3+ concentrations were determined by measuring the bulk
magnetic susceptibility shifts.40

= + ×
T T

r
1 1

[Gd]
1,obs 1,d

1
(1)

NMR Studies of SCA with Cells in a 3D Cell Culture Model.
The 3D cell culture perfusion system described by Brand et al.18 and
Flögel et al.41 was adapted to 5 mm NMR tubes. In brief, NIH-3T3
embryonic mouse fibroblast cells (DSMZ, Germany) were grown as
monolayers in Ca2+-containing CCM (Ca-CCM) to confluence. Cells
were then harvested by trypsinization and embedded in Matrigel
threads.17 For this, ∼0.5 × 106 cells were mixed with ice-cold Matrigel
(1:1, v/v) and kept on ice. The cold mixture was drawn into sterile
Teflon tubing attached to a syringe filled with medium. Immersing the
tubing in 37 °C warm water gelled the mixture in 2 min, and afterward
the threads were extruded into non-tissue-culture-treated Petri dishes
filled with Ca-CCM. After 3−4 days, the threads were almost
completely filled with cells and ∼107 cells were used for the NMR
studies. Threads were transferred into a 5 mm NMR tube which was
sealed with the perfusion insert (Figure 2). Differing from analogous
setups mentioned above,18,41 a second peristaltic pump (both
Heidolph, Germany) was used as a backup pump. Namely, due to
the small diameter of the NMR tube used here (5 mm instead of 10
mm) and consequently the smaller inner diameters of the tubing (510
μm), it was necessary to use this second pump to prevent overflow of
circulating medium out of the NMR tube. For the same reasons,
porous disk frits with a pore size of 70 μm (cut from Thomapor,
Reichelt Chemietechnik GmbH & Co., Germany) were used. Once
inside the closed perfusion system, the embedded cells were perfused
with CCM thermostated at 37 °C, supplemented with the required
Ca2+ concentration and 20 mM HEPES for pH-buffering. Also, the
CCM was constantly oxygenated with Carbogen gas (95% O2/5%
CO2) directly bubbled into the medium. The flow rate of the medium
was adjusted to ∼500 μL/min. During the inversion recovery
experiment acquisition (∼5 min), the perfusion was stopped. For re-
equilibrium, the flow rate was increased stepwise over 1 min to the
initial flow rate of 500 μL/min to prevent pressure build-up. The cells
were perfused for at least another 4 min before the next acquisition
was done. At each condition, T1 was determined in triplicate by three
consecutive measurements. Mean ± SEM was calculated for each of
the conditions in a single experiment. The mean ΔT1 of “activated
state” vs initial “resting state” was determined and averaged over all
three experiments.

If not otherwise stated, values represent mean ± SEM. Statistical
analyses were performed by ANOVA (applying Tukey’s multiple
comparison post-test) or unpaired Student’s t-test using Graphpad
Prism 5.03.

Astrocyte Cell Cultures. Primary cortical astrocyte cultures were
prepared from the cerebral cortices of neonatal P2 rats as described
previously.42 The experimental animals were cared for in accordance
with the European Convention for the Protection of Vertebrate
Animals used for Experimental and other Scientific purposes (Council
of Europe No. 123, Strasbourg, 1985), and approved by the Ethical
Committee of the Faculty of Biology, University of Belgrade. Briefly,
after brain dissection, the cortices were isolated and mechanically
dissociated under sterile conditions in isolation medium (Leibovitz L-
15 medium supplemented with 2 mM L-glutamine, 100 U/mL
penicillin, 0.1 mg/mL streptomycin, and 0.1% bovine serum albumin).
After two centrifugation washing steps (500g, 4 min), the cell
suspension was passed through 21 and 23 G sterile needles (to remove
the residual tissue aggregates) followed by a final centrifugation
washing step (500g, 4 min). Cells were then resuspended in growth
medium (DMEM) with 4.5 g/L glucose, supplemented with 10% fetal
bovine serum, 2 mM L-glutamine, 1 mM sodium-pyruvate, 100 U/mL
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penicillin, and 0.1 mg/mL streptomycin), plated on cell-culture flasks
(one cortex per 75 cm2), and grown in a humidified atmosphere of 5%
CO2/95% air at 37 °C. Cells were fed every third day until reaching
confluence (9 days) before being shaken at 350 rpm for 20 h on a plate
shaker (PerkinElmer, Turku, Finland) to remove any remaining
oligodendrocytes and microglia. Cells were then replated (1:4) on cell
culture flasks (25 cm2) for further use. After reaching confluence again,
cells were subcultured onto 25 mm diameter poly-L-lysine-coated
coverslips (1.5 × 105 cells/cm2) and used within 2−4 days. The purity
of astroglial culture (∼95%) was assessed by immunocytochemical
detection of the glial fibrillary acidic protein.
Pharmacological Agents. Astrocytes were incubated with specific

blockers of intracellular calcium pumps and plasma membrane
channels and exchangers, for 5−10 min at room temperature in the
external solution: (1) 100 μM benzamil hydrochloride (Sigma-Aldrich,
Deisenhofen, Germany), potent blocker of plasma membrane
sodium−calcium exchanger (NCX); (2) 1 μM thapsigargin (Tocris
Bioscience, U.K.), an effective inhibitor of sarco-endoplasmatic
reticulum Ca2+-ATPases (SERCA); (3) combination of 10 μM
LaCl3, 10 μM GdCl3 (both from Sigma-Aldrich, Deisenhofen,
Germany), and 75 μM 2-aminoethoxydiphenyl borate (2-APB, Tocris
Biocsience, U.K.), which in higher concentrations readily blocks the
SOCE channels. Thereafter, astrocytes were treated with SCA, as
described above.
Intracellular Calcium Imaging and Data Analysis. Intracellular

calcium concentrations in astrocytes were assessed using the cell-
permeable acetoxymethyl (AM) ester of Fluo-4 (Fluo-4 AM,
Molecular Probes). Astrocytes were loaded with 5 μM Fluo-4 AM
for 30 min in external solution at room temperature. After 3 washes,
before imaging, cells were kept in working solution (external solution
with/without Ca2+) for an additional 15−20 min at room temperature
to allow de-esterification of the dye. In a subset of experiments,
astrocytes were incubated with the pharmacological agents as
described above. Cell-loaded coverslips were transferred into the
recording chamber on a confocal microscope (LSM510, Zeiss, Jena,
Germany) equipped with water immersion objective 40× (NA 0.8)
and supplied with 800 μL of working solution (external solution with/
without Ca2+ and/or pharmacological agents). Fluo-calcium indicator
was excited with an argon ion laser (488 nm), and the emission light
filtered with a long-pass 505 nm filter. Time-lapse images were
obtained every 3 s for 15−45 min. Initially, fluorescence intensities
were recorded for 2−5 min to determine the baseline fluorescence
(F0). Thereafter, astrocytes were treated with three concentrations of
SCA (0.6, 1.2, and 1.8 mM) by bolus addition of 50−175 μL of a 10
mM SCA solution. Fluorescence data were expressed as ΔF/F0 (%),
where ΔF represents the change in fluorescence emission.
Cell Viability Assay. Cell viability was determined by evaluating

total mitochondrial activity using the MTT (3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyl tetrazolium bromide) assay (Sigma-Aldrich, St. Louis,
MO). Astrocytes were seeded into 96-well plates (15 × 103 cells/well)
in growth medium. After 2 days, cells were treated with SCA (0.6, 1.2,
and 1.8 mM) in growth medium for 4 h. Subsequently, new growth
medium containing 0.5 mg/mL MTT was added to the cells, and cells
were kept for another 2.5 h at 37 °C. After removing the medium,
formazan generated by total mitochondrial activity was dissolved in
DMSO and optical density was measured at 540 nm with an LKB
5060 multiplate reader. Measurements were performed in sextupli-
cates, and the viability of treated cells was expressed as percentage of
untreated controls.
Curve Fitting of Relaxometric Experiments and T1 Estima-

tions. The experimental data from each of seven independent
experiments performed in CCM were fitted to eq 2, a slightly modified
dissociation equation reported elsewhere,35 since the bismacrocycles
carry two Gd3+ per SCA (therefore the term [Gd] was in this case
replaced by [SCA]). The equation assumed a single binding site (n =
1), while the r1,obs is the observed relaxivity, r1,f and r1,b are relaxivities
of free and fully bound SCA, respectively, [Ca2+] and [SCA] are
concentrations of Ca2+ and SCA, respectively, Kd is the equilibrium
dissociation constant, and A = [SCA] + [Ca2+] + Kd. Finally, mean ±
SD were calculated for the three fitted parameters Kd, r1,f, and r1,b.

= × + −

×
− − × ×

×

+

r r r r

A A

[SCA] ( )

4 [SCA] [Ca ]
2 [SCA]

1,obs 1,f 1,b 1,f

2 2

(2)

For the in vitro conditions without cells, we assumed that the
relaxation time T1,d in the absence of the contrast agent is 2.85 s. In the
presence of cells, the T1,d was set to 2.3 s (unpublished data, measured
in a different series of eight experiments in cell pellets at 7 T, with an
extracellular fraction (EF) of 0.5−0.65). The EF was set to 0.65 for the
prediction of T1 in our presented 3D cellular model (Table 2). For the
in vivo condition, we assumed that T1,d = 1.5 s, which is expected at 7
T43 and that EF = 0.20.16 The exact r1 relaxivity values for each state
(activation, baseline) were obtained from the curve fits. The estimated
T1 (T1,est) was then calculated while accounting for the effective
gadolinium concentration (1.2, 2.4, or 3.6 mM, [Gd] = 2[SCA]), and
the extracellular fraction according to eq 3 where T1,d is the
diamagnetic contribution at different EF, r1 is the relaxivity value
obtained from the curve fits, and [Gd] is the actual Gd3+ concentration
at each point of the titration.

= + × ×
T T

r
1 1

[Gd] EF
1,est 1,d

1
(3)
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