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Simultaneous Fluorescence Imaging Reveals NMDA Receptor
Dependent Zn?*/H* Flux in the Brains of Mice with Depression

Xin Wang#, Xiaoyi Bai#, Di Su, Yandi Zhang, Ping Li*, Shuyi Lu, Yulin Gong, Wen Zhang and Bo Tang*

College of Chemistry, Chemical Engineering and Materials Science, Key Laboratory of Molecular and Nano Probes,
Ministry of Education, Collaborative Innovation Center of Functionalized Probes for Chemical Imaging in Universities
of Shandong, Institutes of Biomedical Sciences, Shandong Normal University, Jinan 250014, People’s Republic of China.

ABSTRACT: Depression is immensely attributed to the over-activation of N-methyl-D-aspartic acid (NMDA) receptor in the
brains. As regulatory binding partners of NMDA receptor, both Zn?* and H* are intimately interrelated to NMDA receptor’s
activity. Therefore, exploring synergistic changes on the levels of Zn?* and H* in brains will promote the knowledge and
treatment of depression. However, the lack of efficient, appropriate imaging tools limits simultaneously tracking Zn?* and H*
in living mouse brains. Thus, a well-designed dual-color fluorescent probe (DNP) was fabricated for the simultaneous
monitoring of Zn?* and H* in the brains of mice with depression. Encountering Zn?*, the probe evoked bright blue fluorescence
at460 nm. Meanwhile, the red fluorescence at 680 nm was decreased with H* addition. With blue/red dual fluorescence signal
of DNP, we observed the synchronous increased Zn?* and H* in PC12 cells under oxidative stress. Notably, in vivo imaging for
the first time revealed the simultaneous reduction of Zn?* and pH in brains of mice with depression-like behaviors. Further
results implied that NMDA receptor might be responsible for the coinstantaneous fluctuation of Zn?* and H* during
depression. Altogether, this work is conducive to the knowledge of neural signal transduction mechanisms, advancing our
understanding of the pathogenesis in depression.

Depression possesses high morbidity and mortality,
substantially contributing to the global burden of disease
and disability.! However, current diagnoses and treatments
for depression are inadequate, mainly due to the
rudimentary understanding about the pathogenesis of
depression.?? N-methyl-D-aspartic acid (NMDA) receptor, a
subtype of the ionic glutamate receptor, is an essential ion
channel protein that maintains normal nervous functions,
such as the development of neurons and synaptic
plasticity.*> Previous studies suggest that over-activation of
NMDA receptor plays a critical role in the physiology and
pathology of depression.®® Furthermore, several
antidepressants, such as dizocilpine, are conferred with the
antidepression effect as antagonists of NMDA receptor.>1?

limits simultaneously tracking Zn?* and H* in living mouse
brains.

With the merit of high spatial-temporal resolution, real-
time visualization and non-destructive, fluorescence
imaging technique has becoming a robust method for
investigating biological events in living cells and in vivo.?3-25
Recently, many fluorescent probes have been developed for
the detection of Zn?* or H* in living cells and small
animals.?62° However, the coinstantaneous fluctuation of
Zn?* and H* in brains are still undefined due to the
particularly complicated construction of the brain and the
lack of appropriate probe. Therefore, specific probes
capable of simultaneous monitoring Zn?* and H* with high
spatial-temporal resolution in brains of mice are in a great

Zinc is the second abundant d-zone metal in the brain, demand.
which is widely distributed in the hippocampus, regulating r
learning and long-term memory.!*'2 The abnormal ~ 1

homeostasis of Zn?* in nervous system is correlated with a
variety of cerebral diseases, such as Alzheimer's disease and
depression.’>* Furthermore, Zn?* could be released from
glutamatergic vesicles to regulate the activity of NMDA
receptor, which is always accompanied by neuronal activity
or depolarization.’® In the meantime, H* can modulate the
neurons’ function by regulating various voltage-gated and
ligand-gated ion channels, such as NMDA receptor.16-1

Altogether, as regulatory binding partners of NMDA
receptor, Zn?* and H* are both intimately interrelated to the
activity of NMDA receptor.2?2 Therefore, exploring
synergistic changes on the levels of Zn?* and H* in brains
will promote the knowledge and treatment of depression.
However, the lack of efficient, appropriate imaging tools

Scheme 1. The Structure and Luminescence Mechanism of
DNP.

Thus, we fabricated an original fluorescent probe (DNP)
for the simultaneous in situ detection of Zn?** and H*. As
shown in Scheme 1, DNP is composed of a Zn?*-specific
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group and a H*-sensitive moiety that enable synchronously
dynamic responses to Zn?* and H*. Notably, dual-color
(blue/red) fluorescence imaging for Zn?* and H* can be
simultaneously achieved at different excitation, 390 nm or
610 nm, severally. Using DNP, we visualized the fluctuation
of Zn?* and H* under the over-activation of glutamate
receptor NMDA in PC12 cells. Furthermore, changes of Zn?*
and H* in the brains of mice with depression were
successfully mapped for the first time.

EXPERIMENTAL SECTION

Synthesis of the Probe. Compounds 1, 2 and 3 were
synthesized as previously reported in references.3%3!

Compound DNP: The compound 2 (0.416 g, 1.0 mmol)
and compound 3 (0.476 g, 1.0 mmol) were added to 1-
Hydroxybenzotriazole (0.203 g, 1.5 mmol), 1-(3-
Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(0.288 g, 1.5 mmol) and 2 mL DMF, 8 mL CH,Cl,. Then, the
mixture was stirred for 10 min and then added piperazine
(0.010 g, 1.2 mmol). Next, the mixture was stirred overnight
at room temperature. The crude product was purified by
TLC using CH,Cl,/CH30H (10:1) as the eluent to give DNP
(0.28 g, 30 % yield). 'H NMR (400 MHz, DMSO-d,) 8.52(d,
J=4.0 Hz, 2H), 8.10(d, J=4.0 Hz, 1H), 7.97(s, 1H), 7.95(d, J=1.2
Hz, 2H), 7.74(d, J=1.6 Hz, 1H), 7.71(d, J=4.0 Hz, 2H), 7.69(s,
2H), 7.52(d, J=0.8 Hz, 2H), 7.50(t, /=0.8 Hz, 2H) 7.48(d, J=0.8
Hz, 2H), 7.42(s, 1H), 7.40(d, J=0.8 Hz, 2H), 7.37(t, J=0.8 Hz,
2H), 7.36(d, J=0.8 Hz, 1H), 6.88(d, /=3.6 Hz, 1H), 5.27(t,J=4.4
Hz, 2H), 4.74(d, J=15.2 Hz, 1H), 3.95(s, 4H), 3.46(t, J=6.0 Hz,
4H), 3.42(s, 2H), 3.40(t, /=5.2 Hz, 4H). 3C NMR (101 MHz,
DMSO0-dg) 172.51, 168.99, 162.88, 162.73, 158.39, 157.92,
157.75, 157.66, 156.36, 155.60, 155.05, 154.33, 151.10,
150.24, 149.45, 148.81, 148.77, 146.66, 144.40, 144.28,
143.27, 137.61, 137.26, 136.53, 135.53, 130.80, 129.94,
128.28, 127.50, 126.68, 124.82, 124.28, 123.67, 123.45,
123.14, 122.99, 119.80, 119.53, 119.48, 117.81, 114.44,
113.77, 110.11,109.94, 109.59, 47.53, 46.10, 45.79, 41.39,
36.19, 31.19, 21.65, 21.47. HRMS (ESI), m/z calcd for
C56H41N5010 [M+H]+ 944’2966, found 944.2926.
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Scheme 2. Synthesis of DNP.

Confocal Imaging Experiments. One day before
imaging, the cells were detached and replanted onto glass-
bottomed dishes. After an incubation with the probe for 20
min, the cell culture media were removed and cells were

washed with 1.0 mL PBS for three times. Fluorescence
images of DNP (Zn?*) were obtained with an excitation
wavelength of 405 nm and blue channel was 420-500 nm.
Fluorescence images of DiBAC were obtained with an
excitation wavelength of 488 nm and green channel was
500-530 nm. Fluorescence images of DNP (H*) were
obtained at an excitation wavelength of 561 nm and red
channel emission window was 630-730 nm. For data
analysis, the average fluorescence intensity per image
under each experimental condition was obtained by
selecting regions of interest. Each experiment was repeated
at least three separate times with identical results.

Intracellular pH Calibration. The PC12 cells were
incubated with high K* buffer (30 mM NaCl, 120 mM KCl, 1
mM CaCly, 0.5 mM MgS0O,,1 mM NaH,P0,, 5 mM glucose, 20
mM HEPES and 20 mM NaOAc) at various pH values (6.5-
8.0) in the presence of 10.0 uM of nigericin. After 30 min,
DNP was added to cells and incubated for 20 min at 37 °C.
The fluorescence images were captured, and the pH
calibration curve was constructed with confocal
microscope.

Mouse Models of Depression. We constructed C57 mice
with depression by treatment with corticosterone (CORT),
according to the references.*>*’. After 3 weeks, sucrose
preference test, forced swimming test, and tail suspension
test were performed before imaging. Lighter weight and
longer despair time in forced swimming test are considered
as an index of depression. Only the mice with obvious
reduction in preference for sucrose or significant increase
in immobility were considered as the successful established
depression model, which were allowed to imaging.

RESULTS AND DISCUSSION

Preparation and Optical Properties of DNP. We
synthesized and characterized a new fluorescent probe for
Zn?* and H-, designated DNP (6'-(4-(8-((bis(pyridin-2-
ylmethyl)amino)methyl)-7-hydroxy-2-oxo-2H-chromene-
3-carbonyl)piperazine-1-carbonyl)-3,11-dihydroxy-3'H-
spiro[dibenzo|c,h]xanthene-7,1'-isobenzofuran]-3'-one)
(Scheme 2). DNP consists a coumarin covalently linked DPA
(2,2'-dipicolylamine) (A = 390 nm, Ay, = 460 nm) function
as the Zn?* indicator and a naphthalene fluorescein (A =
610 nm, A, = 680 nm) as the H* reporter. DPA quenches the
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Figure 1. The different emission spectra for DNP (10 pM)
before (green) and after (red) the addition of Zn?* (10 uM)
at pH = 7.4 and with the pH increased to 9.0 before (blue)
and after (black) add Zn?* (10 uM). (A, B) Fluorescence
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spectral at 390 nm excitation. (C, D) Fluorescence spectral
at 610 nm excitation.

fluorescence of coumarin through photoinduced electron
transfer (PET). Encountering Zn?*, PET would be blocked,
causing bright blue fluorescence at 460 nm. Meanwhile,
with H* addition, the red fluorescence at 680 nm is
decreased due to the naphthofluorescein group in the probe
transform to closed spirolactone structure from the open
quinone form.
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Figure 2. Fluorescent properties of the DNP for Zn?* and pH
detection. (A) Fluorescence spectra of 10 uM DNP after the
addition of various concentrations of Zn?* (0-10 uM). (B)
Linear relationship of fluorescence intensity with Zn?*. All
of the data were acquired in 0.1 M Tris, pH 7.4, with A / Aem
at 390/460nm. (C) Fluorescence spectral changes of DNP
(10 uM) with various pH values from 5.0 to 9.0. Insert:
Fluorescence intensity vs. pH with A / Aery at 610/680nm.
(D) Linear relationship of fluorescence intensity with pH
(6.5-9.0).

For evaluating the optical properties of DNP, we first
tested its absorption spectra (Figure S1). DNP exhibited two
absorption bands at approximately 390 nm (coumarin
fraction) and 580 nm (naphthalene fluorescein fraction).
After the addition of 10 uM Zn?* at pH = 7.4, the absorption
peak at 390 nm was enhanced. When the pH increased from
7.4 to 9.0, the absorption peak at 580 nm red-shifted to 610
nm. Then, we investigated the fluorescence responses of
DNP to Zn?* and pH, respectively. As exhibited in Figure 1A,
upon excitation at 390 nm, DNP displayed dim fluorescence
at 460 nm under simulated physiological conditions (0.1 M

Tris buffer, pH = 7.4). Following the addition of 10 uM Zn?*,
the intensity of DNP at 460 nm clearly increased (3.5-fold),
and the fluorescence quantum yield raised from 32 % to 52
%. Similarly, when the pH altered from 7.4 to 9.0, the
fluorescence intensity of DNP at 680 nm under 610 nm
excitation significantly enhanced (4.0-fold) (Figure 1C), the
fluorescence quantum yield enlarged from 2 % to 7 %
(Figure S2).32 Besides, Figure 1 and Figure S3 demonstrate
that the responses of DNP to Zn?* and pH are not
interferential to each other. Consistent with our design
strategy, the probe is exquisite for the simultaneous
detection of Zn?* and H*.

Based on those results, we examined the Zn?*/H*
concentration-dependent fluorescence intensities of DNP.
As the concentration of Zn?* elevated from 0 pM to 10 pM,
the fluorescence intensity at 460 nm gradually enhanced
followed by the linear equation F = 70.03 [Zn?*] (uM) +
535.46 with the linear correlation coefficient of 0.991
(Figure 24, B). Accordingly, the detection limit for Zn?* was
0.32 pM, the complexation ratio was 1:1 (Figure S4), and the
complexation constant was 3.94 pM. As the pH changed
from 6.5 to 9, the fluorescence intensity at 680 nm stepwise
increased by the linear equation F = 189.26[pH]-1203.00
with the linear correlation coefficient of 0.981. (Figure 2C,
D).3334 These data verify that DNP can synchronously
indicate Zn?* and pH via dual-color, distinguishable
fluorescence signals.

To explore the selectivity of DNP for Zn?*/H*, we
examined the fluorescence responses in the presence of
various biologically competed species. As exhibited in
Figure S5A, the blue fluorescence of DNP displayed highly
selectivity to Zn?* without the interference of other metal
ions, reactive oxygen species (ROS), and reactive nitrogen
species (RNS), illustrating the DPA-based probe is highly
specificity to Zn?*. Moreover, the fluorescence response of
DNP to Zn?* was pH-insensitive (Figure S6). As depicted in
Figure S5B and S5C, DNP exhibited nearly no change in
fluorescence at 680 nm in the presence of metal ions, ROS,
and RNS under various pH conditions, suggesting that DNP
possesses the high selectivity for H*. Furthermore, DNP
presented other advantages, including excellent
photostability (Figure S7), low cytotoxicity under 237 uM
(Figure S8). Taken together, DNP can potentially act as a
powerful fluorescence probe for the simultaneous
indicating of Zn?* and pH in the biological systems.
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Figure 3. Laser confocal imaging of Zn?* in PC12 cells. (A) Cells incubated with 20 uM DNP for 20 min. (B) Cells incubated
with ZnSO, (50 uM) for 10 min and then with 20 pM DNP for 20 min. (C) Cells incubated with ZnSO, (50 uM) for 10 min, with
TPEN (50 uM) for 10 min and then with 20 pM DNP for 20 min. (D) The fluorescence intensities of (A) - (C). Aex = 405 nm,
collected 420-500 nm. The data are shown as the mean #* SD, n = 3, ***p <0.001.

ACS Paragon Plus Environment



W oONOOUID WN =

Analytical Chemistry

(E) »
0 0 pm 100 100 0 D pm_ 100 100 o] 0 _pm_ 100 100 0 D pm 100

— e,

FL. imensrty

PR i S
—
6.

Figure 4. Fluorescent confocal microscopy images of DNP (20 uM) in PC12 cells at pH 6.5-8. 0 (E) The fluorescence intensities
of (A) - (D). Aex = 561 nm, collected 630-730 nm. The data are shown as the mean + SD, n = 3, **p <0.01, ***p <0.001.

Fluorescence Imaging of Exogenous Zn?**and H* in
Living Cells with DNP. For verifying the performance of
DNP in cells, we tracked Zn2* and H* in PC12 cells under
different conditions. We first visualized the exogenous Zn?*
and pH changes in the living PC12 cells. The blue
fluorescence signal represented the fluctuation of Zn?*
concentration, and the red fluorescence signal indicated the
H* levels. Compared with the control group, blue
fluorescence in PC12 cells treated with Zn?* (50 pM)
significantly enhanced (about 2.2-fold). To prove that
fluorescence changes indeed resulted from the variation in
Zn%, the membrane-permeable metal ion chelator
N,N,N’,N’-tetrakis(2-pyridylmethyl)ethylenediamine
(TPEN, 50 uM) were added to PC12 cells,?> and the blue
fluorescence obviously decreased, implying the selectivity
of DNP to Zn?* (Figure 3). Next, we treated cells with high K*
concentration buffer with different pH and the ionophore
ingericin to change H* level in cells.3¢ Figure 4 showed that
the red fluorescence within PC12 cells elevated
accompanying with the pH (6.5-8.0) increased. The above
imaging results testify that DNP is able to synergistically
reflect the transient changes in Zn?* and pH in living cells.

Simultaneous Imaging of Endogenous Zn?*/H* in
Living Cells with DNP. Next, we investigated the changes
of endogenous Zn?* and H* in PC12 cells by utilizing DNP.
Previous researches have mentioned that high
concentration of glutamate could induce oxidative stress in
the nervous system,3”-3° which will cause the released of
Zn?*and H*.274041 To explore the flux of Zn?* and H* under
oxidative stress, we treated PC12 cells with 10 mM
glutamate to simulate the oxidative stress. Compared with
the control cells, those cells pre-incubated with glutamate
distinctly evoked bright blue fluorescence (1.6-fold) and
paler red fluorescence, manifesting that the levels of Zn?*
and H* were both rising. To further prove that the brighter
blue fluorescence was exactly caused by the boost of Zn?*,
we then used metal ion chelating agent TPEN to treated
cells. As expected, the blue fluorescence intensity was
significantly decreased, while the red fluorescence
remained essentially stable (Figure 5). These data provide
strong evidence that the Zn?* and H* levels both elevated
upon the oxidative stress. Besides, similar results were
observed in PC12 cells stimulated by phorbol 12-myristate
13-acetate (PMA),*? another oxidative stress trigger by

activating PKC (protein kinase C) (Figure S9). Altogether,
those data highlight the fact that DNP could simultaneously
monitor endogenous an*/H+ in living cells.
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Figure 5. Laser confocal imaging in PC12 cells. (A) Control:
PC12 cells incubated with 20 pM DNP for 20 min. Glu: PC12
cells incubated with 20 uM DNP for an additional 20 min
after preincubation with 10 mM glutamate for 12 h.
Glu+TPEN: PC12 cells incubated with 10 mM glutamate for
12 h, with TPEN (50 uM) for 10 min and then with 20 uM
DNP for 20 min. (B) The data output from (A). Blue: A, =405
nm, collected 420-500 nm. Red: A, = 561 nm, collected 630-
730 nm. The values are the mean * SD for n = 3, **p <0.01,
***p <0.001.

Imaging of Zn?>* and pH in Brains of Mice with
Depression. Inspired by the successful application of DNP
in the intracellular imaging, we evaluated the suitability of
DNP in synchronously monitoring Zn?* and H* fluctuations
in brains of mice with depression. We constructed C57 mice
with depression by treatment with corticosterone (CORT),
according to the references .*3-*7 Depression-like behaviour
tests, such as Sucrose preference, tail suspension and forced
swimming were performed to evaluate the success of the
models (Figure S10).484% After surgical exposure of the
brains, the probe (100 uM) was directly added to the brain,
and then those mice with depression-like behaviours were
imaged. The in vivo imaging found that the Zn?*-sensitive
fluorescence signal and pH-response fluorescence signal
both deceased in brains of mice with depression-like
behaviors (Figure 6).5%5! Therefore, these results provide
strong evidence for simultaneous reduction in Zn?* and pH
in brains of mice with depression-like behaviours.
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Figure 6. In situ two-photon imaging in brains of mice. (A) Imaging at 50 pm in the mouse brain. (B) 3D images with (A). (C)
Relative fluorescence intensities of mice in (A). The 3D images were generated from a stack of cross sections (xy sections, 400
um) with an axial (z) increment of 2 um. Mice are representative images from repeated experiments (n = 3). Blue: 4., = 800
nm, collected 410-560 nm. Red: A, = 633 nm collected 650-750 nm. The values are the mean # SD for n = 3, **p <0.01, ***p

<0.001.

Imaging of Zn?** and H* in PC12 Cells under Over-
activation of NMDA Receptor. Next, we initially
investigated why Zn?* and H* fluctuated during depression.
Several studies have shown that over-activation of NMDA
receptor plays critical role in the physiology and pathology
of depression. As regulatory binding partners of NMDA
receptor, there are close relationship between Zn?*/H* and
activity of NMDA receptor. As a Ca?* channel, the NMDA
receptors would increase the concentration of Ca?* in cells
when over-activated. Excess Ca?* could over-activate the
nitric oxide synthetase (a Ca?-dependent enzyme) and
cause the generation of ROS, leading to the oxidative
stress.5>>3 Then, the redox-sensitive Zn?*-binding proteins
such as metallothioneins would release Zn?* under the
oxidative stress.>#55 Many studies have indicated that ROS
could also inhibit the Na*/H* exchanger (NHE) and acidify
the neurons by increasing H**!' Therefore, we further
investigated if the NMDA receptor could mediate the levels
of Zn?* and H* in living cells. The commercial fluorescent
probe DIiBAC (A = 490 nm, A,, = 505 nm, green
fluorescence) for membrane depolarization was chosen as
the indicator to monitor the activity of the NMDA receptor.>°
NMDA, the specific agonist of the NMDA receptor, was used
to activate NMDA receptor. Utilizing DNP, the markedly
increased blue fluorescence and the decreased red
fluorescence was observed in those NMDA treated cells,
manifesting the level of Zn?* and H* rose. Meanwhile, those
cells evoked obviously green fluorescence, proving the
over-activation of NMDA receptor induced by NMDA.

To further prove that the changes of Zn?* and H* are
correlates with the activity of NMDA receptor, we incubated
cells with NMDA receptor specific antagonist MK801.5”
Compared to NMDA treated cells, the weaker blue
fluorescence and brighter red fluorescence were observed,
demonstrating the decrease in the concentrations of Zn?*
and H* under the inhibition of NMDA receptor (Figure 7).
Moreover, glutamate, the physiological agonist of the NMDA
receptor, were also used to treat PC12 cells to activate
NMDA receptor. Not surprise, similar imaging results were
obtained, further implying that the over-activation of NMDA

receptor could induce the elevated Zn?* and H* (Figure S11).
Overall, we drawn a conclusion that the activation of NMDA
receptor caused the increase in levels of Zn?* and H*. Based
on the current work, we speculated that the released of Zn?*
induced by the over-activation of NMDA receptors might
bind to other proteins or flow away during depression.
These results provide primary evidence for explaining the
synchronous changes of Zn?* and H* in vivo, which inspired
us to focus on where Zn?* going in vivo during depression in
the future. Altogether, we provide a powerful imaging tool
for simultaneous analysis of Zn?* and H* in vivo.

* Control NMDA+MK801

(8)
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Conlirol  NMDA NNDASMKDD!

Figure 7. Laser confocal imaging in PC12 cells. (A) Control:
PC12 cells incubated with 20 pM DNP for 20 min and then
with 10 uM DiBAC for 15 min. NMDA: PC12 cells incubated
with 20 pM DNP for 20 min and then with 10 uM DiBAC for
15 min after preincubation with 2.5 mM NMDA for 12 h.
NMDA+MK801: PC12 cells incubated with 20 uM DNP for
20 min and then with 10 uM DiBAC for 15 min after
preincubation with 2.5 mM NMDA and MK801 for 12 h. (B)
The data output from (A). Cell images are representative
images from repeated experiments (n = 3). Blue: A, = 405
nm, collected 420-500 nm. Green: A., = 488 nm, collected
500-530 nm. Red: A, = 561 nm, collected 630-730 nm. The
values are the mean # SD for n = 3, *p <0.05, ***p <0.001.

CONCLUSION
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In summary, we developed a robust fluorescent probe
DNP for simultaneously monitoring Zn?* and H* in mouse
brains. Utilizing DNP, we mapped the increased Zn?* and H*
in PC12 cells under the oxidative stress. Of note, in vivo
imaging for the first time revealed the simultaneous
reduction of Zn?* and pH in brains of mice with depression-
like behaviors. Further results implied that the NMDA
receptor might be responsible for the coinstantaneous
fluctuation of Zn?* and H* during depression. Altogether,
this work provides strong and direct evidence for disclosing
the relationships between Zn?*, H* and depression,
advancing our understanding of the pathogenesis during
depression.
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