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Abstract
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Neurotransmitter uncaging, especially that of glutamate, has been used to study synaptic function
for over 30 years. One limitation of caged glutamate probes is the blockade of GABA-A receptor
function. This problem comes to the fore when the probes are applied at the high concentrations
required for effective 2-photon photolysis. To mitigate such problems one could improve the
photochemical properties of caging chromophores and/or remove receptor blockade. We show that
addition of a dicarboxylate unit to the widely used MNI-Glu reduced the off-target effects by
about 50–70%. When the same strategy was applied to an electron rich 2-(p-phenyl-onitrophenyl)-propyl (PNPP) cage, the pharmacological improvements were not as significant as for
MNI. Finally, we used very extensive biological testing of the PNPP-caged Glu (more than 250
uncaging currents at single dendritic spines) to show that nitro-biphenyl caging chromophores
have a 2-photon uncaging efficacy similar to that of MNI-Glu.
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Photochemically protected neurotransmitters offer physiologists a powerful means of
controlling important aspects of chemical and electrical signaling in cells from the central
nervous system[1–3]. Such optical probes, called caged compounds, initially used the orthonitrobenzyl[4] and ortho-nitroveratryl[5] chromophores developed, respectively, by Baltrop
and Patchornik. Whilst such chromophores have proved the most widely used of all
photochemical protecting groups in both chemistry and biology[6–8], benzyl ester derivatives
of biomolecules such as Glu and GABA have some predictable (e.g. hydrolysis at
physiological pH), and some unpredictable weaknesses (e.g. GABA-A antagonism) in the
context of synaptic physiology[3].
Several studies have sought to address these issues. For example, in 1999 Corrie and coworkers showed that a 7-nitroindolinyl-caged Glu[9] is very stable at physiological pH (i.e.
7.4). Subsequently several studies published by the Corrie/Ogden and Ellis-Davies/Kasai

*

correspondence: graham.davies@mssm.edu.
3Current address: Organic Chemistry Division II (CPC Division), CSIR - Indian Institute of Chemical Technology, Hyderabad - 500
007, India.
4Current address: Max-Planck Florida Institute for Neuroscience, Jupiter, FL 33458, USA.

Kantevari et al.

Page 2

Author Manuscript

groups improved the photochemical properties of the probes made in 1999. In particular 4methoxy-7-nitroindolinyl-Glu[10, 11] (MNI-Glu) has proved useful, as starting in 2001[12] it
has been used for 2-photon (2P) photolysis by more than 25 laboratories in almost 100
studies[13, 14]. Much to our surprise this caged Glu probe turned out to be quite antagonistic
towards GABA-A receptors[15]. Since this initial report, several studies have verified our
preliminary findings that caged Glu probes have significant GABA-A receptor antagonistic
effects[16–19]. Compared to improvements in hydrolytic stability, attempts to reduce such
antagonism have proved less successful. For example, the Corrie/Ogden team developed a
bisphosphate derivative of MNI-GABA, hoping that the high density of negative charge
would eliminate antagonism[20]. Since the synthesis of this compound was quite
laborious[21], it was disappointing to see that significant relief of antagonism was only seen
at relatively low probe concentrations (0.10 mM range), ones that are really only useful for
1P photolysis[22]. Interestingly we have found that a single carboxylate can also be quite
effective in this context[16], so we hypothesized that dicarboxylate (dc) derivatives would be
even more effective in reducing GABA-A receptor antagonism of MNI-Glu (note, dc
moieties have also been used in other studies[23, 24] but no detailed GABA-A receptor
pharmacology of these probes was presented). And since such molecules looked
synthetically much more tractable than the bisphosphates, we chose to make such derivatives
of MNI-Glu and another caged Glu probe, based around the p-phenyl-o-nitrophenpropyl
(PNPP) photochemical protecting group, originally developed by Pfleiderer and co-workers
in 2004[25] (applied to Glu in 2008[26]). Here we present the synthesis of such caged Glu
probes (called “dcMNI-Glu” (1) and “dcPNPP-Glu” (2), respectively). We benchmark the
photochemical and pharmacological properties against MNI-Glu on pyramidal neurons in
acutely isolated brain slices. Importantly, the dicarboxylate substitutions do not hinder the
photochemical properties of the caged Glu probes for 2P photolysis at single spine heads
and do improve the off-target GABA-A antagonism vis-à-vis MNI-Glu. But we find that
such improvements are still not sufficient for use of caged Glu at the high concentrations
required for 2P uncaging in reasonable power domains with complete removal of inhibitory
blockade, suggesting there is further scope for probe development.
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Results and discussion
Synthesis

Author Manuscript

The synthesis of compound 1 started with the know acid 3[27]. Carbodiimide coupling of ditert-butyl-L-Asp gave compound 4 in 77% yield (Figure 1A). We chose to nitrate this
compound using NaNO3 in TFA to give a 1:1 mixture of our first target, dcMNI-Glu and the
5-nitro regiomer 5 as their TFA salts in an 77% overall yield after HPLC purification. Our
original synthesis of MNI-Glu also delivered the TFA salt as we used water/acetonitrile/TFA
(25% v/v acetonitrile and 0.1% TFA) to purify the product[12]. Subsequently we also
desalted this material by purification by RP HPLC without the traditional TFA counter
ion[28]. For physiological experiments we have previously found both versions of MNI-Glu
to be indistinguishable[12, 28], and so both versions used in the experiments below (see
Experimental Section for details). Whilst a higher yield of 1 was potentially possible using
the Claycop reagent[29], we selected this nitration method as we hoped larger amounts of 5
could be used as the substrate for a second nitration to give the 5,7-dinitro indoline 6. This

Chembiochem. Author manuscript; available in PMC 2016 May 17.

Kantevari et al.

Page 3

Author Manuscript

caged Glu was an attractive target as we have established that similar compounds (e.g.
MDNI-Glu[30] and CDNI-Glu[31]) are 5–6 times more photoactive than mono nitroindoles
such as MNI-Glu. (Recently our 2005 study of MDNI-Glu has been independently
confirmed by four groups[32–35] in 2014–15, though it should be noted DNI-Glu was used as
the acronym for MDNI-Glu in these reports.) To our surprise, unlike the mono carboxyl
analog, this nitration reaction did not proceed cleanly, with none of compound 6 being
apparent under forcing conditions (i.e. 20 equivalents of NaNO3 in TFA for 3 d, Figure 1A).
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The synthesis of 2 started with phenol 7[24], which was alkylated with bromide 8 to give
alcohol 9 in 56% yield (Figure 1B). Carbodiimide coupling was used to synthesize the fully
protected caged compound 10 in 76% yield after flash chromatography purification. This
intermediate was deprotected with TFA (20% v/v in DCM) and purified by HPLC to give
the target compound 2 as the TFA salt in an 81% yield. We found that the purification step
was important, as when the crude reaction mixture was used for physiological experiments
neurons were not healthy enough for long term experiments.
We tested the stability of the new caged Glu probes in physiological buffer. Both compounds
were completely stable at room temperature (20–25°C) for 4 hours. HPLC analysis of
freshly made ACSF perfusate solutions showed no hydrolysis during the course of daily
physiological experiments. In some cases we froze such solutions at −40°C overnight and
found we could reuse the same solution for brain slice experiments the next day. HPLC
analysis showed no hydrolysis by the end of the second day of experiments. These data are
consistent with previous reports of similar caged compounds[24, 36]. Finally, at 37°C we
found that 2 showed 2.7% hydrolysis after 4 h and 15% after 24 hours (Supplemental Figure
1).
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Photochemical properties
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The absorption spectra of compounds 1 and 2 are quite similar. Both caged
neurotransmitters absorb moderately well in the 340–410 nm range. Figure 2A shows the
biphenyl cage absorbs about twice as much light at 350 nm and 3-fold more at 405 nm.
These wavelengths are often used for uncaging with flash lamps and UV-visible lasers, as
such light are compatible with standard microscope objectives. Though it should be noted
that many lenses adapted for 2P microscopy, such as those used on our microscopes (see
Experimental Section), are not parfocal at 350 nm. Further, some scan head mirrors have
coatings optimized for wavelengths in the 400–1300 nm-range, so reflect 350-nm light
poorly. However some microscopes are optimized for UV-visible light[37], thus caged Glu
probes with larger extinction coefficients in the UV range (around 350 nm) could be useful
complements to the DEAC450 caging[37] chromophore we developed recently, as this has an
absorption minimum at 350 nm.
The quantum yield of photolysis of 1 was measured using the change in the UV-visible
absorption spectrum (Figure 2B). Corrie and co-workers have carefully characterized such
changes and have found that the quantum yield of photolysis and Glu release correlates with
the growth of absorption at 400 nm[11, 38]. We compared the time course of photolysis of
MNI-Glu and dcMNI-Glu and found the time-course of the evolution of changes in the
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absorption spectra were indistinguishable, corresponding to a quantum yield of photolysis of
dcMNI-Glu of 0.085.
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Photolysis of 2 is more complex than 1, as would be expected from the careful studies of
similar systems published by Steiner, Pfleiderer and co-workers[39–42]. HPLC analysis of the
photolysis of 2 revealed that it decreased with a similar rate to MNI-Glu. The chromatogram
from photolysis of 2 (Figure 2C) showed two major photoproducts that had similar relative
retention times when compared with the starting materials to those reported in other systems
by Steiner and co-workers. The UV-visible absorption spectra are also analogous to those
reported by Steiner and co-workers in their uncaging studies[39, 42]. LC-MS analysis of the
reaction confirmed these structural assignments (Supplemental Figure 2). Analysis of
irradiation of solutions of compound 13 revealed that this second peak still had the thymine
chromophore, along with appearance of the aromatic nitroso absorption (for synthesis details
of 13 see Supplemental Figure 3). We used the fact that the thymine chromophore total
optical density must, in principle, be preserved during irradiation to obtain an estimate of the
chemical yield of acid and therefore the nitroso side-product. We determined the extinction
coefficients of pure 9 and 15 in order to estimate their relative contribution to the absorption
of 13 at 280 nm. With these data, compound 12 yielded 60% free acid and 30% nitroso side
product based upon the assumption that the nitroso chromophore (e.g. 14) absorbs similarly
to 9 at 280 nm. Taken together these data suggest that about 30% of the uncaging leads to a
product that “hijacks” glutamate release. Goeldner and co-workers have reported similar
results with some of their NPP-caged Glu compounds[24, 36].
Comparison of the physiological properties of dcMNI-Glu with MNI-Glu

Author Manuscript

Two-photon uncaging at single spine heads—We hypothesized that the
photochemical properties of the new nitroindolinyl caged compound 1 would be very similar
to the widely used parent MNI-Glu probe. Such proved to be the case (Figure 3). Local
perfusion was used to apply both caged Glu probes to the same area of layer 2/3 pyramidal
neurons in succession (Figure 3A). Previously we had used 10–12 mM MNI-Glu for similar
experiments, as the relatively low 2P cross section of the MNI chromophore necessitates
high concentration for effective 2P uncaging at non-toxic photon fluxes[12, 28, 31]. We found
that the currents evoked with 2P uncaging of MNI-Glu and dcMNI-Glu with the same power
at the same spine head (Figure 3B), both locally applied at 10 mM, were indistinguishable
(Fig. 3C, n = 6, P > 0.05). This result is consistent with the similar 1P photochemical
properties of the two caged compounds.

Author Manuscript

Antagonism of GABA-A receptors—Since local perfusion of MNI-Glu onto neurons in
brain slices has been used by several groups[12, 28, 43], we tested the antagonism of dcMNIGlu using this technique. This approach has several advantages in that it: 1. conserves the
caged compound; 2. allows study of the same synapses with different drugs and/or probes
and 3. enables perfusion of fresh ACSF onto the brain slice rather than recirculation of a
small volume of buffer. Thus, we tested the blockade of miniature inhibitory postsynaptic
currents (mIPSCs) in layer 2/3 pyramidal neurons (Figure 3D). We chose these cells as they
are relatively small compared to layer 5 and CA1 hippocampal neurons. We found that the
high concentrations (10 mM) required for successful 2P uncaging of MNI-Glu blocked most
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of the mIPSCs (Figure 3E, n = 7). However the same concentration of dcMNI-Glu was
significantly less antagonistic (Figure 3E, n = 7). A ten-fold lower concentration of each
caged compound was even less antagonistic (Fig. 3E). It should be noted that Yuste and coworkers reported[17] that bath application of 0.3 mM MNI-Glu caused 80% reduction of
evoked IPSCs. Whereas in 2001 Corrie and co-workers stated that bath application of 1 mM
MNI-Glu had no effect on mIPSCs[44] (however in 2012 this assessment was changed
somewhat[18]). Thus we also tested MNI-Glu pharmacology during bath application of the
caged compound (see below).
Comparison of the physiological properties of dcPNPP-Glu with MNI-Glu

Author Manuscript
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Two-photon uncaging at single spine heads—Even though dcPNPP-Glu and MNIGlu have similar 1P photochemical properties (see above), 2P excitation is often not as easy
to predict by analogy to the 1P properties (e.g. the λmax for 2P excitation is not always
double the 1P maximum[45]). Thus, we extensively tested the non-linear photochemical
properties of dcPNPP-Glu in a biological context, and compared these results to MNI-Glu.
For both compounds we uncaged at five spine heads (Figure 4A,B left) on ten neurons using
various powers for each spine head (Figure 4A,B right). As expected for 2P uncaging, the
evoked currents correlated linearly with the square of the incident power (measured at the
exit of the objective), and representative examples for individual cells are shown in Figure
4C,D. Importantly, we found that dcPNPP-Glu had no effect on sEPSCs (MNI-Glu 9.390 +/
− 0.047 pA (n=520) and dcPNPP-Glu 9.300 +/− 0.050 pA (n=918), Figure 4E). The average
slopes from all tested spines (Figure 4F–H) revealed that both caged compounds were
similarly effective for 2P stimulation of receptors in living brain slices and are summarized
in Fig. 4I. Note the slope for dcPNPP-Glu was about 30% shallower than MNI-Glu, the
“hijack” mechanism of the former (Figure 2) presumably accounts for this difference, but
the slopes were not statistically different (P = 0.27, unpaired t-test). Thus our biological data
implies that the PNPP-caged Glu has a 2P-uncaging cross-section similar to that of MNI-Glu
(0.06GM).

Author Manuscript

Measurement of absolute 2P absorbances is, perhaps, a more preferable method for
comparison of cross-sections but such equipment is highly specialized[46] and thus,
unfortunately, not readily available to us. Since cuvette 2P photolysis of a PNPP-caged Glu
has been reported to be at least 50× better than MNI-Glu[24], or perhaps even 500× better for
different acids in another related report[47], thus we would expect such large differences to
be detected by the biology very easily. For example, the 5-fold difference in photochemical
properties between CDNI-Glu and MNI-Glu is readily apparent in the biology[31]. Thus, we
believe that the large sample of spines (50 for MNI and 49 for dcPNPP) and the number of
neurons analyzed, 10 for each compound, provides a reliable basis for comparison of the
true relative effectiveness of the PNPP caging chromophore in comparison to the widely
used MNI cage. And since the biological efficacy of caged glutamates is the property
neuroscientists are really interested in, our large sample size (49 spines using 5–9 powers for
each spine) provides detailed and direct information for the biology research community
about the physiological effectiveness of the PNPP cage for the first time.
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Antagonism of GABA-A receptors—We recorded mIPSCs during bath application of
0.5 – 1 mM caged compounds and found that all three optical probes (MNI, dcMNI and
dcPNPP) significantly antagonized mIPSCs compared to controls (Figure 5). As reported
recently by Ogden and co-workers[18], our data showed that MNI-Glu bath applied at 1 mM
strongly reduced the amplitude and frequency of mIPSCs (n = 8; ANOVA with post-hoc
Tukey test, P < 0.05). Although, the presence of 0.5 or 1 mM dcMNI-Glu (n = 8,
respectively) likewise reduced the amplitude and frequency of mIPSCs compared to control
conditions, the effect was significantly less pronounced (ANOVA with post-hoc Tukey test,
P < 0.05). Application of dcPNPP (n = 6) reduced the amplitude and frequency of mIPSCs
(ANOVA with post-hoc Tukey test, P < 0.05). However, compared to MNI-Glu, the effect of
dcPNPP on the mIPSC frequency was significantly less strong, further demonstrating the
protective effect of dicarboxylate decoration of caged neurotransmitters. Interestingly bath
application of both MNI-Glu and dcMNI-Glu had a more pronounced effect than local
perfusion (Figure 3E), probably because the latter technique does not enable full
equilibration of a well defined probe concentration across the entire neuron. But even though
we could use 2P uncaging to evoke postsynaptic currents that were similar to synaptic events
with 1 mM caged Glu (Figure 4A,B), we still feel that the power dosage required for these
inputs is probably too large for long term experiments with dcMNI-Glu or dcPNPP-Glu.
Thus, such studies should still use either 10 mM and 5 mM concentrations during local or
bath application, respectively. However, our data suggest that caged Glu probes with good
extinction coefficients and low GABA-A receptor antagonism could be useful for 1P
uncaging on neurons in a manner similar to caged inhibitory transmitters such as DPNIGABA[20, 22].

Author Manuscript

Conclusions
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Since the invention of caged glutamate by Hess and co-workers in 1990[48], the development
of new probes for glutamate uncaging has been a focus for chemical biologists[3]. Whilst
much interesting chemistry has been discovered, relatively few dramatic improvements in
caged glutamate probe technology have appeared[11, 12, 19, 49]. One such probe, MNI-Glu, is
important as it allowed diffraction-limited neurotransmitter 2P uncaging for the first
time[12], and thus enabled new avenues of biology to be explored[13, 14]. Our data indicates
that very extensive comparative physiological testing against MNI-Glu is an extremely
revealing method to benchmark new caging chromophores in order to confirm any potential
improvements in the photophysical and pharmacological properties of any novel
photochemical protecting group[19, 31]. We suggest that this method should be adopted
where possible as, in principle, caging chromophores with large 2P cross sections[24, 50–54]
should allow application of optical probes at much lower concentrations to neurons than
MNI-Glu and open new directions in neurophysiology.

Experimental Section
Synthesis
Di-tert-butyl 2-(2-((1-(5-(tert-butoxy)-4-((tert-butoxycarbonyl)amino)-5oxopentanoyl)indolin-4-yl)oxy)acetamido)succinate 4. To a solution of 2-((1-(5-(tert-
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butoxy)-4-((tert-butoxycarbonyl)amino)-5-oxopentanoyl)indolin-4-yl)oxy)acetic acid 3
(0.502 g, 1.105 mmol) and L-Asp di-tert-butyl ester (0.50 g, 1.80 mmol) in dichloromethane
was added 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (0.346 g, 1.8
mmol) and the RM was stirred for 18 h. The RM was diluted with methylene chloride,
washed with water, citric acid (0.5 N), saturated NaHCO3, and brine. The organic phase was
concentrated in vacuo, and purified by flash chromatography with 50% ethyl acetate in
hexane gave 4 (0.60 g) in 77% yield.
1H

NMR: δ (300 MHz, CDCl3) 7.89 (d, J = 8.3 Hz, 1H), 7.63 (d, J = 8.3 Hz, 1H), 7.16 (t, J =
8.3 Hz, 2H), 6.51 (d, J = 8.3, Hz, 1H), 5.2 (m, 1H), 4.75 (dt, J = 8.4, 4.3 Hz, 2H), 4.54 (s,
2H), 3.27 (m, 1H), 2.97-2.69 (ABq, J = 64.3, 17.3, 4.6, 2H), 1.54 (s, 9H), 1.48 (s, 9H), 1.43
(s, 9H), 1.41 (s, 9H).

Author Manuscript

13C

NMR: δ (70 MHz, CDCl3) 170.04, 169.94, 169.18, 169.09, 167.61, 153.14, 152.17,
144.57, 129.06, 118.63, 111.21, 106.85, 82.89, 82.42, 81.54, 81.29, 67.18, 58.37, 48.54,
48.39, 37.35, 32.66, 31.96, 29.74, 28.32, 27.95.
HR-MS C36H55N3O11 requires 705.3837, 706.5959 M+1 found.

Author Manuscript

2-(2-((1-(4-amino-4-carboxybutanoyl)-7-nitroindolin-4-yl)oxy)acetamido)succinic acid 1. A
solution of 4 (0.60 g, 0.85 mmol) in TFA (5 mL) was stirred at RT for 4 h, then NaNO3 was
added (0.085 g, 0.97 mmol) and the RM was stirred for 10 mins. The reaction mixture was
concentrated, dissolved in water/acetonitrile (25% v/v, with 0.1% TFA) and filtered through
Celite, then 0.4 micron filter and purified by HPLC to give 1 (0.195g) and 5 (0.195 g) as
their TFA salts in an 77% overall yield. 1H NMR: δ (300 MHz, MeOH-d4) 8.35 (d, J = 8.9
Hz, 1H), 7.43 (d, J = 8.9 Hz, 1H), 6.83 (d, J = 8.9 Hz, 1H), 4.90 (m, 1H), 4.85 (s, 2H), 4.32
(t, J = 8.9 Hz, 2H), 4.03 (t, J = 6.3 Hz, 1H), 3.24 (t, J = 8.9 Hz, 2H), 2.93-2.83 (m, 4H),
2.30-2.21 (m, 2H).
13C

NMR: δ (70 MHz, MeOH-d4) 175.47, 174.86, 173.43, 172.88, 171.12, 159.75, 138.88,
138.54, 127.55, 126.78, 110.78, 69.62, 54.58, 52.56, 51.09, 37.86, 33.57, 28.56, 28.13.

HR-MS. C19H22N4O11 requires 482.1285, 483.1038 M+1 found.
4′-{2-[(1S)-1,2-Bis(tert-butoxycarbonyl)ethylamino]-2-oxoethoxy-4-nitro[1,1′-biphenyl]-3yl)propanol 9.

Author Manuscript

A solution of di-tert-butyl-L-Asp (0.565 g, 2.0 mmol), bromoacetic acid (0.33 g, 2.2 mmol),
N-methylmorpholine (0.5 mL, 5 mmol) and DCC (0.46 g, 2.5 mmol) was stirred at RT for
18 h. The RM was concentrated in vacuo, redissolved in ether (50 mL) and washed with
water, saturated NaHCO3, and citric acid (0.5 N) to give 8 (0.236 g) in a crude yield of 32%.
This material was used without purification for the next step in which a solution of 7 and 8
in acetone with sodium iodide and K2HCO3 was heated at reflux for 17 h. The RM was
cooled, filtered, concentrated in vacuo, dissolved in methylene chloride, washed with water,
citric acid (0.5 N) and concentrated in vacuo. Flash chromatography with 50% ethyl acetate
in hexane gave 9 (0.205 g) in 56% yield.
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NMR: δ (300 MHz, CDCl3) 7.86 (d, J = 8.3 Hz, 1H), 7.61 (d, J = 1.9 Hz, 1H), 7.55 (dt, J
= 6.7, 2.2 Hz, 2H), 7.49 (dd, J = 8.3, 1.9 Hz, 1H), 7.05 (dt, J = 6.7, 2.2 Hz, 2H), 4.78 (dt, J =
8.4, 4.2 Hz, 1H), 4.57 (d, J = 0.7 Hz, 2H), 3.91-3.80 (m, 2H), (3.66 (m, 1H), 2.95 (dd, J =
17, 4.4 Hz, 1H), 2.75 (dd, J = 17, 4.4 Hz, 1H), 1.67 (brs, 1H), 1.47 (s, 9H), 1.43 (s, 9H), 1.38
(d, J = 6.9 Hz, 3H).
13C

NMR: δ (70 MHz, CDCl3) 169.60, 169.39, 167.78, 157.94, 149.27, 145.17, 139.28,
133.14, 128.96, 126.63, 125.49, 125.22, 115.63, 82.91, 82.02, 68.12, 67.70, 49.04, 37.86,
36.81, 28.38, 28.27, 18.05.

MS: C29H38N2O9 requires 558.2577, 558.2573 found (M+).
4′-{2-[(1S)-1,2-Bis(tert-butoxycarbonyl)ethylamino]-2-oxoethoxy-4-nitro[1,1′-biphenyl]-3[(4S)-4-tert-butoxycarbonyl-4-(tert-butoxycarbonylamino)-butanoyloxy)-2-propylester] 10.

Author Manuscript

To a solution of 9 (0.056 g, 0.10 mmol) and N-BOC-L-glutamate acid α-tert-butyl ester
(0.030 g, 0.10 mmol) in methylene chloride, 1-(3-dimethylaminopropyl)-3ethylcarbodiimide hydrochloride (0.025 g, 0.12 mmol) and dimethylaminopyridine (0.015 g,
0.12 mmol) were added and the RM was stirred for 18 h. The RM was diluted with
methylene chloride, washed with water, citric acid (0.5 N), saturated NaHCO3, and brine.
The organic phase was concentrated in vacuo, and purified by flash chromatography with
50% ethyl acetate in hexane gave 10 (0.064 g) in 76% yield.
1H

Author Manuscript

NMR: δ (300 MHz, CDCl3) 7.85 (dd, J = 8.5, 1.4 Hz, 1H), 7.58-7.48 (m, 5H), 7.06, (dt, J
= 6.7, 2.2 Hz, 2H), 5.03 (brs, 1H), 4.79 (dt, J = 8.4, 4.4, 1H), 4.58 (s, 2H), 4.34-4.20 (m,
2H), 4.20-4.10 (brs, 1H), 3.9 (m, 1H), 2.95 (dd, J = 17.2, 5.4 Hz, 2H), 2.77 (dd, J = 17.2, 5.4
Hz, 2H), 2.40-2.24 (m, 2H), 2.15-2.00 (m, 1H), 1.90-1.78 (m, 1H), 1.48-1.42 (m, 36 H).
13C

NMR: δ (70 MHz, CDCl3) 172.31, 171.03, 169.54, 168.99, 167.25, 157.60, 148.61,
144.84, 137.83, 132.60, 128.53, 125.99, 125.40, 124.87, 115.28, 82.49, 82.05, 81.60, 77.08,
68.34, 67.31, 53.21, 48,63, 37.45, 33.07, 30.11, 28.26, 27.98, 27.92, 27.87, 17.83.
C43H61N3O14 requires 843.4154, found 866.3957 (M+Na).
4′-{2-[(1S)-1,2-Bis(carboxy)ethylamino]-2-oxoethoxy-4-nitro[1,1′-biphenyl]-3-[(4S)carboxy-4-amino-butanoyloxy)-2-propylester] 2.

Author Manuscript

Compound 10 (0.030 g, 0.036 mmol) was carefully deprotected using 20% TFA in
methylene chloride. The course of the reaction was monitored by HPLC, and after 20 h no
SM remained. The solvents were removed under a stream of nitrogen then high vacuum. The
product was insoluble in D2O, but addition of a small amount of NaHCO3 solubilised the
product making it amenable for NMR. For preparative HPLC the crude RM was dissolved in
40% acetonitrile in water (0.1% TFA), and purified with the same solvents to give 2 (0.020
g, 0.029 mmol) as its TFA salt in an 81% yield.
1H

NMR: δ (300 MHz, CD3OD) 7.86 (d, J = 7.5 Hz, 1H), 7.76 (d, J = 1.8 Hz, 1H), 7.69-7.62
(m, 3H), 7.13 (dt, J = 8.8, 2.4 Hz, ), 4.87 (m, 1H), 4.64 (s, 2H), 4.42-4.30 (m, 2H), 3.90 (T, J
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= 6.9 Hz, 1H), 3.81-3.70 (m, 1H), 3.00-2.86 (m, 2H), 2.60-2.40 (m, 2H), 2.20-1.98 (m, 2H)
1.41 (d, J = 6.9 Hz, 3H).
13C

NMR: δ (70 MHz, CD3OD) 174.76, 174.25, 174.10, 172.27, 171.30, 160.41, 151.16,
147.11, 139.78, 134.44, 130.44, 127.93, 127.43, 126.65, 117.34, 111.93, 70.69, 70.65,
69.02, 37.53, 35.46, 31.40, 27.60, 18.89.
C26H29N3O12 requires 575.1751, found 598.1674 (M+Na).
Photochemistry

Author Manuscript

The quantum yields for photolysis of 1 and 2 were measured by comparing the time of
photolysis with MNI-Glu. The rate of change of absorption of 0.1 mM solutions of MNI-Glu
and 1 in HEPES buffer (40 mM, pH 7.4, 100 mM KCl) were measured in a 1-cm cuvette and
found to be identical. For compound 2 the filtered (350 +/− 5 nm) output of a 500 W
medium pressure Hg lamp was used and concentrations were set such that absorptions were
equal at 350 nm ([MNI] = 0.046 mM, [2] = 0.02 mM). Inosine was used as an inert internal
standard. The path-length of the cuvette was 0.1 mm. The extent of reaction was monitored
by HPLC using a Beckman System Gold fitted with a Beckman 134 diode array detector.
Spectra (250–550 nm) of the eluates were captured ever second, and the chromatograms
were continously monitored at 254 and 350 nm.
Physiology

Author Manuscript
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All animal experiments were approved and performed according intuitional IACUC rules.
Brain slices were prepared acutely and two-photon microscopy was performed as previously
described[55, 56]. Brain slices were transferred to the recording chamber and perfused with
gassed ACSF at room temperature. Whole-cell recordings were made from hippocampal
CA1 or cortical layer 2/3 pyramidal neurons. Patch pipettes with a resistance of 3–5 MΩ
were filled with one of three internal solutions. For uncaging experiments and sEPSC
recordings cells were clamped at −60 mV and pipettes were filled with a solution consisting
of (in mM): 135 K-gluconate, 10 HEPES, 4 Mg2Cl2, 5 EGTA, 10 Na-phosphocreatine, 4
Na2-GTP, 0.4 Na-GTP, 0.05 Alexa-594 (pH 7.35). For mIPSC recordings cells were clamped
at +10 mV and pipettes were filled with a solution consisting of (in mM): 135 CsMeSO3, 10
HEPES, 4 Mg2Cl2, 5 EGTA, 10 Na-phosphocreatine, 4 Na2-GTP, 0.4 Na-GTP (pH 7.35) or
120 CsMeSO3, 8 NaCl, 15 CsCl2, 10 TEA·Cl, 10 HEPES, 2 QX-314, 4 MgATP and 0.3
Na2GTP (pH 7.3). mIPSCs were recorded in the presence of 1 μM TTX, 10 μM CNQX and
50 μM D-AP5 applied via the perfusion system, sEPSCs were recorded in ACSF containing
the caged compound. mIPSCs and sEPSCs were isolated using the template search of
pClamp (Moleculare Devices, Sunnyvale, CA, USA) and analyzed using custom-written
IGOR Pro procedures (WaveMetrics, Lake Oswego, OR, USA). MNI-Glu used for Figure 3
was from Tocris and MNI-Glu. TFA salt used for Figures 4 and 5 was made by us as
described previously[12].
For comparative uncaging experiments in Figure 3 each caged compound was locally
applied to the same dendrite at a concentration of 10 mM. Uncaging at 720 nm was effected
at the same spine with the same power on six cells. For experiments in Figure 4 five isolated
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spines on a proximate basal or oblique dendrite of a hippocampal CA1 pyramidal neuron
were selected for uncaging at 720 nm. Laser pulses of 1–3 ms were applied to each spine
with an inter-pulse interval of 250–500 ms. Power was increased in 10 mW steps (ranging
between 0–80 mW). To analyze the power-current relationship, the average current response
(in pA) of the five spines per cell was calculated for each laser power and plotted against the
product (p2 × t × c), where “p” is uncaging laser power in mW measured at the exit of the
objective lens, “t” the uncaging duration in ms, and “c” the concentration of the compound
in mM. The average linear fit was R2 > 0.95 for both compounds and the slopes were
compared between the conditions tested. Analysis of power-current relationships was carried
out using FitMaster (HEKA), Excel and IGOR Pro.

Supplementary Material
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
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Synthesis of dcMNI-Glu and dcPNPP-Glu.
Reagents and conditions: a) EDC, DMAP; b) TFA, 4 h then NaNO3 (1.2 equ) for 10 min; c)
TFA, NaNO3 (20 equ) for 3 d; d) NaI, K2HCO3; e) N-BOC-L-glutamate acid α-tert-butyl
ester, EDC, DMAP; f) TFA/DCM (20% v/v).
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Figure 2.
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Photochemical properties of caged glutamates probes.
A) Absorption spectra of dcMNI-Glu (red), MNI-Glu (red dash) and dcPNPP-Glu (orange)
in physiological buffer at pH 7.4. B) Change in the absorption spectrum of dcMNI-Glu
during photolysis in physiological buffer at pH 7.4. Red curve is t = 0, pink is fully
photolyzed material. C) Putative photochemistry of dcPNPP-Glu according to ref. [39]. LCMS analysis confirmed these structures (Supplemental Figure 1). D) HPLC of the reaction
mixture from photolysis of dcPNPP-Glu; E) Absorption spectra of dcPNPP-Glu (orange)
and peaks at 14.04 (green) and 20.45 (pink) min. The latter is typical of the o-nitrobenzyl
chromophore and the former shows longer wavelength absorption characteristic of aromatic
nitroso species. F) Photochemical reaction of model dcPNPP-caged thymine derivative 13.
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Figure 3.
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Comparative photochemical and physiological properties of dcMNI-Glu and MNI-Glu.
A) Cartoon illustrating local perfusion of caged Glu probes on a patch-clamped layer 2/3
pyramidal neuron. B) High-resolution fluorescence image of a dendritic spine used for
comparative uncaging of MNI-Glu and dcMNI-Glu at a 10 mM concentration; C)
Representative examples of current traces evoked by 2P uncaging of MNI-Glu (blue) and
dcMNI-Glu (red) at the same spine head; D) Summary of several comparative uncaging
experiments showing that dcMNI-Glu and MNI-Glu are equally effective for 2P uncaging (n
= 6); E) Representative examples of measurements of inhibitory postsynaptic currents during
local perfusion of 10 mM MNI-Glu or dcMNI-Glu onto layer 2/3 neurons. Note full
recovery of the miniature currents after wash out; F) Summary of several experiments
measuring the blockade of inhibitory currents during local perfusion of MNI-Glu or dcMNIGlu onto layer 2/3 pyramidal neurons. At both concentrations tested dcMNI-Glu was
significantly less antagonistic (n = 7, P < 0.05).
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Figure 4.
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Comparative uncaging physiology of dcPNPP-Glu and MNI-Glu at single spine heads.
A) Fluorescent image of a dendritic segment of a patch clamped CA1 neuron (left),
uncaging was effected at five spines (stars). Right, representative traces of currents evoked
by 2P uncaging of MNI-Glu at a single spine with increasing powers. B) Fluorescent image
of a dendritic segment of a patch clamped CA1 neuron (left), uncaging was effected at five
spines (stars). Right, representative traces of currents evoked by 2P uncaging of dcPNPPGlu at a single spine with increasing powers. C,D) Summary plots of the correlation of
photolytic input from uncaging MNI-Glu or dcPNPP-Glu at five spines on one neuron.
Different cells were used for each compound. The blue and orange lines in C) and D) show
the averages from each neuron for MNI-Glu and dcPNPP-Glu, respectively. Note that the
linear relationship of p2 (p = power measured at the exit of objective lens) implies that
photolysis arises from 2P excitation of both probes (t = shutter open time, c = probe
concentration). Plotting the product (p2 × t × c) allows conditions to be normalized across
many experiments; E) Summary of the relative effect of dcPNPP-Glu (n = 6) on the
amplitude of sEPSCs compared to MNI-Glu (n = 7; set to 100%). dcPNPP-Glu did not
affect the amplitude of sEPSCs (P = 0.90, unpaired t-test); F-G) Power series from uncaging
at five spines from ten neurons for both MNI-Glu and dcPNPP-Glu evoked a similar range
of currents as seen from the groups of slopes (note for one cell with dcPNPP-Glu only four
spines were tested); I) The average slopes from all spines for MNI-Glu (n = 50) and
dcPNPP-Glu (n = 49) were not significantly different (P = 0.27).
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Figure 5.
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Comparative pharmacology of dcPNPP-Glu and MNI-Glu.
A) Whole-cell recordings from CA1 pyramidal neurons clamped at 10 mV were used to
assess the blockade of GABA-A receptors during bath application of caged Glu probes. The
amplitude and frequency of miniature inhibitory postsynaptic currents (mIPSCs) from
neurons without any probes applied were recorded and compared to those with various
caged Glu probes (MNI, blue; dcMNI, red; dcPNPP, orange). Representative segments of the
total recording duration of 2–4 minutes/cell are shown. B,C) Summaries of the effects of
caged Glu probes on the amplitude and frequency of mIPSCs. All compounds reduced the
amplitude and frequency of mIPSCs compared to control cells (n = 13; ≥373 mIPSCs/cell
were analyzed), the effect was less pronounced for dcMNI (0.5 and 1 mM: n = 8,
respectively; ≥348 and ≥197 mIPSCs/cell were analyzed, respectively) compared to MNI (n
= 8; 17–43 mIPSCs/cell were analyzed). The effect of dcPNPP (n = 6; ≥139 mIPSCs/cell
were analyzed) on the amplitude was similar to MNI, but its effect on frequency was
significantly less strong. * p < 0.05, ANOVA with post-hoc Tukey test.
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