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As the inhibitory γ-aminobutyric acid–ergic (GABAergic) transmis-
sion has a pivotal role in the central nervous system (CNS) and de-
fective forms of its synapses are associated with serious neurological
disorders, numerous versions of caged GABA and, more recently,
photoswitchable ligands have been developed to investigate such
transmission. While the complementary nature of these probes is
evident, the mechanisms by which the GABA receptors can be pho-
tocontrolled have not been fully exploited. In fact, the ultimate need
for specificity is critical for the proper synaptic exploration. No caged
allosteric modulators of the GABAA receptor have been reported so
far; to introduce such an investigational approach, we exploited the
structural motifs of the benzodiazepinic scaffold to develop a pho-
tocaged version of diazepam (CD) that was tested on basolateral
amygdala (BLa) pyramidal cells in mouse brain slices. CD is devoid
of any intrinsic activity toward the GABAA receptor before irradia-
tion. Importantly, CD is a photoreleasable GABAA receptor-positive
allosteric modulator that offers a different probing mechanism com-
pared to caged GABA and photoswitchable ligands. CD potenti-
ates the inhibitory signaling by prolonging the decay time of
postsynaptic GABAergic currents upon photoactivation. Addi-
tionally, no effect on presynaptic GABA release was recorded.
We developed a photochemical technology to individually study
the GABAA receptor, which specifically expands the toolbox
available to study GABAergic synapses.
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It was November 15, 1963. The US Food and Drug Adminis-
tration had just approved what would become an important

drug milestone in the years to come: diazepam (DZP; first
commercially marketed with the brand name of Valium) (1). The
drug, belonging to the benzodiazepines (BDZs) class (2), suc-
cessfully treated insomnia (3–5), anxiety disorders (6–8), epilepsy
(9–11), muscle spasms (12), and alcohol withdrawal (13). Although
novel and safer medications have been developed over the years,
DZP still remains a fundamental treatment option; while the
clinical use of the drug has been vastly exploited and, at a certain
level, surpassed by better agents, its use in experimental neuro-
pharmacology is still of cardinal importance. In fact, since the
pioneering studies of Braestrup and Squires (14, 15) and Möhler
and Okada (16) in 1977, which proved the existence of a unique
binding site for BDZs in the central nervous system (CNS), many
studies have been published depicting the specific mechanism of
action of BDZs on neurons expressing γ-aminobutyric acid type A
(GABAA) receptors (17–20) and defining the fine neural processes
pertaining to GABAergic transmission (21–26). It is not surprising
that its involvement with many pathological conditions has pro-
gressively been described: From epilepsy to anxiety, association of
the GABAergic system with schizophrenia (27), autism (28, 29),
neuropathic pain (30), depression (31, 32), postoperative cognitive
dysfunction (33), and many other conditions has been reported
(34), and it is seriously increasing. In point of fact, about 25% of
CNS neurons are estimated to be GABAergic (35); hence, alter-
ation of this transmission has a critical impact on the whole-brain
physiology. It is thus evident that despite the availability of

hundreds of agonists and antagonists, the need for newer phar-
macological tools to probe the GABAergic transmission, and shine
light on poorly understood conditions, is of the utmost importance.
Since the advent of photopharmacology (36–40), in a broader
sense, several light-responsive probes have been reported and
tested successfully. Most of the photopharmacological ligands
acting on the GABA receptors belong to 2 different classes: (1)
caged GABA probes and (2) photoswitchable ligands. From the
first report of a caged version of GABA (41), many advances have
been made to improve the physicochemical properties of the
molecule (42–49), and thus the scope of the underlying research
(50–54). However, the presence of antagonistic intrinsic activity of
the caged molecule or the lack of specificity of GABA itself toward
the different classes of GABA receptors (A, B, or A-ρ) limits their
use. The only notable exception is represented by the recently
reported cloaking technology developed by Ellis-Davies and co-
workers (47, 55), which successfully removes the intrinsic antago-
nistic activity of the caged probe (up to 100 μM for G5-DEAC450-
GABA and up to 2 mM for G3.5-BIST-GABA). Interestingly, the
majority of the reported photoswitches inhibit the GABAergic
functionality. A powerful genetically based strategy for the optical
inhibition of virtually any specific α-subtypes of GABAA receptor in
vitro and in vivo is represented by the LiGABARs (light-regulated
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GABAA receptors) recently developed by Kramer and coworkers
(56–58). Additionally, a gabazine azologue that photoreversibly
antagonizes the GABAA receptor has been developed by Smart
and Baker and coworkers (59). More recently, a photochromic
ligand capable of blocking the anion-selective channel pore of
several Cys-loop receptors, including GABAA, GABAA-ρ, and
glycine receptors, has been reported (60). Finally, the only pho-
tochromic class of GABAA receptor potentiators is based on
propofol azologues, which were independently reported by Trauner
and coworkers (61) and Pepperberg and coworkers (62). The
fine details on the many photoswitches developed can be found in
2 comprehensive reviews reported by Trauner and coworkers (40)
and, more recently, by Paoletti et al. (63). Lastly, the only example
of irreversible light-driven GABAA potentiation was reported by
Mennerick and coworkers (64): Sustained light irradiation (30 to
60 s) of nitrobenzoxadiazole-tagged allopregnanolone generated
the potentiation of GABAergic currents. However, the effect is
not related to the biological activity of the photoirradiated mole-
cule toward the receptor, but rather to what seems to be an irre-
versible photosensitizing reaction between a transient excited state
of the molecule and cellular components. While it is clear that
extensive work has been done for direct agonists and antagonists,
just 1 class of photoresponsive-positive allosteric modulators (i.e.,
propofol azologues) has been reported, and we believe that po-
tentiators of the GABAergic functionality specifically tailored to-
ward the GABAA class could provide a novel way of probing
synapses, as was also recently suggested (65). Here, we conceptu-
alized a different approach in the specific photomodulation of
the GABAA receptor kinetics without affecting its physiological
activation operated by GABA. Surprised by the fact that no
studies on caged BDZs have been published and aware of the
pharmacoinvestigational value of the benzodiazepinic scaffold, we
report here the design, synthesis, characterization, and electro-
physiological evaluation on mouse brain slices of a photoactivable
version of DZP, which we call caged diazepam (CD). A pictorial
representation of the concept is reported in SI Appendix, Fig. S1.

Results
Design and Synthesis of CD.Although the benzodiazepinic scaffold
is virtually “modifiable” in several positions, there are 2 very at-
tractive motifs for caging: the amidic and iminic moieties. As DZP
has the amidic nitrogen alkylated by a methyl group (Fig. 1A, 2),
the iminic element could be better exploited. Inspired by the early
reports from 1971 at Hoffmann-La Roche (66), Upjohn (67), and
Sankyo (68), where oxazolo and oxazino analogs of several BDZs
were synthesized, we envisioned the possibility of installing a
nitrobenzooxazine ring onto the BDZ scaffold (Fig. 1A, 1), taking
advantage of the reactive iminic carbon/nitrogen double bond.
The rationale supporting the design of such a molecular frame is
of double value. It is evident that the caged molecule should
possess, at least in theory, no intrinsic activity toward the GABAA
receptor, and analysis of the extensive and discrete list of BDZ
structure–activity relationships (69–71) published over the years
suggests that the introduction of such a heterocycle on the iminic
part would alter the molecular geometry and shape sufficiently to
suppress activity. Additionally, the reliable and extensive use of this
caging motif for the synthesis of photoactivatable fluorophores,
reported in recent bioimaging studies (72, 73), makes it very ap-
pealing in a photopharmacological scenario. In fact, the presence
of a nitro functionality on the benzooxazine ring confers high
photosensitivity to compound 1, which can be used as a “light-
sensitive prodrug” of DZP (Fig. 2). A solid synthetic protocol of
6 total steps was devised (Fig. 1A and synthetic scheme in SI Ap-
pendix, Synthetic Procedures): Chloroaminobenzophenone was
reacted with bromoacetyl bromide to afford amidic derivative 3 in
good yield. The following Delépine reaction and subsequent
dehydrative cyclization provided nordazepam 4 in good yield.
Deprotonation of the amidic nitrogen and alkylation with methyl

iodide afforded 2 (DZP) in excellent yield. As shown by Sternbach
and coworkers (66), BDZs can be reacted with epoxides in the
presence of a Lewis acid to afford oxazolo analogs. It is then
conceivable that an oxazine type of structure could be obtained by
reacting DZP with a 2-bromomethylphenol derivative 5 without
the need of an acid catalyst. The reaction should proceed in a
2-step manner, with the initial nucleophilic displacement of the
halogen by the iminic nitrogen, followed by the oxygen attack on
the quaternary iminic carbon to provide compound 1 (CD) in 60%
yield. All of the compounds were characterized by NMR spec-
troscopy and electrospray ionization high-resolution mass spec-
trometry (SI Appendix, Synthetic Procedures). Additionally, single
crystals of 1 were obtained, and X-ray diffraction analysis con-
firmed the presence of a locked benzooxazine moiety on the
“once” iminic element of DZP (Fig. 1B and SI Appendix, Table
S1). Moreover, superimposition of 1 and 2 crystal structures (SI
Appendix, Fig. S2), aligned by the planes of the chlorinated rings,
revealed a structural distortion induced by the oxazine heterocycle.
Specifically, the phenylic quaternary carbons are out of plane of
0.6 Å with a twisted arrangement introduced by an intervening angle
of 56°. Furthermore, the azepinic conformations are misplaced at
C2, C3, and C5 (0.1 Å apart) and at N4 (0.4 Å away). Clearly, the
introduction of the photoreactive moiety and the significant dis-
tortion from DZP native structure could be responsible for the
lack of intrinsic activity reported for 1 (Fig. 3 A and B). However,
introduction of the aromatic appendage affects the biophysical
properties of 1. In fact, while the dissolution of DZP in water is
easily achievable, solubilization of CD in water-based media
(deionized water or phosphate-buffered saline) was possible only with
biologically incompatible amounts of organic auxiliary solvents
(i.e., dimethyl sulfoxide > 1%). For this reason, we decided to
use amphiphilic polymer 6 (Fig. 1C) as an effective solubilization
aid. The presence of hydrophilic and hydrophobic chains in a
polymeric unit allows the formation of self-assembled nano-
structures in water-based environments, when the concentration
of the polymer used is above the critical micelle concentration
(CMC) (ca. 102 μg/mL) (74). The mixing of 1 and 6 in water
results in the formation of micellar nanoconstructs (Fig. 1 C,
Right), which can transport and deliver effectively the molecule of
interest (74), as already demonstrated by recent studies in a bio-
logical context (72, 73).

Photophysical Characterization and Photolysis of CD. As the hetero-
cyclic nitroaromatic appendage in 1 (Fig. 2A) was designed on the
well-known nitrobenzyl-photosensitive platform, irradiation of 1
at activation wavelength (λac) results in the irreversible fracture
of the dihydro[1,3]oxazine moiety with the concomitant photo-
generation of 2 (DZP) and rearrangement of the caging entity into
the nitrosobenzaldehyde 7, as depicted in Fig. 2A. The photo-
chemical process can be followed spectroscopically (Fig. 2B), as
shown by the evolution of the absorption spectrum over 3 min of
irradiation of a 1 solution in MeCN (350 nm, 4.2 mW·cm−2). Note
that the observed bathochromic shift for 1, compared with 2, is due
to absorption by the nitrobenzyl moiety. Specifically, an increase in
absorbance is recorded for 2 distinct bands at 320 nm and 375 nm.
High-performance liquid chromatography analysis of an irradiated
solution shows 3 resolved peaks for starting material 1 and photo-
products 2 and 7. The peak for the former compound decreases
in intensity over time, with a concomitant increase in the peaks of
the latter species (Fig. 2C and SI Appendix, Fig. S3). The analysis
of the temporal evolution of the concentration of 2 indicates the
quantum yield of the photolytic process to be 0.07 (Fig. 2C, ϕ and
SI Appendix, Fig. S5, Left and Table S2). The very same photolytic
process can be performed within micelles of 6 in water (SI Ap-
pendix, Fig. S4), with a quantum yield of 0.06 (SI Appendix, Fig. S5,
Right and Table S2). Additionally, the photolytic transformation of
1 into 2 and 7 was monitored by 1H NMR in CD3CN (Fig. 2D and
SI Appendix, Fig. S6). A singlet for the methyl protons of 2 appears
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at 3.32 parts per million (ppm) and increases in intensity with the
photolytic transformations, while that of the methyl protons of 1 at
3.26 ppm decreases. Similarly, the peaks for the AB system at
3.63 ppm (center of the AB system) for the pair of diastereotopic
protons adjacent to the carbonyl group of 1 decrease, with a con-
comitant increase in those of 2 at 4.19 ppm (center of the AB
system). Finally, the decrease in intensity of the AB system for
the diastereotopic methylenic protons of the oxazine ring at
4.43 ppm (center of the AB system) and the appearance and
growth of a singlet at 10.24 ppm for the formyl proton of 7
confirm the photoinduced generation of this species as well.

Electrophysiological Evaluation of CD in Brain Slices. As previously
mentioned, the analysis of the superimposed structures of CD
(Fig. 1A, 1) and DZP (Fig. 1A, 2) suggested a virtual change in
binding mode toward the BDZ binding pocket of the GABAA
receptor (SI Appendix, Fig. S2). In order to determine the presence
of any possible intrinsic activity of CD on the latter, a solution of
the same (50 μM) was tested examining GABAergic activity in
murine pyramidal cells in the basolateral amygdala (BLa; Fig. 3F)
using whole-cell brain slice electrophysiology in the absence of
light: No significant difference in the amplitude or decay of evoked
GABAergic inhibitory postsynaptic currents (IPSCs) was detected
compared with baseline (Fig. 3A, blue trace and Fig. 3B, blue
bars), which led us to the assumption that CD is devoid of any
BDZ-like activity, as well as any antagonistic or neurotoxic effect
at such a concentration. Moreover, the amphiphilic carrier 6 (Fig.
1C), with or without light (λac = 365 nm), did not significantly
affect the amplitude or the decay of evoked IPSCs at a 250 μg/mL
loading (Fig. 3B, black bars and SI Appendix, Fig. S7, Bottom), as

expected. Finally, to confirm the lack activity of the nitroso photo-
product 7 (Fig. 2A), NBA (a nitrobenzyl alcohol derivative) was
chosen as model cage as, upon its irradiation (λac = 365 nm), water
and NOB (a nitrosobenzaldehyde derivative) are released in situ
(Fig. 3E). Once again, no significant difference in channel activity
was detected when compared with the NBA baseline (Fig. 3 A,
orange trace and B, orange bars). These results ruled out any in-
fluence from the polymeric carrier and the rearranged photo-
chemical product on the evoked IPSCs, and also demonstrated
that the ultraviolet (UV) light pulse itself had no effect. Thus,
these experiments paved the road for CD testing. Application and
equilibration of a nanomicellar solution of CD on BLa neurons,
followed by a single light pulse (1 s, λac = 365 nm, 2.87 mW/mm2),
significantly potentiated the decay of evoked IPSCs compared with
CD baseline (**P < 0.01; Fig. 3 C, blue trace and D, blue bars).
Likewise, application of a solution of DZP (1 μM), without light
irradiation, resulted in the same decay potentiation pattern ob-
served for the irradiated CD (*P < 0.05; Fig. 3 C, red trace and D,
red bars), as has been previously reported in BLa pyramidal cells
(75). In contrast, irradiation of a solution of CD, in the presence of
the selective BDZ receptor antagonist flumazenil (10 μM), failed
to cause any increase in decay time (Fig. 3D, gray bars and SI
Appendix, Fig. S7, Top). Finally, both the irradiated CD and
DZP did not significantly affect the amplitude of evoked IPSCs.

Kinetics Effects and Correlation between Irradiated CD and DZP.
Increasing the irradiation time of a CD solution results in a higher
photogeneration of DZP (Fig. 2C and SI Appendix, Fig. S5) and,
translating the concept in a biological scenario, generates an in-
crease in the decay time of evoked IPSCs (Fig. 4 A, Top Left and
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Bottom). The same effect was obtained by treating BLa pyramidal
cells with increasing concentrations of DZP (Fig. 4 A, Top Center,
Top Right, and Bottom). The graph shown in Fig. 4B correlates the
increase in irradiation time of CD-treated BLa pyramidal cells
(365 nm, 2.87 mW/mm2) or the increase in concentration of DZP
treatment to the decay time of evoked IPSCs. The 2 curves and the
kinetic parameters of the currents in CD-treated cells (Fig. 4 A,
Bottom and SI Appendix, Table S3) indicated an increase in decay
time from 10.23 to 12.57 ms and from 11.93 to 19.60 ms, with
respective irradiation times of 100 and 1,000 ms (compared with
baseline). Specifically, a 23% increase was obtained for the
shortest illumination time, while a 64% increase was recorded for
the longer one. Correspondingly, in DZP-treated cells, increases of
17% and 56% were recorded when the respective concentrations
used were 0.1 μΜ and 1 μΜ compared with baseline (Fig. 4 A,
Bottom). Additionally, no significant alteration of the rise time or

amplitude of evoked IPSCs was recorded for either treated group
(SI Appendix, Table S3).

CD Rapidly Alters IPSC Kinetics by Acting on Postsynaptic GABA
Receptors. We evaluated the influence of irradiated CD on mini-
ature IPSCs (mIPSCs) to determine the time course of uncaging of
CD and whether the effects occurred pre- or postsynaptically. Fig.
5 summarizes the properties of CD: The increase in decay time
of mIPSCs is clearly visible after a 1-s pulse of 365 nm of light
(2.87 mW/mm2; Fig. 5A, blue dot). The mIPSCs are terminated by
application of bicuculline, a GABAA receptor antagonist. Fig. 5B
reports the averaged decay values for mIPSCs in 1-s bins during
the 5 s prior to and 10 s after the UV light pulse. The mIPSC decay
is potentiated by the first 1-s bin, reflecting the rapid (millisecond)
on-rate for the uncaging effect after UV light. Note that the
mIPSC recorded 200 ms after the light pulse is already potentiated.
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Fig. 5 C and D reports the averaged mIPSCs for irradiated CD
and DZP. Cumulative probability histograms were generated for
mIPSC kinetics in CD (60 s pre- and 10 s post-UV light) and bath-
applied DZP (60 s of baseline and 60 s in 1 μM DZP). The
mIPSCs were evaluated for 10 s following UV light because the
effect of photogenerated DZP on mIPSC kinetics was stable
during this period (Fig. 5B) due to the kinetics of drug removal
from the recording chamber. This analysis showed a significant
increase in mIPSC decay time after irradiation of CD or after
application of DZP, as denoted by the rightward shift for all of the
events (Fig. 5 C and D, Right Top). No significant difference was
detected in amplitude or frequency of mIPSC events, suggesting
irradiated CD, like DZP, is only acting on the postsynaptic
GABAA receptor and is not acting on presynaptic GABA release
(Fig. 5 C, Right Bottom Left and Right and D, Right Bottom Left
and Right).

Discussion
The development of a photoactivatable allosteric modulator rep-
resents a different approach for the optical control of GABA
receptors that works in concert with the endogenous agonist.
Optical receptor modulation may thus produce different effects

on GABAergic signaling compared with direct receptor activa-
tion (discussed below). In addition, for in vitro investigation of
GABAergic transmission, CD displays 2 main advantages over
caged GABA compounds in that DZP is specific just for GABAA
receptors, whereas caged GABA compounds can activate
GABAA, GABAB, and GABAA-ρ receptors upon irradiation. This
would become important for the exploration of synapses that
possess both GABAA and GABAB receptors, as photoreleased
GABA would act on both, favoring the cross-talk. In fact, activa-
tion of the single receptor results in different signaling outcomes
compared with the coactivation, as was recently reported (76–78).
Furthermore, at a concentration appropriate for photolysis, CD is
biologically inert toward its target GABAA receptors. In contrast,
most caged GABA compounds are antagonistic toward GABAA
receptors at concentrations required for effective photolysis in
brain tissue, with the only exception represented by the recently
developed cloaked caged GABA (47, 55). Finally, while propofol
azologues offer a way to optically control the receptor, the im-
mediate effect upon application is potentiation without the need of
light, thus behaving as classic allosteric modulators. The practical
advantage is the effect reversal upon UV/Visible light (360 to
450 nm) irradiation; hence, these azologues offer a functional way
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Fig. 3. (A, Top) Representative traces of evoked (arrowheads) GABAergic IPSCs in BLa pyramidal cells at baseline (Left) and after the addition of CD (50 μM, Center).
+ hν =with irradiation; - hν =without irradiation. (Right) IPSCs from baseline and after the addition of CD were superimposed to show the similarity in response in
the different conditions. (A, Bottom) Representative traces of evoked (arrowheads) GABAergic IPSCs in BLa pyramidal cells after the addition of NBA (50 μM, Left)
and after irradiation of the same (1 s, 365 nm, 2.87mW/mm2, Center). (Right) IPSCs from NBA baseline and irradiated NBA were superimposed to show the similarity
in response in the different conditions. (B) Amplitude (Left) and decay (Right) change in percentage compared with baseline after polymer application (0.25 mg/mL,
n = 8 cells, 4 animals), CD application (50 μM, n = 5 cells, 3 animals), polymer irradiation (1 s, 365 nm, 2.87 mW/mm2, n = 8 cells, 4 animals) and NBA irradiation (n =
6 cells, 4 animals). (C, Top) Representative traces of evoked (arrowheads) GABAergic IPSCs in BLa pyramidal cells after the addition of CD (50 μM, Left) and after
irradiation of the same (1 s, 365 nm, 2.87 mW/mm2, Center). (Right) IPSCs from CD baseline and irradiated CD were superimposed to show the difference in re-
sponse. (C, Bottom) Representative traces of evoked (arrowheads) GABAergic IPSCs in BLa pyramidal cells at baseline (Left) and after the addition of DZP (1 μM,
Center). (Right) IPSCs from CD baseline and DZPwere superimposed to show the difference in response. (D) Amplitude (Left) and decay (Right) change in percentage
comparedwith baseline after CD application and irradiation (n = 5 cells, 3 animals), DZP application (n = 5 cells, 3 animals), and CD (50 μM) + flumazenil (FLU; 10 μM)
application and irradiation (1 s, 365 nm, 2.87 mW/mm2, n = 5 cells, 4 animals). All evoked stimulation artifacts were truncated for clarity. *P < 0.05; **P < 0.01. (E)
Illustrated photogeneration of water and NOB (a nitrosobenzaldehyde derivative) from the model compound NBA when irradiated with UV light (1 s, 365 nm,
2.87 mW/mm2). (F) Example of a recorded BLa pyramidal cell. (Scale bar: 25 μm.)
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to modulate the channel activity. CD, instead, allows potentiation
of the receptor just upon irradiation as it is completely inert
before photoactivation.
CD also holds an advantage over other methods of DZP

application to brain slices, such as fast perfusion, for experiments
studying the role of GABAA receptors in local circuits or inhibition
onto single cells. Using whole-field photolysis, DZP can be un-
caged simultaneously and rapidly across all GABA receptors in a
local circuit, enabling study of the effects of GABAA receptors in

that circuit. In contrast, fast perfusion (e.g., puffer pipette) typi-
cally applies DZP to a focal area, relying upon diffusion to carry
the drug to receptors further away. Thus, receptors in the circuit
are activated to different extents and at different times. Fast
perfusion is also limited by steady-state diffusion of DZP from
the puffer pipette, as well as potential pressure artifacts during
drug application. UV illumination of CD-treated BLa pyramidal
cells generated DZP proportional to the irradiation time and
with a quantum yield of 0.07. For a given quantum yield, the
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Fig. 4. (A, Left) Representative traces of evoked (arrowhead) GABAergic IPSCs in BLa pyramidal cells after the addition of CD (50 μM) followed by different
irradiation times (100 ms, n = 5 cells, 3 animals; 1,000 ms, n = 5 cells, 3 animals). (A, Top Center and Top Right) Representative traces of evoked (arrowheads)
GABAergic IPSCs in BLa pyramidal cells after the addition of DZP at different concentrations (0.1 μM, n = 5 cells, 4 animals; 1 μM, n = 5 cells, 3 animals).+ hν =with
irradiation. (A, Bottom) Table shows averaged decay times with SEM for GABAergic IPSCs in BLa pyramidal cells after the irradiation of CD-treated cells (50 mM,
365 nm, 2.87 mW/mm2) or after DZP treatment. The values in parentheses are from baseline. (B) Overlapping traces of the effect on decay time for irradiated CD
and DZP at increasing time or concentration.

Fig. 5. (A) Representative traces of mIPSCs in a CD-treated (50 μM) BLa pyramidal cell before and after a 1-s pulse of UV light (n = 6 cells, 3 animals, 2.87 mW/mm2;
blue dot). Bic = bicuculline. (B) Average decay values of mIPSCs in 1-s bins in each of the 5 s before and 10 s after the UV light pulse to show the effect of CD on a
millisecond time scale after the end of the UV light pulse. An example mIPSC from before (black trace) and 200 ms after the end of (blue trace) UV light highlights
the quick onset of this effect. (C, Left) mIPSCs 60 s before (black trace) and 10 s after (blue trace) light irradiation in CDwere averaged and superimposed. (C, Right)
Cumulative probability diagram for decay (Top) shows a rightward shift after UV light irradiation, with no significant shift in amplitude (Bottom Left) or interevent
interval (IEI; Bottom Right). (D, Left) Bath application of DZP (1 μM, n = 5 cells, 3 animals) shows a similar effect on mIPSCs. (D, Right) Cumulative probability
diagram for decay (Top) shows a rightward shift after DZP application, with no significant shift in amplitude (Bottom Left) or interevent interval (Bottom Right).
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photogeneration of DZP depends upon a number of factors,
including the duration of illumination and the concentration of
CD. The high affinity of DZP for the BDZ site on the GABAA
receptor enabled the use of a substantially lower concentration
(50 μM) of CD than the millimolar concentrations typically
used for caged GABA. The use of this lower concentration of
CD (50 μM) minimizes potential problems, such as concentration-
dependent off-target effects and inner filter effects (79). Accord-
ingly, with this concentration of CD, varying the UV light-
pulse duration from 100 to 1,000 ms produced effects on the
GABAA IPSCs similar to those produced by bath application of
100 to 1,000 nM DZP (DZP half maximal effective concen-
tration ∼ 120 nM) (80).
Repeated UV light pulses generated reproducible effects on

IPSC kinetics. In addition, the on-rate of the effect of CD on IPSC
decay was rapid and occurred within 200 ms after the light pulse.
However, the overall time course of the response to CD reflects
the whole-field illumination technique used in the present study.
This form of illumination rapidly and simultaneously exposes
much of the recorded cell to DZP. Once photogenerated, DZP
relies on diffusion away from the site of action and washout to
terminate its effect. Thus, while the on-rate of the effect of CD was
rapid, the duration of the effect following the light pulse could last
for tens of seconds and was dependent upon the kinetics of drug
removal from the recording chamber. The 2-photon (2P) cross-
section of the caging motif in CD is lower than 0.01 Goeppert
Mayer (GM) (81); thus, probing a useful biological spatial reso-
lution would require the chemical modification of the cage. Having
defined here the structure/activity principles to develop photo-
caged BDZs will lead to future studies with 2P-sensitive cages.
While GABA produces a direct increase in GABAergic current

(82), BDZs modulate the kinetics of receptor activation by en-
dogenous agonists. The effect of BDZs on IPSC amplitude and
kinetics at a given synapse depends upon synaptic GABAA re-
ceptor occupancy (83). Thus, in the present study in adult mouse
BLa, both photogenerated DZP and bath-applied DZP prolonged
the mIPSC decay but had no significant effect on mIPSC ampli-
tude (Fig. 5). While the effects of DZP on mIPSCs in BLa have
not previously been reported, the absence of an effect of BDZs on
amplitude is in agreement with several previous studies in the
hippocampal formation (84–86). The lack of an effect on ampli-
tude is consistent with the presence of a saturating concentration
of GABA in the synaptic cleft relative to the number of GABA
receptors (87). DZP, which increases the on-rate of steady-state
GABA binding to the receptor (88, 89), prolongs the decay of the
mIPSC, but not the amplitude, as the synaptic receptors are al-
ready saturated with GABA. DZP also significantly prolonged the
decay of the evoked IPSC. However, in contrast to its lack of effect
on mIPSC amplitude (Fig. 5 D, Right Bottom Left), DZP caused a
slight apparent increase in the amplitude of the evoked IPSC. This
effect varied between cells but, on average, was not significant
(Fig. 3D). In the hippocampus, the DZP-induced increase in am-
plitude of the evoked IPSC has been attributed to jitter in the
timing of the underlying IPSCs, originating from individual syn-
apses activated by the stimulus. DZP prolongs these individual
mIPSCs, resulting in an increase in the amplitude of the
compound-evoked IPSC (87). In the BLa, Kang-Park et al. (75)
reported that DZP caused a significant increase in evoked IPSC
amplitude greater than that observed in the present study. This
dissimilarity may be attributed to differences in the species or ages
of the animals used in that study (16- to 20-d-old rats) and the
present study (35- to 56-d-old mice). DZP modulation of mIPSC
amplitude is age-dependent and is preferentially observed in juv-
enile animals (90). DZP modulation of IPSC amplitude has also
been reported to be temperature-dependent (91).
GABAergic transmission is critical for the temporally precise

activity of neuronal circuits and the synchronized oscillatory ac-
tivity of neuronal populations (92). GABAergic defects in these

circuits contribute to a variety of neurological disorders, including
anxiety, autism, epilepsy, and schizophrenia. Development of
photochromic modulators capable of regulating receptor activity
provides a powerful tool for investigation of the role of GABA
receptors in these circuits. CD differs from these compounds in its
site of action on the GABAA receptor and mode of action, as it is
biologically inert until exposed to UV light. In particular, CD will
enable the study of GABAergic transmission in local circuits in
vitro. In vivo, this compound opens the possibility to explore as-
sociations between neuronal activity in specific brain regions and
behavior. Through the use of implanted optical fibers, CD could
allow for investigation of the effect of regional photopotentiation
of GABAergic transmission on behaviors such as anxiety or epi-
leptic seizures in vivo, as has been reported with RuBi-GABA by
Rothman and Yuste and coworkers (54). However, the known
antagonistic activity and neuronal toxicity of the used probe limit
the extent of research. Indeed, CD could be useful in a similar
scenario. Specifically, regional potentiation of GABAergic trans-
mission in a seizure focus, produced by the diffusible modulator
combined with focal light stimulation, could result in the optical
termination of the seizure and enable a deeper understanding of
the pathophysiology of epileptic conditions.

Conclusion
We have demonstrated that the benzodiazepinic scaffold can
be chemically engineered to obtain photoactivatable positive
allosteric modulators of the GABAA receptor (CD). Using
whole-cell electrophysiology on murine BLa pyramidal cells,
we found that CD (50 μM) potentiated GABAA IPSCs in a
photoinducible manner. Upon exposure to UV light (365 nm,
2.87 mW/mm2), CD produced a rapid (millisecond) prolongation
of IPSC decay, reflecting the action of photoreleased DZP at the
BDZ site of the GABAA receptor. Furthermore, CD did not
affect mIPSC frequency, suggesting that it did not alter pre-
synaptic GABA release and that its effects on GABAergic
transmission were entirely postsynaptic at the GABAA re-
ceptor. CD is biologically inert toward the receptor before
activation (i.e., no agonistic or antagonistic activity was recorded).
This probing technology can be applied to brain slices without any
genetic manipulation. CD thus represents a photoactivatable
ligand of the BDZ site capable of specific positive allosteric
modulation of the GABAA receptor. Finally, we set the physico-
chemical basis for the future development of photoactivatable
compounds based on BDZs with preferential affinity for specific
GABAA receptor subtypes (e.g., α1, α2, α3, α5). These compounds
could assist in defining the roles of specific GABAA receptor
subtypes in the regulation of cognitive and emotional neural
processes.

Materials and Methods
Chemicals. The synthetic procedure and spectroscopical characterization for
CD can be found in SI Appendix. Compounds 5 and 6 were synthesized as
previously described (74).

Photolytic Procedure. The samples were irradiated in aerated solutions with a
Luzchem Research LZC-4V photoreactor, operating at 350 nm (4.2 mW·cm−2).
The corresponding quantum yields were determined with a potassium fer-
rioxalate actinometer according to an established procedure (SI Appendix).

Brain Slices. All animal care and use procedures were carried out in accor-
dance with protocols written under the guidelines of the National Institutes
of Health Guide for the Care and Use of Laboratory Animals (93) and ap-
proved by the Institutional Animal Care and Use Committee at the University
of South Carolina. Brain slices were prepared from C57BL/6J male mice that
were 5 to 8 wk old.

Electrophysiology. All IPSCs were isolated in BLa pyramidal neurons using a
mixture of glutamate receptor antagonists (D-2-aminophosphonovaleric acid,
50 μM and 6-cyano-7-nitroquinoxaline-2,3-dione, 50 μM) in the recording
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solution. Currents were recorded at −70 mV using internal solutions with
high chloride (SI Appendix). Evoked IPSCs were produced by a stimulating
electrode placed locally near the recorded cell. In experiments recording
mIPSCs, 1 μM tetrodotoxin was added to the mixture. Input and series re-
sistance were monitored throughout all experiments, and recordings in
which either changed significantly were discarded. At the conclusion of all
experiments, 30 μM bicuculline methochloride was applied to confirm that
responses were mediated by GABAA receptors.

Photoactivation. Experiments and drug preparations involving UV light
were performed in the dark. Drugs were allowed to wash on for at least
2 min before UV light was applied. UV light (365-nm light-emitting diode,

pE-4000; CoolLED) was applied through a 40× objective (Olympus
BX51WI, 0.8 numerical aperture) focused over the recorded cell. Light
power was controlled by the control panel of the pE-4000 instrument,
while the duration was controlled via pClamp10 software. The light
power was measured with a photometer (S120VC; Thorlabs) prior to the
experiment.

Crystallographic data, supporting figures, slice protocols, and statistical
methods are available in SI Appendix.
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