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Presynaptic Induction and Expression of Timing-Dependent
Long-Term Depression Demonstrated by Compartment-
Specific Photorelease of a Use-Dependent NMDA Receptor
Antagonist
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NMDA receptors are important for synaptic plasticity, including long-term potentiation (LTP) and long-term depression (LTD). To help
investigate the precise location of the NMDA receptors that are required for different types of synaptic plasticity, we synthesized a caged
form of the use-dependent NMDA receptor antagonist MK801, which we loaded into individual neurons in vitro, followed by
compartment-specific uncaging. We used this method to investigate timing-dependent plasticity at layer 4-layer 2/3 synapses of mouse
barrel cortex. Somatodendritic photorelease of MK801 in the postsynaptic neuron produced a use-dependent block of synaptic NMDA
receptor-mediated currents and prevented the induction of LTP. Compartment-specific photorelease of MK801 in the presynaptic
neuron showed that axonal, but not somatodendritic, presynaptic NMDA receptors are required for induction of LTD. The rate of
use-dependent block of postsynaptic NMDA receptor current was slower following induction of LTD, consistent with a presynaptic locus
of expression. Thus, this new caged compound has demonstrated the axonal location of NMDA receptors required for induction and the
presynaptic locus of expression of LTD at layer 4-layer 2/3 synapses.

Introduction
Spike timing-dependent plasticity (STDP) is a strong candidate for a
synaptic mechanism involved in cortical development and map
plasticity (Song and Abbott, 2001; Feldman and Brecht, 2005; Capo-
rale and Dan, 2008). In STDP, the temporal order and millisecond-
precision relative timing of presynaptic and postsynaptic action
potentials (spikes) determine the direction and magnitude of synaptic
change. Thus, long-term potentiation (LTP) occurs when a presynaptic
spike is followed by a postsynaptic spike, whereas long-term depression
(LTD) is induced when this order is reversed (Markram et al., 1997; Bi
and Poo, 1998; Debanne et al., 1998; Caporale and Dan, 2008).

Both timing-dependent LTP (t-LTP) and LTD (t-LTD) re-
quire NMDA receptors (NRs) (Bi and Poo, 1998; Debanne et al.,
1998; Feldman, 2000; Sjöström et al., 2003; Bender et al., 2006;
Nevian and Sakmann, 2006; Rodríguez-Moreno and Paulsen,
2008). Strong evidence shows that t-LTP requires postsynaptic
NRs (Bi and Poo, 1998; Debanne et al., 1998; Feldman, 2000;
Bender et al., 2006; Nevian and Sakmann, 2006), but the precise
location of NRs mediating t-LTD remains controversial. Recent
data suggest that t-LTD requires activation of presynaptic NRs at
synapses on neocortical layer (L) 5 cells (Sjöström et al., 2003)
and L2/3 cells (Nevian and Sakmann, 2006; Bender et al., 2006;
Corlew et al., 2007; Rodríguez-Moreno and Paulsen, 2008).
These presynaptic NRs are often assumed to be at axonal loca-
tions (Corlew et al., 2008). However, the existence of presynaptic,
axonal NRs has been challenged by the discovery that somato-
dendritic NRs can affect axonal calcium channels in the same
neuron (Christie and Jahr, 2008) and by the suggestion that NRs
are excluded from the axon, at least in L5 neurons (Christie and
Jahr, 2009). This raises the question of the exact location of those
presynaptic NRs that are required for induction of t-LTD. To
investigate this question directly, we developed a caged form of
the intracellular NR channel blocker, MK801. We demonstrate
that axonal, but not somatodendritic, photorelease of MK801 in
presynaptic L4 neurons blocks the induction of t-LTD at L4-L2/3
synapses. Furthermore, we estimated changes in the probability
of neurotransmitter release by measuring the trial-to-trial pro-
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gressive decay of NR-mediated current amplitude following
postsynaptic photorelease of MK801. We found that the rate
of decay was slower following induction of t-LTD, consistent
with a presynaptic locus of expression. We conclude that
compartment-specific release of ion channel blockers is a
powerful technique and have used this technique to demon-
strate the precise location of NRs in synaptic plasticity.

Materials and Methods
Chemical synthesis. Caged MK801 (dizocilpine N-(4,5-dimethoxy-2-
nitrobenzyl) carbamate; cMK801) was prepared by adaptation of a pub-
lished procedure (Frankel et al., 2003). Water solubility was increased by
substituting this compound’s two methoxy groups with triethylene glycol
(TEG), yielding TEG-substituted caged MK801 (TcMK801) (Fig. 1A). Sat-
uration concentration in pure H2O was as follows: cMK801, 0.2 �M;
TcMK801, 9.8 �M. Stock solutions (100 mM) of both compounds were made
up in DMSO and added to the pipette solution to yield a final concentration
of 1 mM.

Slice preparation. Slices from the barrel cortex were prepared from
C57BL/6 mice of either sex (supplied by Harlan, UK), ranging from
postnatal day (P) 9 to P14, as previously described (Rodríguez-Moreno
and Paulsen, 2008). Briefly, mice were anesthetized with isoflurane and
decapitated in accordance with UK Animals (Scientific Procedures) Act
1986. Slices were maintained at room temperature (22–27°C) until used
(1–8 h) in artificial CSF containing the following (in mM): 126 NaCl; 3 KCl;
1.25 NaH2PO4; 2 MgSO4, 2 CaCl2, 26 NaHCO3; 10 glucose, pH 7.2–7.4;

bubbled with carbogen gas (95% O2/5% CO2).
All recordings were made at room temperature.

Recording conditions. Barrels were identified
under a stereomicroscope. One or two stimu-
lation electrodes were placed at the base of a
barrel (L4). Whole-cell patch-clamp record-
ings were obtained from L2/3 pyramidal cells
in the same barrel column with 5–7 M� boro-
silicate pipettes. In voltage-clamp experiments,
the pipette solution contained the following (in
mM): 140 CsCl; 0.2 EGTA; 10.0 HEPES; 2.0
ATP–Mg; 0.3 GTP–NaCl; 5.0 QX-314, ad-
justed to pH 7.2 with CsOH. Voltage-clamp
experiments were performed in the presence of
gabazine (2 �M) and NBQX (10 �M). For
current-clamp experiments, the pipette solu-
tion contained the following (in mM): 110 po-
tassium gluconate; 40 HEPES; 4 NaCl; 4 ATP–
Mg; 0.3 GTP, adjusted to pH 7.2 with KOH.
The pipette tip was filled with standard solu-
tion and backfilled with cMK801- or
TcMK801-containing solution. Cells with a
pyramidal-shaped soma were selected for re-
cording using infrared, differential interfer-
ence contrast optics. All cells were tested for
regular spiking responses to positive current
injection, characteristic of pyramidal cells.
Whole-cell recordings were made using an
Axon Multiclamp 700B amplifier (Molecular
Devices). Recordings were low-pass filtered at
2 kHz and acquired at 5 kHz using an ITC-16
board (Instrutech) and custom-made software
procedures programmed in Igor Pro (Wave-
Metrics). Cells were rejected if series resistance
changed by �15% during the recording.

MK801 uncaging. Photolysis of the caged
MK801 was achieved with flashes of focused
ultra-violet (UV) light (1 s, �120 �m diame-
ter, �460 nm) produced by a 100 W mercury
arc lamp (HBO 100, Zeiss in combination with
a Uniblitz T123 Driver and LS5 shutter system)
connected to the epifluorescence port of the
microscope (Axioskop, Zeiss) via a fiberoptic

light-guide. Light intensity was �20 �W/cm 2 after passing through a
dichroic filter (FT460, Zeiss) and the 40� objective (Achroplan, 0.75 NA,
Zeiss).

Timing-dependent LTP and LTD. EPSPs were evoked at 0.2 Hz. After a
stable EPSP baseline period of at least 10 min, EPSPs were paired with
single postsynaptic spikes (100 repetitions). To induce t-LTP, a pre-
before-post pairing protocol was used in which the EPSP was followed
after �10 ms by a single postsynaptic spike elicited by a brief depolarizing
current pulse, whereas a post-before-pre pairing protocol in which a
postsynaptic action potential was elicited �15 ms before the onset of the
EPSP was used to induce t-LTD. The EPSP was monitored for at least 30
min after the end of the pairing period. Presynaptic stimulation fre-
quency remained constant throughout the experiment. Plasticity was
assessed from the slope of the EPSP, measured on the rising phase of the
EPSP as a linear fit between time points corresponding to 25–30% and
70 –75% of the peak amplitude during control conditions. For statistical
comparisons, the mean EPSP slope was calculated from 60 consecutive
sweeps immediately before the start of the pairing (baseline) and com-
pared with 60 sweeps corresponding to 25–30 min after the pairing.
t-LTP and t-LTD were assessed as the ratio of the EPSP slope after pairing
to the EPSP slope during baseline.

Paired recordings. t-LTD was also studied using recordings between
synaptically connected pairs of neurons. One patch pipette was posi-
tioned in a barrel (L4) and the other in L2/3 of the same barrel column.
Once double whole-cell patch-clamp configuration was achieved, a brief
current pulse was repeatedly applied to the presynaptic cell (L4) to check
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Figure 1. Properties of caged MK801. A, Chemical structure, uncaging reaction, and absorption spectra of cMK801 and
TcMK801. B, C, Effect of a UV flash on NR–EPSC in cMK801-loaded L2/3 neurons with flash after 10 min (B) or 40 min (C). Inset,
NR–EPSC before (1) and 30 min after (2) UV flash. D, Use dependence of MK801 block demonstrated by stopping stimulation for 10
min immediately after UV flash.
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whether presynaptic action potentials could
evoke EPSPs in the postsynaptic cell. Only
pairs in which a spike in the L4 cell was fol-
lowed by a monosynaptic EPSP in the postsyn-
aptic L2/3 cell were used. t-LTD was induced
by a post-before-pre pairing protocol in which
a single postsynaptic spike was followed by a
presynaptic spike after �15 ms, as described
previously (Rodríguez-Moreno and Paulsen,
2008).

Drugs. NBQX, D-AP5, MK801 (dizocilpine),
and SR95531 (gabazine) were purchased from
Tocris Bioscience and Ascent Scientific.

Data analysis. Data were analyzed using Igor
Pro software (Wavemetrics). In Figure 4, single
exponentials were fitted to the experimental
data using Sigmaplot 11 (Systat Software Inc).
Statistical comparisons were made using one-
sample or two-sample two-tailed Student’s t
test as appropriate. P values �0.05 were con-
sidered significant. Data are presented as
mean � SEM.

Results
A caged form of the irreversible NR open-
channel blocker MK801 was synthesized
by adaptation of a previously used caging
procedure (Frankel et al., 2003). The
new compound (dizocilpine N-(4,5-
dimethoxy-2-nitrobenzyl) carbamate)
absorbs UV light (� �400 nm), and is
cleaved by exposure to UV light, liberating
MK801 (Fig. 1A). To test whether the
caged compound is stable within cells and
whether MK801 could be specifically pho-
toreleased by UV flashes in a brain slice
preparation, we loaded individual L2/3
neurons of the mouse barrel cortex with cMK801 (1 mM) and
monitored the postsynaptic NR current before and following a
UV flash (Fig. 1B). The synaptic NR current was monitored dur-
ing voltage-clamp at �40 mV and was isolated by the addition of
2 �M gabazine and 10 �M NBQX to the superfusion fluid. The NR
current was stable before the UV flash. However, after a 10 min
baseline, a 1-s-long UV flash produced a gradual decrease of the
amplitude of the NR current and an almost complete block
within 8 –10 min after delivery of the UV flash (3 � 3% of base-
line amplitude, n � 6) (Fig. 1B). This finding suggests that
MK801 was efficiently uncaged by a 1-s-long UV flash. The caged
compound itself did not seem to have any effect on the NR cur-
rents, as the shape, amplitude, and time course of the responses
continued to be typical of NR-mediated currents when the flash
was not delivered. To ensure that the compound was stable over
the duration of synaptic plasticity experiments, we repeated the
experiment with 40 min baseline, which yielded equivalent re-
sults (4 � 3%, n � 5) (Fig. 1C). The NR block following photo-
release was use-dependent, because stopping synaptic
stimulation for 10 min prevented the block of NR current,
whereas a progressive block was again observed on resuming
stimulation (Fig. 1D).

To assess the use of cMK801 in synaptic plasticity experi-
ments, we first tested whether postsynaptic photorelease of
MK801 could successfully block the induction of t-LTP. To this
end, we monitored EPSPs evoked by extracellular stimulation in
L4 during whole-cell recording of L2/3 pyramidal cells. LTP was
induced by 100 pairings of an EPSP followed by a single postsyn-

aptic spike (with the postsynaptic spike occurring �10 ms after
presynaptic stimulation). When L2/3 cells were loaded with 1 mM

cMK801, but with no flash applied, this pre-before-post pairing
protocol induced robust t-LTP (148 � 4%, n � 5; p � 0.01, t test)
(Fig. 2), similar to unloaded cells (Rodríguez-Moreno and
Paulsen, 2008). In the same experimental condition, but with a
somatodendritic UV flash delivered, the induction of t-LTP was
completely blocked (96 � 6%, n � 6) (Fig. 2). To ascertain that
the effect of the UV flash was specific to the cell loaded with
cMK801, we delivered UV flashes 200 �m lateral to the recording
pipette. In this situation, t-LTP was unaffected (157 � 6%, n � 6)
(Fig. 2). These results indicate that postsynaptic somatodendritic
NRs are necessary for t-LTP induction consistent with previous
results (Bender et al., 2006; Rodríguez-Moreno and Paulsen,
2008).

In contrast to the postsynaptic NRs involved in t-LTP, we
have previously reported that t-LTD requires presynaptic NRs
(Rodríguez-Moreno and Paulsen, 2008). To investigate whether
the NRs that are required for t-LTD are located in the axonal or the
somatodendritic compartment of the presynaptic L4 neurons, we
used paired whole-cell recordings of synaptically connected L4 and
L2/3 cells as previously described (Rodríguez-Moreno and
Paulsen, 2008). Of 332 pairs recorded, 31 pairs showed a mono-
synaptic EPSP (latency, 1.9 � 0.4 ms; jitter, 0.12 � 0.04 ms), 28 of
which were used in plasticity experiments. First, a t-LTD induc-
tion protocol was applied to 12 pairs in which the presynaptic L4
neuron was loaded with 1 mM cMK801 (Fig. 3A). A UV flash
confined to the somatodendritic region of the L4 neuron deliv-
ered 1 min before the start of the pairing protocol did not affect

1
2’

(6)

BA

C

0           10          20          30          40          50

Time (min)

N
or

m
al

iz
ed

 E
P

S
P

 s
lo

pe
 (

%
)

80

100

120

140

160

180 No UV flash
Somatodendritic UV flash
Off-cell UV flash 

Pairing

UV flash

10 ms
20 mVt 2 mV

50 ms

1

1’

2

2

2’

1’

Postsynaptic cMK801

N
or

m
al

iz
ed

 E
P

S
P

 s
lo

pe
 (

%
)

0

20

40

60

80

100

120

140

160

180
(5)

(6)

L4

L2/3

L1
Rec

Stim

UV

No 
fla

sh

Som
at

od
en

dr
itic

fla
sh

Off-
ce

ll f
las

h

** **

Figure 2. Photorelease of postsynaptic MK801 prevents spike timing-dependent LTP. A, Schematic of experimental setup. UV
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the induction of t-LTD (80 � 5%, n � 6; p � 0.01, t test) (Fig.
3B,C). In contrast, when the UV flash was delivered to the axonal
region of the L4 cell (i.e., in layer 2/3) 1 min before the t-LTD
induction protocol, t-LTD was completely blocked (97 � 4%,
n � 6) (Fig. 3B,C). Axonal flash without pairing had no effect on
the EPSP (97 � 7%, n � 3) (Fig. 3D,F). To confirm that the block
of t-LTD induction in the axonal region of L4 cells is mediated
specifically by uncaging of MK801 and not by the UV flash itself,
we repeated the experiment with no cMK801 included in the
presynaptic pipette. In this condition, an axonal UV flash deliv-
ered 1 min before the t-LTD induction protocol did not affect
t-LTD (78 � 5%, n � 5) (Fig. 3B,C). Moreover, if a 10 min delay
was introduced between presynaptic somatodendritic uncaging
and the pairing protocol, t-LTD was blocked (96 � 7%, n � 4)

(Fig. 3E,F), suggesting that once photore-
leased, free MK801 can diffuse into the
axon and block the induction of t-LTD.
Together, these results indicate that pre-
synaptic axonal NMDA receptors are re-
quired for the induction of t-LTD.

Based on trial-to-trial fluctuation analy-
sis (Rodríguez-Moreno and Paulsen, 2008),
as well as changes in paired-pulse ratio
(Bender et al., 2006), t-LTD at L4-L2/3 syn-
apses has been proposed to be expressed
presynaptically through a decrease in pre-
synaptic release probability. Changes in re-
lease probability at excitatory synapses can
be assessed by analyzing the progressive
block of NR-mediated currents by MK801
(Hessler et al., 1993; Rosenmund et al.,
1993). As MK801 is an irreversible NR
open-channel blocker (Jahr, 1992), NRs are
blocked only at synapses that release trans-
mitter, so the trial-to-trial rate of block pro-
vides a measure of the release probability
(Rosenmund et al., 1993). We wanted to
take advantage of caged MK801 to investi-
gate whether a change in release probability
can account for the magnitude of synaptic
depression. To this end, we used an im-
proved, water-soluble version of cMK801
(TEG-substituted cMK801, TcMK801),
which we loaded postsynaptically and mon-
itored EPSPs evoked by extracellular stimu-
lation in L4 during current-clamp whole-
cell recording of L2/3 pyramidal cells. t-LTD
was induced in one pathway by 100 pairings
of a postsynaptic action potential followed
after �15 ms by an EPSP. This post-before-
pre pairing protocol induced robust t-LTD
(75 � 6%, p � 0.01, n � 7) (Fig. 4A). An
unpaired naive pathway was used as control,
and no changes in EPSP slopes were ob-
served in that pathway (101 � 6%, n � 7)
(Fig. 4A). Thirty to 35 min after the pairing
protocol, we switched to voltage-clamp
mode and recorded NR–EPSCs at �30 mV
in the same cells. NR currents were isolated
by the addition of gabazine (2 �M) and
NBQX (10 �M) to the superfusion solution
to block GABAA and AMPA/kainate recep-
tors, respectively. After 10 min baseline, a

1-s-long UV flash was applied to photorelease MK801. After delivery
of the UV flash, a gradual decrease of the amplitude of the NR cur-
rents and eventually an almost complete block was observed in the
paired (96 � 3%, n � 7) as well as the unpaired pathway (97 � 3%,
n � 7) (Fig. 4B). However, a slower rate of decay (measured as the
number of stimuli necessary to reduce NR–EPSC amplitude) was
observed in the paired compared with the unpaired pathway (Fig.
4B). The decay could be adequately fitted with a single exponential
function (R2 � 0.90 in all inputs; n � 14) (Fig. 4B). The half-life of
the NR–EPSC was 32 � 4 stimuli for the unpaired pathway (n � 7)
and 46 � 4 stimuli for the paired pathway (n � 7; p � 0.05, t test)
(Fig. 4B). These results are consistent with a reduction in the neu-
rotransmitter release probability in the paired pathway. To estimate
the relative change in release probability, we compared the difference
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in reduction of estimated NR current after
one stimulation between the paired and un-
paired pathways. There was a 27 � 10%
(n � 7) difference between the two path-
ways, which compares to 25 � 6% depres-
sion in the paired pathway (n � 7). This
result suggests that a decrease in release
probability can account for t-LTD, indicat-
ing a presynaptic locus of expression for this
form of t-LTD.

Discussion
We have developed a caged form of
MK801 to study synaptic plasticity. Our
data confirm that postsynaptic NRs are
necessary for t-LTP at L4-L2/3 synapses,
induced by pairing single presynaptic and
postsynaptic action potentials, which is an
effective protocol for induction of t-LTP
in developing cortex including hip-
pocampus (Bi and Poo, 1998; Debanne et
al., 1998; Meredith et al., 2003; Campanac
and Debanne, 2008). In contrast, our re-
sults indicate that presynaptic axonal NMDA receptors are re-
quired for t-LTD at this synapse, as a spatially localized flash in
the axonal but not the somatodendritic region of cMK801-loaded
presynaptic cells blocked the induction of t-LTD. These results
provide further evidence for the presence of functional NRs in the
presynaptic axonal membrane (Berretta and Jones, 1996; Brasier
and Feldman, 2008), supporting previous anatomical evidence
for presynaptic NRs in the neocortex (Aoki et al., 1994; DeBiasi et
al., 1996; Charton et al., 1999; Corlew et al., 2007).

The requirement of axonal NRs for induction of t-LTD raises
the question of the source of ligand that activates these presynap-
tic NRs. The ligand(s) might be released by the postsynaptic neu-
rons, as retrograde release of glutamate has been reported
(Harkany et al., 2004) or from glial cells (Perea et al., 2009).
Another possible source of ligand(s) could be the spill-over
from neighboring synapses, although this appears less likely in
paired recordings. Further experiments are needed to uncover
the source of ligand(s) activating the axonal NRs required for
t-LTD.

The use-dependent nature of NR block by MK801 (Jahr, 1992;
Hessler et al., 1993; Rosenmund et al., 1993) enabled us to use
uncaging of MK801 in the postsynaptic neuron to study the locus
of expression of t-LTD. Our data provide evidence that MK801
produces a use-dependent block of NRs also when applied intra-
cellularly. A slower rate of block in the depressed pathway com-
pared with a naïve pathway suggests that t-LTD is expressed by
reduced transmitter release probability, which is consistent with
increased paired-pulse ratio (Bender et al., 2006) and coefficient
of variation (Rodríguez-Moreno and Paulsen, 2008) following
induction of t-LTD at this synapse.

In conclusion, we have successfully used intracellular
compartment-specific photorelease of a channel blocker to study the
locus of induction and expression of t-LTD, demonstrating that pre-
synaptic axonal NRs are necessary for this presynaptically expressed
LTD. Our results also confirm that t-LTP at the L4-to-L2/3 synapse
in the barrel cortex is mediated by postsynaptic (L2/3) somatoden-
dritic NRs. Thus, spatially and temporally precise uncaging of ion
channel blockers is a useful tool to uncover compartment-specific
biological functions.
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Figure 4. Spike timing-dependent LTD is expressed presynaptically. A, EPSP slopes monitored in paired (black triangles) and
unpaired pathway (white circles). Traces show EPSP before (1) and 30 min after (2) t-LTD induction protocol in a paired pathway
and at the equivalent times in the unpaired pathway (1
, 2
). Only the paired pathway showed t-LTD. B, NR–EPSC amplitudes
monitored in the same cells, following uncaging of MK801 by a UV flash at the end of the EPSP recordings shown in A. A single
exponential function was fitted to the experimental data in both pathways. A slower decay in the NR–EPSC amplitudes was
observed in the paired (black triangles) compared with the unpaired pathway (white circles). Traces show NR–EPSC just after
MK-801 uncaging (stimulus 1) and after 50 stimuli.
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Sjöström PJ, Turrigiano GG, Nelson SB (2003) Neocortical LTD via coinci-
dent activation of presynaptic NMDA and cannabinoid receptors. Neu-
ron 39:641– 654.

Song S, Abbott LF (2001) Cortical development and remapping through
spike timing-dependent plasticity. Neuron 32:339 –350.

Rodríguez-Moreno et al. • Intracellular Photorelease of MK801 J. Neurosci., June 8, 2011 • 31(23):8564 – 8569 • 8569


