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Precisely Localized LTD in the 
Neocortex Revealed by 
Inf rared-Guided Laser 

Stimulation 
H.-U. Dodt,* M. Eder, A. Frick, W. Zieglgansberger 

In a direct approach t o  elucidate the origin of long-term depression (LTD), 
glutamate was applied onto dendrites of neurons in rat neocortical slices. An 
infrared-guided laser stimulation was used t o  release glutamate from caged 
glutamate in the focal spot of an ultraviolet laser. A burst of light flashes caused 
an LTD-like depression of glutamate receptor responses, which was highly 
confined t o  the region of "tetanic" stimulation (< I0  micrometers). A similar 
depression of glutamate receptor responses was observed during LTD of syn- 
aptic transmission. A spatially highly specific postsynaptic mechanism can 
account for the LTD induced by glutamate release. 

The locus of long-term potentiation (LTP) 
and LTD is still a matter of debate. Mainly 
indirect methods have been used to separate 
contributions of pre- and postsynaptic fac- 
tors. As these analyses are based on assump- 
tions concerning neurotransm~tter release. the 
results have been controaerslal ( I )  More di- 
rect approaches. probing glutamate sensitivi- 
ty during LTP by microiontophoresis, also 
yielded conflicting results (2 ) .  Therefore; 
techniques for applying exogenous receptor 
agonists over a time course and volume, 
whlch approxiinate the release of transmitter 
at a single synapse. are required (3). Such 
brief and localized releases of neurotransmit- 
ter can be achieved by focusing ultraviolet 
(UV) light on the slice to release glutamate 
from its caged f o m .  which has been added to 
the slice superfusate. LTD can be Induced in 
hippocampal neurons by direct glutainate ap- 
plication (4). We used the method of gluta- 
mate application by photolysis in combina- 

Max-Planck-Institute o f  Psychiatry, Kraepelinstrasse 
2, 80804 Munich, Germany. 
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tion with infrared videomicroscopy to ad- 
dress these questions. 

The soma and dendrites of pyramidal neu- 
rons of layer V were visualized in neocortical 
slices with infrared videomicroscopy, with 
the use of a gradient contrast system (5) .  
Neurons ( n  = 55) were recorded with patch- 
clamp pipettes in whole-cell mode ( 6 ) .  Caged 
glutamate was added to the superfusion me- 
dium, and presynaptic input was eliminated 
by the addition of tetrodotoxin (TTX) (1 +M) 
in all experiments without synaptic stimula- 
tion. With a setup developed especially for 
infrared-guided laser stimulation [Fig. 1A 
and supplemelltary figure ( 7 ) ] .  we were able 
to direct a 1 -+in UV spot under visual control 
on the surface of the neuron being studied. 
The UV spot was positioned on the dendrite 
at distances of 100 to 150 +m from the soma. 

As glutamate is released from its caged 
form by constant UV flashes in constant 
quantities ( 8 )  and presynaptic input was 
blocked by TTX. any changes in neuronal 
responses had to be of postsynaptic origin. 
After establishing a baseline of responses by 
releasing glutamate every 20 s for 10 min; a 
train of 5-Hz light flashes for 1 mill was used 

110 1 OCTOBER 1999 V O L  286 SCIENCE www.sciencemag.org 



to induce LTD (Fig. 1B). This tetanuslike 
stimulation paradigm reliably elicited LTD of 
more than 30% on average (33 ? 2%, n = 9) 
for up to 1 hour of recording. 

To exclude the possibility that neurons 
were damaged by the UV laser radiation it- 
self, in control experiments, we also applied 
the 5-Hz "light tetanus" to neurons without 
caged glutamate in the perfusion medium. 
Neuronal responses were recorded in the 
presence of caged glutamate, caged gluta- 
mate was washed out of the slice, and then 
the 5-Hz train was applied to the neuron (Fig. 
1C). When caged glutamate was washed in 
again, no reduction of the amplitude of the 
membrane depolarization could be detected 
(3 + 4%, n = 3). After applying the 5-Hz 
train in caged glutamate solution, robust LTD 
was elicited (Fig. 1C). Additional depolariza- 
tion of the neuron by current injection (4) 
was not necessary to elicit LTD. This could 
be due to the depolarizing summation of the 
glutamate responses elicited by photostimu- 
lation at 5 Hz. Another factor could be the 
very efficient photolytic release of glutamate 
by the focused light of the UV laser. 

To elucidate whether the LTD induced by 
photolytic glutamate release shares common 
features with synaptic LTD, we investigated 
whether the photolytically induced LTD was 
N-methyl-D-aspartate (NMDA) receptor-me- 
diated and Caz+dependent. The NMDA re- 
ceptor antagonist MK801(20 phQ was added 
to the superfusion medium (9), and the MgZ+ 
concentration was increased from 1 to 4 mM. 
Under these conditions, only a statistically 
insignificant reduction of 7 * 2% (n = 6) of 
the response remained (Fig. ID), suggesting 
that the LTD observed is NMDA receptor- 
dependent. Addition of the Ca2+ chelator 
1,2-bis(2-arninophenoxy)ethaneN,N,N',N'- 
tetraacetic acid PAPTA) (10 mM) to the 
recording pipette solution (10) left only an 
insignificant reduction of 9 * 2% (n = 6) of 
the membrane depolarizations (Fig. 1E). 

The spatial spread of LTD is of great 
importance (11) to the selective modulation 
of neurotransmission at single synapses. We 
exploited the high spatial resolution of the 
infrared-guided laser stimulation to investi- 
gate this question. We determined the accu- 
racy of the laser stimulation by laterally off- 
setting the laser point and measuring the in- 
duced neuronal depolarizations (Fig. 2A). 
The accuracy obtained was 4 * 1 p,n~ later- 
ally [Ml width half maximum o, n = 
6 neurons] (Fig. 2, A and B) and 18 + 2 pm 
axially (n = 4 neurons). Thus, the effective 
"glutamate release site" can be regarded 
roughly as a spot of 10-pm diameter. To test 
for spatial. specificity, we stimulated sites 
along the neuronal dendrite spaced 10 pm 
apart (Fig. 2C). During the control and fol- 
low-up period, seven points along the den- 
drite were stimulated consecutively at low 

frequency. Five-hertz tetanic stimulation was 
applied to only one point. Figure 2C shows 
that only at this point was a significant LTD 
of 29 5 4% (n = 9 neurons) induced. The 
reductions measured 10 pm to the left and 
right of this point were already statistically 
insignificant (P > 0.05). Thus, the LTD ob- 
served in our experiments had a spatial spec- 
ificity of at least 10 pm. The actual extension 
of LTD may be even smaller, as the accuracy 
of the method is limited to the 10-pm range. 

One could argue that such experiments 
only describe a reduction of glutamate sensi- 
tivity and not the mechanisms of synaptic 
LTD. Therefore, we also probed glutamate 
sensitivity before and after induction of syn- 
aptic LTD by electrical stimulation. By posi- 
tioning the laser stimulation on the dendrite at 
100 to 150 pm distance from the soma, glu- 
tamate receptor sensitivity was tested in a 
dendritic region where a high number of 
spines and glutamatergic inputs are found 
(12). Electrical stimulation of synaptic input 
was performed with a standard tungsten stim- 

Fig. 1. Focal photolysis of caged 
glutamate induces LTD of gluta- 
mate receptors. (A) Experimental 

ulation electrode in white matter below the 
recording site. To activate a large number of 
glutamatergic synapses, we used a higher stim- 
ulation intensity (two times the threshold of 
action potential generation) for the 5-Hz tetanus 
than for eliciting the control excitatory postsyn- 
aptic potentials (EPSPs). This synaptic stimula- 
tion (13) reliably evoked LTD of the EPSPs of 
32 + 6% [n = 14, measured at 48 min (minutes 
46 to 50 averaged) after the tetanus] (Fig. 3). 
The glutamate sensitivity showed the same 
arnountofLTD48minafterthetetauus(31 5 
3%, n = 8). Some difference between the time 
course of glutamate sensitivity and the time 
course of EPSP amplitudes directly after the 
tetanus is apparent in Fig. 3C. LTD of gluta- 
mate sensitivity developed more slowly thau 
LTD of EPSPs. Thrty-five minutes after LTD 
induction, this dilTemce was statistically insig- 
nificant (P > 0.5). Thus, a reduction of postsyn- 
aptic gl- sensitivity is sufficient to ex- 
plain synaptic LTD after half an hour, the time 
point usually taken as the beginning of "long- 
term" depression. 

-10 0 10 20 30 40 50 60 
Ti ie  [min] 

8 C 120, 

anangerneit used-& inhared (IR)- 
guided UV laser stimulation. (0) 
Tetanic release of glutamate from , D ~ m ,  

Tiie [min] 

caged glutamate b i  a burst of UV 
light pulses (3 rns long at 5 Hz for + ? # . - * ~ i ~ ~ * + * * - -  MKSOI 
1 min) causes LTD of membrane -- 
depobrizations mediated by gluta- *fi**t***t#n#**#af*fffit.,fi?.+* ~ r n  
mate (glutamate responses). Be- 
fore and after the tetanus (arrow), 5 + $  
glutamate was released by 3-ms -10 o 10 20 30 
light pulses every 20 s. The data T i  [mia] 
shown are averages for ewry 

e of nine neurons 

represents the average of the Last 
5 min before tetanization in all 1 !: f i ? * * * ~ * ~ ~ ~ ~ f i ~ ~ t * f ~ ? f * ~ w ~ + i ~ w ~ *  

figures. (C) LTD is not induced by 
the Laser radiation itself. After es- ' 
tablishing a basdine, caged gluta- 

-10 0 10 20 30 

mate was washed out, and the 
Time [mill] 

5-Hz light tetanus was applied. Afterward, caged glutamate was washed in again. Glutamate 
7 were not affected by the light tetanus (single experiment shown). Reapplication of the 
Lght tetanus in the presence of caged glutamate induced robust LTD. (D) LTD of glutamate 
responses requires activation of NMDA receptors. Application of the NMDA receptor antagonist 
MK801(20 pM) strongly reduced the depression of glutamate responses after the 5-Hz stimulation 
to a statistically insignificant 7 2 2% (n = 6, data of 16 to 20 min after the light tetanus pooled). 
(E) LTD is Ca2+-dependent. Addition of the Ca2+ chelator BAPTA (10 mM) to the recording pipette 
solution left only an insignificant reduction of 9 2 2% (n = 6) of the membrane depolarizations. 
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flg. 2. LTD of &tamate receptors is spatially highly restricted. (A) Spatial specifidty of the 
laser stimulation: The W stimulation point was moved laterally away frM the dendrite in 
increments of 2.5 pm, and the decrease of the glutamate response amplitude was plotted as 
a function of this distance (sin& experiment shown). (8) Average of results of six n w m  only the measurements of one side ware considend, as 
the gaussian shape of the other side was often distorted, probably because of an invisible secondary dendritic branch (22). WHM = 4 2 1 pm. (t) 
Example of a pyramidal neuron of neacortic.1 layer V overlaid with seven UV stimulation points on the dendrke (scale bar, 10 pm). The reduction 
of the glutamate m p m e s  after 5-Hz stimulation to the central point only is indicated in red. Only at this stimulation site was LTD (29 2 4%) induced. 
illustrated in the figure by the glutamate responses, scaled according to the reduction. At all other stimulation sites, reductions were not significant 
compared with values before tetanic stimulation (P > 0.05, n = 9 neurons). Values wwe obtained by averaging five stimulations for each stimulation 
site on each neuron before and 10 to 20 min after the 5-Hz stimulation and calculating the relative reduction. 

To explain the slow development of LTD 
of glutamate sensitivity after synaptic tetani- 
zation, it is important to realize that glutamate 
is released by synaptic stimulation mainly 
onto the postsynaptic density on the spine 
head. Photostimulation releases glutamate 
onto a bigger membrane area of about lO-p,rn 
diameter including extrasynaptic receptors. 

sures the response of all glutatnate receptors. 
Thus, the slow development of the LTD of 
glutatnate sensitivity may indicate some kind of 
slow recruitment o f  glutamate receptors for 
LTD, which lie adjacent to postsynaptic densi- 
ties. Such neighboring extraqmptic glutamate 
receptors have been found, and rapid redishi- 
bution phenomena of glutamate q r s  have 

mechanisms to the depression of EPSPs in the 
first 15 min after the tetanus. 

Further evidence for common mechanisms 
of LTD induction by synaptic stimulation and 
by photostimulation was provided by occlusion 
experiments (Fig. 3, B and C). Forty minutes 
after synaptic tetanic stimulation, the 5-Hz train 
of light flashes for LTD induction was applied 

The response of these extrasynaptic receptors been described during LTD (14). An alternative for 1 min to 6 out of 14 neurons (yellow 
will not be depressed at first hand by synaptic explanation for the different ,time course in Fig. diamonds). No additional LTD could be in- 
a t i o n .  However, photostimulation mea- 3C would be a contniution of presynaptic duced in these neurons, wheyw in the experi- 

Fig. 3. LTD of EPSPs is associated with a reduction of 
glutamate receptor sensitivity. EPSPs were elicited 
bv electrical stimulation with a standard stimulation 
eiectrode placed in white matter below the record- 

i 

were performed every 20 s with ah interval of 10 s - :  F L  7 
between the two kinds of stimulation. LTD was . ' I  - 1  3!nvi;- - 
induced by a tetanus of electrical stimulation of 5 

-..' 'a -e 
Hz for 1 min with two times the threshold voltage 10c 
for action potential generation while photostimula- 
tion was stopped. (A) Traces of photostimulation 
and synaptic potentials before (black) and 35 min 
after (red) electrical 5-Hz stimulation. Potentials 
evoked by photostimulation had a time to peak 
(62 2 3 ms) that was three times as long as 

ing electrode. During the control and follow-up 
~eriod. electrical stimulation and ~hotostimulation - -- 

- 

m 

Hs 
.--"-"------"--'C7----'---LI---------.-------H 

botentials evoked by electrical stimulation (20-2 2 8 & ms) (n = 7 neurons). (B) Comparison of LTD of 
synaptic potentials (32 2 6%, n = 14 neurons) and 58 
photostimulation potentials (31 + 3%, n = 8 neu- 
rons) 48 min after electrical LTD induction (data of 
minutes 46 to 50 averaged). LTD of both potentials 

yellow column indicates the average of photostimu- 
showed no difference (P > 0.5) at this time. The & 
lation potentials of 6 out of the 14 neurons at 48 . 
min after additional glutamate release by a 5-Hz 
light tetanus (31 + 2%). (C) Time course of LTD of 
membrane potentials evoked bv electrical stimulation (01 or photostimuhtion Half an hour after the 5-Hz stimulation. LTD of both kinds of 
potentials Gas nearly equal. ~dditional glutamate release by a 5-Hz light tetanis '(indicated by the Rash symbol) was without any effect (yellow 
diamonds), demonstrating complete occlusion of synaptic and photostimulation LTD. 
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ments without prior synaptic tetailization (Fig. 
lB), robust LTD of about 30% was always 
apparent 1 rnin after the light tetanus. Thus, 
synaptically induced LTD occludes photo- 
stimulation LTD, suggesting similar inecha- 
nisms of expression of both kinds of LTD (15). 

The mechanism of LTD induction is very 
quick. The reduction of the neuronal depolar- 
izations was always apparent at the first stim- 
ulation, 1 inin after the tetanus. It should 
therefore be mediated by a local. membrane- 
bound process. One possibility could be 
changed ion channel kinetics. but we ob- 
tained no evidence for this explanation. An- 
other explanation could be a modulation of 
glutamate channel conductance (16) .  

The method of infrared-guided laser stim- 
ulation allows the stimulation of selected tar- 
get points on neurons with a spatial precision 
of 10 pm. Neurons can be depolarized by 
light flashes with a duration of a few milli- 
seconds for at least 1 hour without any signs 
of photodamage. The use of infrared video- 
microscopy for the visualization of neurons 
obviates the necessity of neuronal staining by 
fluorescent dyes (1 7) or biocytin (la),  which 
have inherent drawbacks. 

LTD is spatially restricted. Tetanic activa- 
tion of postsynaptic glutamate receptors by 
photolysis alone can induce LTD. This 
postsynaptic LTD of glutamate receptors is 
sufficient to account for the LTD of EPSPs 
seen 30 min after electrical stinlulation of 
afferent fibers. The LTD of a small mem- 
brane patch (Fig. 2C) suggests that, during 
synaptic transmission, a few or even single 
synapses may undergo LTD in isolation. 
These results are compatible with observa- 
tions that single spines show transient [Ca2'] 
increases after synaptic stimulation (19). 

In conclusion. our experiments indicate 

(Luigs and Neumann), no optical elements for con- 
trast generation had t o  be placed behind the objec- 
tive ( 6 0 ~ .  0.9 numerical aperture, Olympus); the full 
power of the UV laser light can reach the neuron. The 
light of the UV laser was focused through the micro- 
scope objective t o  an optical spot of I-p.rn diameter. 
The power of the laser (Enterprise II, Coherent) was 
adjusted wi th its remote control to 5 t o  10 m W  t o  
evoke a depolarizing response of about 3 t o  5 mV at 
the soma in response t o  3-ms shuttered light pulses 
(Uniblitz shutter; Vincent Associates). Clutamate was 
applied by photolysis (wavelength = 351 to 364 nrn) 
of y-(a-carboxy-2-nitrobenzyl) (CNB)-caged gluta- 
mate (Molecular Probes) added at a concentration of 
0.25 t o  0.5 rnM t o  the superfusion solution, which 
was oxygenated in a recirculation system. No indica- 
tions for effects of spontaneously hydrolyzed 
y-CNB-caged glutarnate were found. All photostirnu- 
lation experiments were started at least 15 rnin after 
the addition of caged glutamate and TTX. 

6. Parasaggital slices of the parietal neocortex (300 prn 
thick) from 14- t o  21-day-old Sprague-Dawley rats 
were prepared according t o  standard procedures (20). 
The brain slices were placed in the recording chamber 
of the "infrapatch" setup (Luigs and Neumann) and 
superfused wi th solutions containing the following: 
125 m M  NaCI, 2.5 m M  KCI, 1.25 m M  NaH,PO,, 2 m M  
CaCI,, 1 m M  MgCI,, 25 rnM NaHCO,, and 25 m M  
glucose (pH 7.38; 20" t o  22°C). Whole-cell recordings 
from visually identified somata of layer V pyramidal 
neurons were made wi th a standard intracellular 
amplifier (npi) in bridge mode. Patch-clamp elec- 
trodes wi th open-tip resistances of 4 t o  7 rnegaohrns 
were used that contained the following: 130 rnM 
K-gluconate, 5 m M  KCI, 0.5 rnM ECTA, 2 m M  Mg- 
adenosine triphosphate, 10 m M  Hepes, and 5 m M  
glucose (pH 7.2) (27). Data were stored and analyzed 
wi th a Macintosh-based recording system and stan- 
dard software (Pulse, HEKA). 

7. The supplementary figure can be found at www. 
sciencemag.org/feature/data/l043873.shl 
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Regulation of Intestinal 
a-Defensin Activation by the 

Metalloproteinase Matrilysin in 
Innate Host Defense 

the importance of the postsynaptic site for the Carole L. wilson,'" Andre J. O~e l l e t te , ' . ~  Donald P. Satchell,' 
generation of LTD. At this site, LTD can be 
induced very quickly and with high precision. Tokiyoshi Ayabe,' Yolanda S. ~opez-~oado, '  

Our finding of high spatial specificity would Jennifer 1. Stratman,' Scott J. H ~ l t g r e n , ~  
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