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LTD Induction in Adult Visual Cortex: Role of Stimulus
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One Hertz stimulation of afferents for 15 min with constant
interstimulus intervals (regular stimulation) can induce long-
term depression (LTD) of synaptic strength in the neocortex.
However, it is unknown whether natural patterns of low-
frequency afferent spike activity induce LTD. Although neurons
in the neocortex can fire at overall rates as low as 1 Hz, the
intervals between spikes are irregular. This irregular spike ac-
tivity (and thus, presumably, irregular activation of the synapses
of that neuron onto postsynaptic targets) can be approximated
by stimulation with Poisson-distributed interstimulus intervals
(Poisson stimulation). Therefore, if low-frequency presynaptic
spike activity in the intact neocortex is sufficient to induce a
generalized LTD of synaptic transmission, then Poisson stimu-
lation, which mimics this spike activity, should induce LTD in
slices. We tested this hypothesis by comparing changes in the
strength of synapses onto layer 2/3 pyramidal cells induced by

regular and Poisson stimulation in slices from adult visual cor-
tex. We find that regular stimulation induces LTD of excitatory
synaptic transmission as assessed by field potentials and in-
tracellular postsynaptic potentials (PSPs) with inhibition absent.
However, Poisson stimulation does not induce a net LTD of
excitatory synaptic transmission. When the PSP contained an
inhibitory component, neither Poisson nor regular stimulation
induced LTD. We propose that the short bursts of synaptic
activity that occur during a Poisson train have potentiating
effects that offset the induction of LTD that is favored with
regular stimulation. Thus, natural (i.e., irregular) low-frequency
activity in the adult neocortex in vivo should not consistently
induce LTD.
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The alteration of synaptic strengths by patterns of neuronal
activity is thought to be a mechanism via which information is
stored in the CNS. The ability to experimentally induce long-
term potentiation (LTP) and long-term depression (LTD) in
many different regions of the brain lends support to this hypoth-
esis (Tsumoto, 1992; Bear and Malenka, 1994; Linden, 1994).
Both LTP and LTD can be induced by relatively brief, specific
patterns of afferent activity and can persist for days in vivo (Bliss
and Gardner-Medwin, 1973; Dudek and Bear; 1992; Mulkey and
Malenka, 1992; Froc et al., 2000). Consequently, these phenom-
ena are widely studied as models for information storage by
synapses; however, a direct causal link between LTP- and/or
LTD-like synaptic strength changes and behavioral learning has
yet to be demonstrated. Indeed, it is not clear whether patterns of
activity that induce LTP and LTD occur during learning or, for
that matter, even mimic in vivo neuronal activity (but see Do-
brunz and Stevens, 1999; Paulsen and Sejnowski, 2000). This is of
particular concern in the case of protocols used to induce LTD,
which usually consist of long trains of relatively low-frequency
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stimulation (LFS), with constant intervals between stimuli. Such
regular spike activity over prolonged epochs is not observed in
vivo (Softky and Koch, 1993; Shadlen and Newsome, 1998;
Stevens and Zador, 1998).

One Hertz stimulation with constant interstimulus intervals for
15 min (regular stimulation) can reliably induce LTD in the
hippocampus and neocortex of young animals (Mulkey and
Malenka, 1992; Dudek and Bear, 1993; Wagner and Alger, 1995;
Dudek and Friedlander, 1996a). Accordingly, there is support for
the view that LFS may mimic physiological activity during devel-
opment, and thus, a process like LTD may contribute to the
structural refinement of cortical circuits (Katz and Shatz, 1996;
Rittenhouse et al., 1999). In the adult animal, it has been hypoth-
esized that LFS-like activity may encode certain types of mem-
ories or contribute to forgetting (Tsumoto, 1993; Bear, 1999). For
example, LFS-induced LTD could contribute to the functional
reorganization of cortical circuits that has been observed (cf.
Buonomano and Merzenich, 1998; Hamdy et al., 1998; Polley et
al., 1999) in the adult sensory neocortex. However, in many
studies LTD is not as readily induced by 1 Hz protocols in adult
cortical structures as in developing cortex, as assessed by the
frequency of induction (Thiels et al., 1994; Errington et al., 1995;
Wagner and Alger, 1995; Abraham et al., 1996; Dudek and
Friedlander, 1996a; Kirkwood et al., 1997; Staubli and Scafidi,
1997) and/or the magnitude of depression when LTD does occur
(Mulkey and Malenka, 1992; Dudek and Bear, 1993). Thus, it is
important to know whether prolonged low-frequency spike activ-
ity of a neuron in the intact adult brain is sufficient to consistently
induce LTD of the synaptic connections between that neuron and
its postsynaptic targets. If this does occur, then LFS that mimics
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natural spike activity should induce LTD at neocortical synapses.
Spike activity of individual neurons at overall frequencies as low
as 1 Hz has been observed in vivo (Gilbert, 1977; McAdams and
Maunsell, 1999); however, the intervals between individual spikes
are irregular (Softky and Koch, 1993; Shadlen and Newsome,
1998; Stevens and Zador, 1998). Stimulus patterns with Poisson-
distributed intervals between stimuli (Poisson stimulation) have
been used to approximate the irregular spiking that occurs in vivo
in studies in which short-term synaptic depression (Abbott et al.,
1997; Tsodyks and Markram, 1997; Varela et al., 1997, 1999) and
ongoing spike activity (Berger et al., 1988) were examined. How-
ever, the ability of low-frequency Poisson stimulation to induce
LTD has not been tested.

To address these issues, we recorded field potentials (FPs) and
postsynaptic potentials (PSPs) from individual neurons in layer
2/3 of primary visual cortex in slices from adult guinea pigs. We
compared synaptic plasticity induced by regular stimulation at 1
Hz with that induced by Poisson stimulation at 1 Hz. We find that
regular stimulation at 1 Hz induces LTD of FPs and intracellu-
larly recorded, EPSPs but not of single-cell, compound PSPs
(composed of inhibitory and excitatory components). However,
Poisson stimulation at 1 Hz does not induce a net LTD as
assessed by FPs, EPSPs, or compound PSPs.

MATERIALS AND METHODS

Slice preparation. Slices were prepared as described previously (Harsanyi
and Friedlander, 1997). Albino guinea pigs, aged postnatal days 4065,
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Figure 1.  Arrangement of electrodes and exam-
ples of patterns of stimulation used to induce
changes in synaptic strength. 4, Intracellular PSPs
and field potentials induced by layer 4 stimulation
were recorded simultaneously in layer 2/3. B, Left,
One Hertz stimulation with constant intervals be-
tween stimuli is shown. Right, One Hertz stimula-
tion with Poisson-distributed intervals between
stimuli is shown. Raw data at a time scale at which
stimulus artifacts can be clearly discriminated are
shown. C, Segments from B are displayed at a time
scale that allows the relationship of individual
PSPs to be observed. Hyperpolarizing voltage de-
flections after the PSP during regular stimulation
are responses to 50 pA current injection that was
used to monitor input resistance. D, Interstimulus
interval histograms are presented for both pat-
terns. Bin size (50 msec) and total count (900
stimuli) are the same for each case. Arrowheads
indicate the mean interval of 1 sec for both pat-
terns. Notice that the Poisson stimulation pattern
contains short bursts, which allow direct voltage
interactions between individual PSPs (see C), and
also long periods between stimuli (see B). stim,
Stimulation.

\Jm

were deeply anesthetized with ether, and their brains were quickly
removed and placed in chilled (4°C) artificial CSF (ACSF). A section of
tissue containing primary visual cortex was blocked, and coronal slices
(400 wm) were cut from this block in chilled ACSF with a vibroslicer
(Campden Instruments, London, UK). Slices were transferred to an
interface-type recording chamber and maintained for >1.5 hr before the
start of experiments. During this period, the temperature of the ACSF
perfusing the slices was slowly increased from room temperature to 35°C.
The composition of the ACSF was (in mm): 124 NaCl, 4 KCl, 1.5 MgSO,,
2.5 CaCl,, 1.25 KH,PO,, 26 NaHCO4, and 10 dextrose, saturated with
95% 0O, and 5% CO, to maintain pH at 7.4. The flow rate of the ACSF
was 1-2 ml/min.

Electrophysiological techniques. Compound (comprised of excitatory
and inhibitory components) PSPs were recorded with sharp microelec-
trodes from pyramidal cells in layer 2/3 of primary visual cortex in
response to stimulation with bipolar stimulating electrodes placed in
layer 4. Pyramidal cells were identified by their characteristic firing
properties (McCormick et al., 1985; Connors and Gutnick, 1990). In
addition, a subset of cells was confirmed as pyramidal by morphological
identification after biocytin labeling (see Histology). In 38 of 47 exper-
iments, FPs, from an area horizontally adjacent (within 500 um) to the
intracellular recording, and intracellular PSPs were recorded simulta-
neously in response to the same stimulation (Fig. 14). Recording mi-
cropipettes were pulled from glass capillary filaments (1.5 mm outer
diameter; 0.86 mm inner diameter; A-M Systems, Carlsborg, WA) with a
horizontal puller (Sutter Instruments, San Rafael, CA). For FP record-
ings, pipettes were filled with 1.0 M NaCl and had resistances from 1 to
3 MQ. For intracellular recordings, pipettes were filled with 2.0 M
potassium acetate, with pH adjusted to 7.1, and had resistances from 80
to 180 M(). In some experiments, intracellular recording electrodes were
filled with the chloride channel blocker 4,4'-dinitro-stilbene-2,2’-
disulfonic acid (DNDS; 500 um), dissolved in 1.0 M cesium acetate,
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which was allowed to diffuse into the cell after impalement. DN DS was
dissolved in distilled water to a concentration of 10 mm for stock
solutions and kept in the dark at all times.

Stimulation was driven by a Master 8 pulse generator (50 usec;
A.M.P.I, Jerusalem, Israel), and the intensity (12-80 wA) was adjusted
to evoke PSPs of an amplitude (5-11 mV) 30-35% of that required to
reach the action potential threshold. When simultaneous FPs and PSPs
were recorded, the amplitudes of FPs ranged from 0.16 to 1.5 mV at these
stimulation intensities. Stimuli were presented at 0.1 Hz during a base-
line period in which the average amplitude of PSPs was stable for at least
10 min. In cases in which DNDS and Cs * (DNDS-Cs) were included in
the recording pipette, IPSPs were monitored at depolarized membrane
potentials until they were abolished or greatly attenuated (generally
10-30 min; see Fig. 5B,C), and then baseline data were collected. After
the baseline period, 1 Hz stimulation was delivered for 15 min (900
stimuli) with either regular or Poisson-distributed intervals between
individual stimuli (Fig. 1B-D). After the conditioning train, 0.1 Hz
stimulation was resumed, and responses were collected for at least 28
min. Poisson stimulation patterns were generated from a customized
script (Spike2; Cambridge Electronic Design, Cambridge, UK) and were
unique for each experiment.

Data acquisition and analysis. Field potential and intracellular record-
ings were obtained with a Neuroprobe 1600 (A-M Systems) and an
Axoclamp 2A amplifier (Axon Instruments, Foster City, CA) in bridge
mode, respectively. Data were digitized at 4 kHz and collected on a
personal computer using Spike2 software (Cambridge Electronic De-
sign). Input resistances (R;,) of the cells were initially determined with
step-current injections (+0.1-0.3 nA; 100 msec) through the recording
micropipette and subsequently checked during the control period before
and after application of the conditioning protocol by application of —0.05
nA, 100 msec hyperpolarizing pulses. The R;, also was monitored during
the application of the regular (but not the Poisson) 1 Hz conditioning
trains with —0.05 nA, 100 msec hyperpolarizing pulses delivered after
the evoked PSP returned to baseline. The possibility of temporal inter-
action during short interstimulus intervals precluded application of the
R;, test pulses during application of the Poisson conditioning protocol.
We considered it unlikely that the R;, test pulses delivered during the
regular 1 Hz conditioning protocol affected the results because (1) R;,
did not change throughout the conditioning, (2) E,, fully recovered to the
resting level 750 msec before the next synaptic stimulation, (3) the small
magnitude of the brief (100 msec) hyperpolarizing R;, test pulses (<2
mV from E,,..,) that were completed 800 msec before the next synaptic
stimulation would not affect membrane conductances such as removing
inactivation (Connor and Stevens, 1971: Cahabla, 1984; Jung et al., 1997,
Mickus et al., 1999; Smith and Ashford, 2000), and (4) the difference in
LTD outcome between the regular versus Poisson stimulation that oc-
curred with intracellular recording, where R;, test pulses were used (see
Results), was consistent with the difference in LTD outcome between the
regular versus Poisson stimulation that occurred with field potential
recording, where R;, test pulses were not used. The resting membrane
potential was calculated as the difference in the DC potential after
electrode withdrawal and the steady-state membrane potential during the
baseline period. Only recordings with stable resting membrane potential,
input resistance, and baseline period were included in the analysis. In 22
neurons from which compound PSPs were recorded, the mean values (*
SD) of the resting membrane potential and apparent input resistance
were 80.8 = 3.1 mV and 32.3 = 7.1 m(), respectively. An additional 29
PSPs were recorded with DNDS and Cs ™ in the micropipette to block
the GABA , receptor-mediated C1~ and GABAg receptor-mediated K *
conductance, respectively. In four experiments with DNDS-CS in the
recording electrode, a hyperpolarizing PSP was still observed at depo-
larized holding potentials an hour after the recording commenced,
suggesting a pronounced inhibitory component to the PSP, and these
recordings were discarded. The input resistance of the remaining 25 cells
(mean = SD, 34.4 = 9.7 mQ) was not significantly different from that of
the cells without DNDS-Cs; however, the resting membrane potential
(mean * SD, 70.0 = 5.0 mV) was significantly different (p < 0.0001).
This depolarizing shift in the resting membrane potential probably
reflects the block of tonic inhibition by DNDS and the block of K*
currents by Cs *. In agreement with its characterization as a reversible,
fast-flicker-type, open channel blocker, DNDS did not completely block
the early IPSP in all 25 recordings used in this study. In some cases there
appeared to be a residual inhibitory component to the depolarizing PSP
at depolarized holding potentials.

PSPs and FPs were analyzed off-line, and peak amplitudes, initial
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slopes, and half-width measured at half-height (half-width) for the PSP
were calculated using customized software. The peak amplitude was
calculated as the difference in the average of points taken in a 1.25 msec
window centered on the point of greatest voltage deflection from base-
line during the response compared with that in a 1.25 msec window
during the baseline. Measures of peak amplitude are presented, because
the proximity of the stimulating and recording electrodes resulted in the
contamination of initial slopes by stimulus artifacts in some cases. How-
ever, when the calculation of initial slopes was possible, no significant
differences were found in this metric as compared with peak amplitude in
evaluating changes in synaptic strength.

Changes in synaptic strength were quantified as percentage changes in
the average peak amplitude of 30 consecutive PSPs centered at 25 min
after conditioning relative to the average peak amplitude of the last 30
baseline responses. A criterion of a =10% change from baseline of the
peak amplitude was used to categorize recordings from individual ex-
periments as potentiated (LTP) or depressed (LTD). In all cases, this
change was significant (p < 0.01) when assessed with paired ¢ tests.
Group data are presented as the mean = SEM unless otherwise indi-
cated. The significance of group data was evaluated with two-tailed
Student’s ¢ tests with a criterion level set at 0.05 for significant LTD or
LTP. Possible correlations were evaluated with the Pearson correlation
coefficient. Fischer’s exact test was used for analysis of contingencies.

Histology. In some experiments, cells were filled with biocytin to verify
that recordings were from pyramidal cells in layer 2/3. Microelectrodes
were filled with 2% biocytin (in 2.0 M potassium acetate), which was
allowed to diffuse out of the pipette during and after the recording. After
overnight immersion in 4% paraformaldehyde and 0.5% glutaraldehyde
in 0.1 M phosphate buffer, the tissue was reimbedded in albumin and
gelatin and sectioned at 100 um on a vibratome. Sections were incubated
in an avidin-biotin—-horseradish peroxidase complex (Vector Laborato-
ries, Burlingame, CA) and then reacted with 0.3% hydrogen peroxide
and diaminobenzidine (50 mg in 100 ml of 0.05 M Tris buffer). The tissue
was counterstained with cresyl violet. Eleven cells that were recovered all
had pyramidal morphologies and were in layer 2/3 (data not shown).

RESULTS

Field potentials

LTD of FPs induced by regular stimulation at 1 Hz in layer 4 has
been characterized previously in layer 2/3 of the adult rat visual
cortex (Kirkwood et al., 1993; Kirkwood and Bear, 1994b). In
agreement with those studies, we find that LTD of FPs in layer 2/3
can be induced by regular stimulation at 1 Hz in layer 4 of the
adult guinea pig visual cortex (Fig. 24,B, example). Regular
stimulation induced LTD in 10 of 19 experiments. The mean
percentage change in the peak amplitude of all 19 FPs evaluated
at 25 min after conditioning was significantly depressed from
baseline (—9 = 3%; p < 0.01; Fig. 2C). When just the 10 FPs that
depressed were considered, the mean change from baseline was
—17 * 4%. In contrast, Poisson stimulation at an overall rate of
1 Hz did not induce LTD in the majority of experiments (Fig.
34,B, example). LTD was induced in only 4 of 18 experiments by
Poisson stimulation, whereas the mean percentage change in-
duced by Poisson stimulation was not different from baseline (0 =
3%; Fig. 3C). When just the four FPs that depressed were con-
sidered, the mean change from baseline was —14 * 2%. The
change in synaptic strength induced by the different stimulation
patterns was significantly different (p < 0.05) at 25 min after
conditioning (Fig. 3C). This difference is further illustrated in the
cumulative probability plot (Fig. 3D). Note that LTP is induced
by Poisson stimulation in 5 of 18 cases, but by regular stimulation
in only 1 of 19 cases. Thus, the lack of a net LTD in the Poisson
stimulation group is attributable to two factors—fewer cases of
depression and an increased likelihood of potentiation. There-
fore, unlike regular stimulation at 1 Hz, Poisson stimulation at 1
Hz does not induce net LTD of FPs.
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Figure 2. Regular stimulation at 1 Hz induces LTD of FPs. A, Average
FP waveforms from a representative example illustrate LTD. FP and PSP
waveforms in all figures are averages of 30 responses taken at the end of
the baseline period (solid line) and at 25 min after conditioning (dashed
line). B, Plot of peak amplitude over time shows stable LTD for FP
illustrated in A. Dashed horizontal lines are the baseline average in all
figures. C, Group average (= SEM) shows that regular stimulation at 1 Hz
induces LTD (=9 = 3%; p < 0.01) of FPs. The solid horizontal bar
indicates 1 Hz conditioning stimulation in all figures. Each point is the
average of six responses during the baseline period and 60 responses
during the conditioning period in all figures. amp., Amplitude.

Intracellular PSPs

The effects of 1 Hz stimulation on the peak amplitude of intra-
cellularly recorded PSPs were evaluated in 22 neurons and found
to be variable for both Poisson and regular conditioning trains.
Six examples of responses [three each with regular (Fig. 44-C,
left) and Poisson (Fig. 4A4-C, right) stimulation] are illustrated.
These examples reflect the range of individual responses to 1 Hz
conditioning observed at 25 min after conditioning, from LTD
(Fig. 44), to no change (Fig. 4B), to LTP (Fig. 4C). LTD was
induced in 4 of 11 cells by the regular stimulation (—16 = 3%;
n = 4) and in 2 of 11 cells by the Poisson stimulation (—13 = 1%);
n = 2). No change at 25 min occurred in 3 of 11 cells after regular
stimulation and in 5 of 11 cells after Poisson stimulation. LTP was
induced in 4 of 11 cells by regular stimulation and in 4 of 11 cells
by Poisson stimulation. Group averages reflect that neither reg-
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ular (+1 = 6%; n = 11) nor Poisson (+8 * 7%; n = 11)
stimulation induced a net LTD of synaptic strength as evaluated
by intracellular recordings of PSPs (Fig. 4D). Although there was
no significant difference in the average percentage change in-
duced by Poisson and regular patterns of stimulation at all time
points after conditioning, regular stimulation did tend to induce
more synaptic depression than did Poisson stimulation. This is
evident from the fact that 8 of 11 cells were significantly de-
pressed by regular stimulation during the first 5 min after condi-
tioning, whereas only 4 of 11 cells were significantly depressed by
Poisson stimulation during this period. Indeed, the outcome after
Poisson stimulation tended toward LTP. A cumulative probability
plot (Fig. 4E) of the percentage change at 25 min after condi-
tioning illustrates the variability of outcomes in intracellular
recordings induced by both patterns of 1 Hz stimulation.

What is the source of the variability in changes in
synaptic strength?

The variable nature of synaptic plasticity induced by both pat-
terns of stimulation (Fig. 4) was an unexpected outcome of this
experiment. Because of this outcome and the proposed role of
synaptic inhibition in gating the induction of synaptic plasticity in
cortical structures (Artola et al., 1990; Bear et al., 1992; Kirkwood
and Bear, 1994a; Wagner and Alger, 1995), we asked whether
differential recruitment of inhibition in different recordings could
explain the variable effects of 1 Hz stimulation on the intracellu-
lar PSPs. If synaptic inhibition can account for the variability in
outcomes, there should be different relative inhibitory contribu-
tions to PSPs recorded from different cells. One method for
evaluating this is to reveal the inhibitory component of the PSP by
passing current through the recording electrode to depolarize the
membrane potential of the cell during evoked synaptic activity.
As the membrane potential of the cell becomes more depolar-
ized, inhibitory components of the compound PSP are unmasked.
The amount of inhibition present in each case was not quantified,
but a distinct qualitative difference was seen in the contribution of
inhibition to the PSP in different recordings. Two examples are
shown in Figure 54. The fop example shows recordings from a
cell with a large underlying IPSP contributing to the compound
PSP. This compound PSP was slightly potentiated (+6%) by
regular 1 Hz conditioning. Alternatively, the bottom example
shows recordings from a cell with a small underlying IPSP con-
tributing to the compound PSP. Regular 1 Hz conditioning in-
duced LTD (—14%) in this recording. This suggests a role for
inhibition in the variability of synaptic plasticity induced by 1 Hz
stimulation. To test this idea directly, we compared synaptic
plasticity induced by the different patterns of stimulation when
synaptic inhibition onto the recorded cell was blocked. Further-
more, using the half-width as a measure of the inhibitory com-
ponent of each PSP, we plotted the data from the control and
DNDS-Cs groups as EPSPs and compound PSPs (containing
strong inhibitory and excitatory components) to understand bet-
ter the role played by inhibition.

The role of inhibition during 1 Hz conditioning

One Hertz conditioning during intracellular blockade

of inhibition

A difficulty in blocking inhibition in neocortical slices with bath-
applied antagonists is that evoked activity can generate epilepti-
form discharges. To circumvent this problem we used intracellu-
lar blockade of inhibition onto the recorded cell with DN DS-Cs,
while leaving inhibition in the slice intact (Dudek and Fried-
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Figure 3. Poisson stimulation at 1 Hz does not induce LTD of FPs. A, Average FP waveforms from a representative example show no change in synaptic
strength. B, Plot of peak amplitude over time shows recovery to baseline for FP illustrated in 4. C, Group averages (= SEM) indicate that Poisson
stimulation (open diamonds) does not induce LTD (0 * 3%; n = 18) of FPs. The regular group ( filled diamonds) is significantly different (p < 0.05)
from the Poisson group at 25 min after conditioning. D, Cumulative probability plot shows the difference between Poisson and regular groups in the
percentage change from baseline of the amplitude of FPs at 25 min after conditioning. Symbols in cumulative probability plots are the same as those in
the corresponding peak amplitude plot in all figures. Dashed vertical lines are 90 and 110% of baseline in all figures.

lander, 1996a,b). DNDS is a reversible, fast-flicker-type, open
channel blocker of GABA, receptor-mediated Cl~ channels,
whereas Cs™ blocks a number of K* conductances, including
that mediated by the GABAy receptor. An advantage to this
method is that direct effects of inhibition onto the cell of interest
can be distinguished from effects of inhibition that may occur
throughout the circuit.

In this study, DNDS-Cs blocked the GABA, and GABAg
conductances, as assessed by injecting bias current to unmask
inhibitory components, in 25 recordings. The effectiveness of
DNDS-Cs in blocking early and late IPSPs was evident in the
increased magnitude and breadth of PSPs at rest and the reversal
of hyperpolarizing PSPs seen at depolarized holding potentials
after DNDS-Cs diffused into the cell. An example PSP at its
resting membrane potential is shown immediately after impale-
ment and 30 min later after the full effects of DNDS-Cs in Figure
5B. Note that the half-width of this PSP increased markedly after
the diffusion of DNDS-CS. This same PSP is shown at a depo-
larized membrane potential that reveals an IPSP in Figure 5C.
After the diffusion of DNDS-Cs into the cell the IPSP is no
longer evident.

LTD was induced by regular stimulation in 6 of 13 cells when
inhibition was blocked by DNDS-Cs. An example of LTD in-
duced by regular stimulation during blockade of inhibition is
shown in Figure 6A4. Overall, net LTD was induced by regular
stimulation when inhibition was blocked (=7 = 3%; p < 0.02; Fig.
6B). When just the six cells that significantly depressed were

considered, the magnitude of depression was —16 * 2%. LTD
was not induced by Poisson stimulation (0 of 12 cells) when
inhibition was blocked. An example of the characteristic change
in synaptic strength seen under these conditions is presented in
Figure 6C. There was no net change in synaptic strength when
Poisson stimulation was used and inhibition was blocked (—1 =
2%; Fig. 6D). Therefore, regular stimulation, but not Poisson
stimulation, induces net LTD at excitatory synapses (when the
inhibitory component of the compound PSP is blocked by DN DS-
Cs). Another effect of DNDS-Cs was that the induction of LTP
by both patterns of stimulation was almost eliminated. Although
LTP was induced in 8 of 22 cells (both patterns pooled) under
control conditions, it was only induced in 1 of 25 cells (both
patterns pooled) when inhibition was blocked by DNDS-Cs (p <
0.01, Fischer’s exact test).

Analysis of half-width

Although these results clearly indicate that LTD can be induced
by regular, but not Poisson, stimulation when inhibition is
blocked, there were no significant differences between the control
and DNDS-Cs groups for either stimulation pattern at 25 min
after conditioning. We suggest that the reason for this is that cells
in the control and DN DS-Cs groups overlap with respect to the
contribution of inhibition to the PSP (see Fig. 74). There are two
reasons why this may occur. (1) DNDS-Cs does not completely
block inhibition in some cells but rather attenuates it, and 2) some
PSPs in the control group exhibit a very weak or absent inhibitory
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Figure 4. Neither Poisson nor regular stimulation induces net LTD of compound intracellular PSPs; however, the sign, magnitude, and duration of
changes in synaptic strength are variable across recordings. 4, Representative examples show that regular (left) and Poisson (right) patterns of stimulation
could induce LTD. Insets, Average PSP waveforms are shown. Calibration: 2 mV, 10 msec. B, In some recordings, a transient depression that recovered
to baseline was induced. C, In some cases, a slow-developing LTP occurred. D, Group averages (* SEM) illustrate that neither regular ( filled diamonds;
+1 = 6%; n = 11) nor Poisson (open diamonds; +8 = 7%; n = 11) stimulation induced LTD in intracellular recordings. E, Cumulative probability plot
of the percentage changes from baseline of the peak amplitude of the intracellular PSPs at 25 min after conditioning is shown.

component. These cells are probably much like some cells in the potentials to the PSP on the basis of the assumption that a robust
DNDS-Cs group in terms of the inhibitory component of the PSP. inhibitory component will sharpen the PSP resulting in a small

One way to evaluate the contribution of inhibition to com- half-width, whereas a weak inhibitory component will allow a
pound PSPs is with the half-width measure of the PSP. This broader PSP resulting in a large half-width (Peng and Frank,
measure should reflect the relative contribution of inhibitory 1989; Turner, 1990; Turner and Wheal, 1991). Indeed, we find a
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Figure 5. The variable degree of synaptic plasticity induced by 1 Hz
stimulation may result from variable recruitment of inhibition. 4, The
inhibitory component of compound PSPs is variable. Top, Average traces
(n = 95) illustrate a PSP at its resting V,, (—85 mV; left) and at a
depolarized potential (—77 mV; middle), and the two traces are superim-
posed (right). Holding the cell at a slightly depolarized potential with DC
current injection unmasks a prominent inhibitory component. Bottom, A
different PSP is shown at its resting V,, (left), at —66 mV (middle), and
superimposed (right). This PSP contains a less prominent inhibitory
component than does the PSP shown above despite the cell being held at
a more depolarized potential. B, Diffusion of DNDS-Cs from the record-
ing pipette blocks synaptic inhibition onto that cell. Average PSPs (n = 5)
from the same cell show that, at the resting membrane potential, the PSP
is increased in amplitude and broadened 30 min after impalement. C,
Robust inhibition evident at depolarized potentials immediately after
impalement is blocked by DNDS-Cs 30 min later. All traces in B and C
are from the same cell. Times shown above or below the traces are after
impalement.

significant difference (p < 0.01, ¢ test) in the mean half-width in
our control (7.2 = 0.5 msec; n = 22) and DNDS-Cs (9.2 = 0.5
msec; n = 25) groups. Figure 74 illustrates that there is an
overlap of the DNDS-Cs and control groups with respect to their
half-widths, suggesting that some PSPs in the control group have
weak or absent inhibitory components. To determine the rela-
tionship between the amount of inhibition recruited and changes
in synaptic strength, we correlated the mean half-width (last 30
responses) of the baseline PSPs with the percentage change in
PSP amplitude at 25 min after conditioning. The percentage
change in the amplitude of PSPs at 25 min is correlated
(r = —0.603; p < 0.05) with their half-width during the baseline
period when the regular 1 Hz conditioning protocol is used (Fig.
7B). Broad PSPs, reflecting weak inhibition, are depressed,
whereas narrow PSPs, reflecting stronger inhibition, are potenti-
ated or do not change. Note that there is a threshold at ~8 msec
that demarcates these two effects and that also is a lower bound
for the range of overlap of half-widths between the control group
and the DNDS-Cs group (see Fig. 74). There is not a correlation
(r = —0.084) between the half-width and changes in synaptic
strength when Poisson patterns are used (Fig. 7B), suggesting that
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Figure 6. LTD of intracellular PSPs is induced by regular, but not
Poisson, stimulation when inhibition onto that cell is blocked. A4, In this
representative example with DNDS-Cs in the pipette, regular stimulation
induced LTD. B, Group data plots show that, when inhibition is blocked
with DNDS-Cs, regular stimulation induces LTD (=7 = 3%; p < 0.02;
n = 13). C, In this representative example with DNDS-Cs in the pipette,
Poisson stimulation did not induce LTD. D, Poisson stimulation in the
presence of DN DS-Cs does not induce significant depression (=1 = 2%;n =
12). Insets, Average PSP waveforms are shown. Calibration: 2 mV, 10 msec.

Poisson stimulation renders the outcome (LTD or LTP) less
sensitive to inhibition.

To delineate more clearly between PSPs with a weak and strong
inhibitory component, we pooled those cells from the control
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Figure 7. Induction of LTD depends on stimulus pattern and presence of inhibition. 4, Histogram shows overlap of half-widths for control
(black-outlined vertical bars) and DN DS-Cs ( gray-filled vertical bars) groups. Curves (black and gray, respectively) are Gaussian fits to the data. B, Graphs
show the percentage change from baseline of the PSP at 25 min plotted versus the half-width of the baseline PSP in control solution. Left, With regular
stimulation, narrow PSPs are more likely to be potentiated, whereas broad PSPs are more likely to be depressed. Right, With Poisson stimulation, there
is not a significant correlation between the half-width of the baseline PSP and the induction of LTP or LTD. Lines are linear fits to the data. C, The graph
displays the data when PSPs with a half-width >8 msec from the control group (see Fig. 4) are pooled with those of the DNDS-Cs group to form an
EPSP group and a compound PSP (CPSP) group (half-width < 8 msec). Regular stimulation induces LTD (=9 * 3%; p < 0.005; n = 16) of the EPSP
group ( filled diamonds) but not of the CPSP group (open diamonds; 8 = 6%;n = 8). The EPSP group is significantly different ( p < 0.005) from the CPSP
group. D, The cumulative probability plot reveals the difference between groups for regular stimulation. £, Poisson stimulation does not induce LTD
of either the EPSP (=1 = 3%; n = 15) or the compound PSP (+12 = 8%; n = 8) groups. F, The cumulative probability plot shows that the EPSP and
compound PSP groups are not significantly different. ns, Not significant.

group with half-widths >8 msec with the cells from the
DNDS-Cs group. This allowed us to compare an EPSP group
(inhibition weak or absent; the DNDS-Cs group + 6 cells from
the control group) and a compound PSP group (inhibition strong;
the 16 remaining cells from the control group) for each pattern of
stimulation. When the groups are compared in this way, LTD of
the EPSP group is induced (—9 = 3%; n = 16; p < 0.005), and

there is a significant difference (p < 0.005) in the effects of the
conditioning protocol between the EPSP group and the com-
pound PSP group (+8 = 6%; n = 8) when regular stimulation is
used (Fig. 7C). This difference is evident in the cumulative
probability plot (Fig. 7D) where the presence of strong inhibition
shifts the outcome away from LTD and toward LTP. With Pois-
son stimulation however, LTD does not occur, regardless of the
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presence or absence of a strong inhibitory component to the PSP,
and the groups do not differ (p = 0.09; EPSPs = —1 = 3%; n =
15; compound PSPs = +12 = 8%; n = §; Fig. 7E). In agreement
with the lack of correlation between the half-width and the
change in synaptic strength seen when Poisson stimulation is
used, the cumulative probability plot (Fig. 7F) reveals that
changes in synaptic strength induced by Poisson stimulation are
not as tightly regulated by inhibition. The only difference between
the compound PSP and EPSP groups with Poisson stimulation is
that the magnitude of potentiation is increased when inhibition is
strong. Thus, differences in long-term changes in synaptic
strength induced by Poisson and regular patterns of stimulation
occur at excitatory synapses (i.e., when the inhibitory component
of the PSP is weak). When the inhibitory component of the PSP
is strong, the change in synaptic strength induced by 1 Hz stim-
ulation tends toward potentiation, regardless of stimulation
pattern.

Relationship of intracellular PSPs to field potentials

Simultaneously recording FPs and PSPs in the same slice allowed
us to evaluate whether changes in synaptic strength similar to
those assessed by intracellular recordings occurred in the volume
of tissue surrounding the recorded cell. In agreement with pre-
vious results (Kirkwood and Bear, 1994a,b; Castro-Alamancos et
al., 1995; Hess and Donoghue, 1996), we found a significant
correlation between changes in synaptic strength assessed with
simultaneously recorded FPs and PSPs recorded both with con-
trol filling solution (» = 0.774; p < 0.001, pooled Poisson and
regular groups) and with DNDS-Cs (r = 0.881; p < 0.0001,
pooled Poisson and regular groups) in the electrode (Fig. 8).
However, there is a difference between PSPs recorded with con-
trol filling solution and with DNDS-Cs in the electrode as they
relate to FPs. The changes in the magnitude of FPs were remark-
ably similar to the changes in the magnitude of EPSPs (compare
Figs. 3C,D, 7, EPSP data), whereas, overall, FPs exhibited greater
depression than did PSPs recorded with control filling solution in
the electrode (compare Figs. 3C, 4D). This point is clearly illus-
trated in Figure 8 in which simultaneously recorded FPs and PSPs
in control or DNDS-Cs filling solutions are plotted. In 13 of 14
control cases (Fig. 84) the magnitude of the FP normalized to the
baseline after conditioning was less than that of the PSP normal-
ized to baseline, whereas with DNDS-CS (Fig. 8 B) the normal-
ized magnitude of FPs was equally likely to be greater than (n =
12) or less than (n = 12) the normalized magnitude of the PSP.
Thus, FPs are equivalent to EPSPs (i.e., with inhibition onto the
cell blocked or absent) as a measure of synaptic plasticity induced
by 1 Hz stimulation. This is consistent with evidence from current
source density analysis and pharmacological experiments (Bor-
roni et al., 1991; Bear et al., 1992) that suggests that FPs recorded
in layer 2/3 of the neocortical slice preparation are predominately
a measure of excitatory synaptic transmission.

DISCUSSION

We examined the role that the timing of synaptic activity plays in
the induction of LTD in the adult visual cortex by comparing
changes in synaptic strength induced by regular and Poisson
patterns of afferent stimulation at the same mean 1 Hz rate.
Poisson stimulation was used to mimic the irregular spike activity
that occurs in vivo. When FP recordings were used to assess
synaptic strength, conventional regular stimulation reliably in-
duced LTD (see also Kirkwood et al., 1993; Kirkwood and Bear,
1994b). However, when synaptic strength was assessed at the
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Figure 8. Field potentials and PSPs with inhibition blocked are similar
measures of synaptic plasticity induced by 1 Hz stimulation. 4, With
control filling solution, the percentage of the baseline at 25 min after
conditioning for the FP is less than that of the simultaneously recorded
PSP in 13 of 14 experiments. B, With DNDS-Cs in the pipette, the
percentage of the baseline at 25 min after conditioning for a FP is equally
likely to be less than (n = 12) or greater than (n = 12) that of the
simultaneously recorded PSP. Changes in FPs and simultaneous PSPs are
significantly correlated for both groups. Dashed lines indicate unity.

individual cell level, regular 1 Hz stimulation did not reliably
induce LTD. LTD could occur at individual cells, but these
examples were counterbalanced by cases in which LTP was in-
duced. Some of this individual cell variability can be accounted
for by the presence of a significant component of synaptic inhi-
bition in the compound PSP, because LTD was reliably induced
when inhibition was absent (see also Dudek and Friedlander,
1996a). The major finding in this study, however, is that Poisson
stimulation did not induce LTD of synaptic strength whether
assessed at the individual cell or FP level, regardless of the
presence of synaptic inhibition.

Role of temporal contiguity of stimuli in plasticity—the
calcium hypothesis

What differences occur during regular and Poisson stimulation
that result in LTD being induced by only the regular pattern? The
critical parameter for determining long-term changes in synaptic
strength must be the temporal relationship of individual stimuli,
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because the number of stimuli (900) and the time over which they
are presented (15 min) are the same for each pattern. Periodic
epochs of high-frequency synaptic activity interspersed with qui-
escent periods >1 sec occur during Poisson stimulation (see Fig.
1B-D). We suggest that this pattern of stimulation results in a
spatiotemporal profile of postsynaptic intracellular [Ca®*] that is
sufficiently different from that produced by regular stimulation to
account for the differing abilities of the patterns to induce LTD.

It has been shown in both the hippocampus and neocortex that
a moderate increase in postsynaptic intracellular [Ca®"] during
the activation of a population of synapses favors the induction of
LTD at those synapses, whereas a more substantial increase
triggers the induction of LTP (Yasuda and Tsumoto, 1996; Han-
sel et al., 1997; Yang et al., 1999). These observations are the
basis for the hypothesis that the postsynaptic [Ca2"] at the
dendritic spine is the primary determinant of the polarity of
modification of synaptic strength during the activation of a syn-
apse (Lisman, 1989; Artola and Singer, 1993). Implicit in this
hypothesis, and supported by empirical evidence, is that there
exists a crossover point or threshold spatiotemporal concentra-
tion of intracellular calcium at which no net change in the syn-
aptic strength of a population of synapses occurs (Bienenstock et
al., 1982; Artola and Singer, 1993; Bear, 1995, 1996). We suggest
that during Poisson stimulation, epochs occur during which in-
tracellular postsynaptic calcium increases to levels that are not
reached during regular stimulation. These brief periods of high
calcium would push the polarity of the modification of synaptic
strength toward LTP and, thus, toward the crossover point for the
population of synapses. The consistent intervals of regular stim-
ulation would result in a calcium concentration that does not
reach the peaks that occur during Poisson stimulation but that
would stabilize at a moderate level during the conditioning train
and preferentially induce LTD at the majority of activated
synapses.

Induction of LTD or LTP by 1 Hz stimulation and the
influence of inhibition

We found that LTD was more likely to be induced by regular
stimulation when there was a weak inhibitory component to the
PSP, whereas, in the cases in which inhibition was strong, LTP
could be induced. When Poisson stimulation was used, the out-
come was not dependent on inhibition. This is evident from two
observations: (1) the significant correlation that occurs between
the half-widths of the PSPs and the percentage change at 25 min
with regular stimulation, but not with Poisson stimulation (see
Fig. 7B), and (2) the significant difference between the EPSP and
compound PSP groups after regular stimulation, but not after
Poisson stimulation (see Fig. 7C-F). An analysis of the induction
of LTP in this experiment provides insight into one possible
reason for the differential influence of inhibition when Poisson
and regular stimulation are used. Overall, LTP induction was
more likely (p < 0.05, Fischer’s exact test) when there was a
robust inhibitory component of the intracellularly recorded PSP
(44% or 7 of 16 cases, both patterns pooled) as compared with
cases in which postsynaptic inhibition was blocked or an inhibi-
tory component of the PSP was not evident from the half-width
measure (6% or 2 of 31 cases, both patterns pooled). There are
three possible explanations for this result: (1) depression of the
direct inhibitory component of the compound PSP, (2) depression
of excitatory synaptic transmission onto inhibitory interneurons
that innervate the recorded cell, or (3) excitatory synapses onto
the recorded cell that are potentiated by 1 Hz stimulation in the
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presence of postsynaptic inhibition. There are reports of activity-
dependent plasticity at both excitatory synapses onto inhibitory
cells and inhibitory synapses (Marty and Llano, 1995; Komatsu,
1996; McMahon and Kauer, 1997; Laezza et al., 1999). Potenti-
ation of excitatory transmission with synaptic inhibition intact
seems at odds with reports that inhibition blocks or attenuates
LTP at excitatory synapses in the visual cortex (Artola et al.,
1990; Bear et al., 1992; Kirkwood and Bear, 1994a). However, in
these previous experiments, brief epochs of high-frequency stim-
ulation, not 1 Hz stimulation, were used to induce LTP.

The FP data should provide clues for discriminating between
these alternative mechanisms because FPs are predominately a
measure of excitatory synaptic transmission in the neocortical
slice preparation (Borroni et al., 1991; Bear et al., 1992) (see Fig.
8). Thus, if the potentiation that is induced by our protocol with
synaptic inhibition present results from a depression of inhibitory
currents, FPs should not be potentiated. Conversely, if FPs are
potentiated, it would imply that excitatory synaptic transmission
can be potentiated by 1 Hz stimulation in the presence of inhibi-
tion. We found that LTP was induced by Poisson stimulation in 5
of 18 FP recordings, but in only 1 of 19 FP recordings in which
regular stimulation was used (p = 0.09, Fischer’s exact test).
Thus, when predominately excitatory synaptic transmission is
evaluated separately (either as FP recordings or as intracellularly
recorded PSPs in which postsynaptic inhibition is absent), LTP is
induced by regular 1 Hz stimulation in only 3% (1 of 35) of cases
(1 of 19 FP; 0 of 16 EPSP), but it is induced by Poisson stimula-
tion in 21% (7 of 33) of cases (5 of 18 FP; 2 of 15 EPSP; p < 0.03,
Fischer’s exact test). These results are consistent with a depres-
sion of inhibitory synaptic transmission underlying the potentia-
tion that can be induced by regular 1 Hz stimulation. Conversely,
Poisson stimulation at 1 Hz can potentiate excitatory synaptic
transmission in layer 2/3. The brief bursts of high-frequency
activity that occur during Poisson stimulation allow temporal
summation of PSPs, resulting in a greater depolarization over a
longer epoch of time (see Fig. 1C). In this way, bursts of activity
may overcome the hyperpolarizing effects of inhibition and in-
duce LTP at excitatory synapses (see previous section for discus-
sion of the possible role of calcium). Furthermore, Poisson stim-
ulation may be less likely to induce depression of inhibitory
synaptic transmission.

Functional implications of Poisson patterns

of stimulation

In addition to the visual cortex, LTD has been induced by regular
LES in other neocortical regions in the adult (Castro-Alamancos
et al., 1995; Chen et al., 1996; Hess and Donoghue, 1996; Cho et
al., 2000; Froc et al., 2000). Thus, the sustained low-frequency
spike activity of a neuron in the adult cortex could be sufficient to
depress the synapses that a cell makes with its postsynaptic
targets. However, on the basis of our results, prolonged 1 Hz
activity only induces LTD when that activity is regular. Such
prolonged regular activity is unlikely to occur in vivo (Softky and
Koch, 1993; Shadlen and Newsome, 1998; Stevens and Zador,
1998). Thus, unless additional constraints are imposed, the stan-
dard experimental protocol for LTD induction (prolonged regu-
lar 1 Hz stimulation) does not appear to have physiological
significance for the sustained downregulation of synaptic
strength, at least in the mature visual cortex at supragranular
synapses. However, prolonged low-frequency synaptic activity in
vivo might induce LTD if, for example, that activity covaried with
specific states of postsynaptic activity that are determined by
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other inputs to the cell [i.e., membrane potential of the postsyn-
aptic cell (Artola et al., 1990; Frégnac et al., 1994; Ngezahayo et
al., 2000), temporal correlation with postsynaptic spikes
(Markram et al., 1997; Linden, 1999), and/or activity of neuro-
modulators (Kirkwood et al., 1999; Manahan-Vaughn and Braun-
ewell, 1999; Kojic et al., 2000)].

Prolonged periods of low-frequency activity in populations of
afferents may play a specialized role in the structural refinement
of cortical circuits during development (Katz and Shatz, 1996;
Rittenhouse et al., 1999). An example of structural refinement in
the visual cortex is the development of ocular dominance columns
(Hubel and Wiesel, 1970; Friedlander and Martin, 1989), which
may be initiated by a failure to achieve persistent, temporally
correlated presynaptic activity and postsynaptic depolarization
(Bienenstock et al., 1982; Blais et al., 1999; Hata et al., 1999). It
has been proposed that homosynaptic LTD (Bienenstock et al.,
1982; Blais et al., 1999; Rittenhouse et al., 1999) is a primary
event leading to the long-term structural and functional changes
in synapses that occur as a consequence of imbalanced binocular
interactions during the critical period. Indeed, LTD induced by
regular stimulation in the young animal is more robust than that
induced in the adult (Mulkey and Malenka, 1992; Dudek and
Bear, 1993; Wagner and Alger, 1995). Therefore, it remains to be
seen whether periods of “Poisson-like” low-frequency activity are
more likely to induce LTD in the immature visual cortex.

It is important to note that Poisson stimulation at 1 Hz is
capable of inducing LTD at some individual synaptic connec-
tions. This is evident from the fact that a small-magnitude LTD
was induced by Poisson stimulation in some recordings. However,
among the population of cells studied, these cases were counter-
balanced by examples in which Poisson stimulation induced LTP,
resulting in no net change in synaptic strength across the group.
These counterbalanced changes in synaptic strength that occur
across slices in this experiment imply that changes in the strength
of individual synapses within a network of neurons can occur,
while the overall synaptic drive onto an individual cell remains
relatively constant. In the case of compound PSPs in which
regular stimulation is used that induces LTD of both the excita-
tory and inhibitory synapses, information could be stored at both
types of synapses while overall synaptic drive remains constant.
This is consistent with models that incorporate synaptic plasticity
as a mechanism to store information (Bienenstock et al., 1982;
Bear, 1995; Miller, 1996). An important theoretical constraint in
such models is that a homeostasis of synaptic activity must be
maintained while information is encoded at individual synapses.
In this regard, the depression of synaptic strengths is almost
certainly a necessary and integral mechanism via which informa-
tion is stored in adult cortical structures. However, the patterns of
activity that induce long-term synaptic depression are different at
different types of synapses (Tsumoto, 1992; Bear and Malenka,
1994; Linden, 1994; Marty and Llano, 1995) and probably at
different times (because of the history of presynaptic activity, the
voltage state of the postsynaptic cell, the activity of neuromodu-
lators, etc.) at the same synapses (Artola et al., 1990; Frégnac et
al., 1994; Abraham and Bear, 1996; Markram et al., 1997; Kirk-
wood et al., 1999; Linden, 1999; Manahan-Vaughn and Braun-
ewell, 1999; Kojic et al., 2000). Although our results with Poisson
stimulation challenge the physiological applicability of the com-
monly used regular 1 Hz stimulation paradigm for LTD induc-
tion, it will also be useful to evaluate the effects of natural
stimulus patterns recorded in vivo (Dobrunz and Stevens, 1999).
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