mulation and also predicts the surface loca-
tion of Pla. The plasminogen activation
and chemoattractant reduction hypotheses
are not mutually- exclusive. These two
mechanisms may be synergistic by affecting
both cellular and noncellular processes con-
tributing to containment of the bacteria.
Direct in vivo tests of hypotheses regarding
Pla activity will be essential to understand
its mechanism of action.

Whatever the mechanism of Pla action,
our findings may have broad implications for
other Gram-negative infections. Homologs
of pla have been found in Escherichia coli
(ompT, 50% homology) and Salmonella ty-
phimurium (prtA, 70% homology) (14). We
have recently sequenced another in Salmo-
nella typhi that is very similar to the S.
typhimurium gene. In all of these organisms,
the pla homologs are chromosomal and have
no known physiological function. The role
of Pla in plague implies that this class of
proteases may contribute, in a more subtle
way, to the capacity of less virulent species
to produce disseminated infection. Such in-
fections are a major source of mortality for
immunocompromised patients. As we have
noted (14), the homologies described above
also suggest that Y. pestis acquired pla from a
member of the Salmonella lineage. Given the
importance of this gene to the life cycle of Y.
pestis in nature, acquisition of the pPCP1
plasmid was clearly a major event in the
evolution of this pathogen from Y. pseudo-
tuberculosis. This argues against the notion
that Y. pestis has arisen repeatedly from Y.
pseudotuberculosis by acquisition of gene-in-
activating mutations (18). It also presents
another example of the importance of mo-
bile genetic elements in the evolution of
bacterial virulence.
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Activity-Dependent Decrease in NMDA Receptor
Responses During Development of the
Visual Cortex

Giorgio Carmignoto* and Stefano Vicini

Plasticity of the developing visual system has been regarded as the best model for changes
of neuronal connections under the influence of the environment. N-methyl-p-aspartate
(NMDA) receptors are crucial for experience-dependent synaptic modifications that occur
in the developing visual cortex. NMDA-mediated excitatory postsynaptic currents (EPSCs)
in layer IV neurons of the visual cortex lasted longer in young rats than in adult rats, and
the duration of the EPSCs became progressively shorter, in parallel with the developmental
reduction in synaptic plasticity. This decrease in NMDA receptor-mediated EPSC duration
is delayed when the animals are reared in the dark, a condition that prolongs developmental
plasticity, and is prevented by treatment with tetrodotoxin, a procedure that inhibits neural
activity. Application of L-glutamate to outside-out patches excised from layer IV neurons
of young, but not of adult, rats activated prolonged bursts of NMDA channel openings. A
modification of the NMDA receptor gating properties may therefore account for the age-

dependent decline of visual cortical plasticity.

In the visual cortex, activation of the
NMDA subtype of glutamate receptor con-
tributes to normal excitatory synaptic trans-
mission (1) and is required for the experi-
ence-dependent modifications of synaptic
connections that occur during a restricted
period of early postnatal development in
kittens (2). After the animal reaches adult-
hood, the cortical synaptic organization can
no longer be modified by visual experience
(2). To test whether this reduction in
plasticity is associated with a modification
of NMDA receptor responses, we studied
functional properties of the NMDA recep-
tor in visual cortical neurons of the rat
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during development, from the time before
eye opening to adulthood. We used whole
cell and excised patch current recordings in
brain slices (3-5) from 163 neurons located
in layer IV out of a total of 198 visual
cortical neurons (6).

We studied NMDA responses by analyz-
ing the EPSC evoked by stimulation of the
borders between the white matter and layer
VI (7). In all neurons with voltages
clamped at —70 mV holding potential, the
EPSC was composed of a fast-decaying
component (8), which was abolished by the
non-NMDA receptor antagonist 2,3-dihy-
droxy-6-nitro-7-sulfamoyl-benzo (F)quinox-
aline (NBQX) (10 pM), and a slower tail.
This latter component was mediated by
NMDA receptors because it was abolished
by the selective NMDA antagonist 3-[(+)-2-
2-carboxypiperazin-4-yl]-propyl-1-phosphonic

1007



acid (CPP) (10 uM) (n = 10). In all
experiments, NMDA receptor-mediated
EPSCs (NMDA-EPSCs) were studied after
prolonged washing with a nominally Mg?*-
free solution in the presence of 10 pM
NBQX and 1 uM glycine (9).

During development, in 13 spiny stellate
neurons and 42 pyramidal layer IV neurons
from rats of various ages, amplitudes and
rise times of NMDA-EPSC:s did not signif-
icantly change [amplitude, 75 * 36 pA
(mean * SD); range, 21 to 167 pA] (rise
time, 6.9 + 3.3 ms; range, 4.1 to 10.9 ms)
(—50 mV holding potential). In contrast,
the duration of NMDA-EPSCs decreased.
Before eye opening, at 9 to 14 days,
NMDA-EPSC decays (7) were well de-
scribed by either a single (range, 180 to 390
ms; n = 10) (Fig. 1A) or double exponen-
tial function with a fast and slow compo-
nent (7, range, 21 to 63 ms; 7,, range, 177
to 321 ms; n = 8). However, the relative
contribution of the slow component to the
EPSC was dominant (average, 92 *+ 12% of
the total current; n = 18). To investigate
whether the slow decay of evoked NMDA-
EPSCs was due to temporally uncorrelated
polysynaptic activity, we also recorded min-

iature NMDA-EPSCs (10). The miniature

Fig. 1. Kinetic changes of
NMDA-EPSCs from layer IV A
neurons. (A and B) Five super-
imposed EPSCs (top left) fol-
lowed by the average of 20 con-
secutive events (bottom right)
obtained from a stellate cell of
(A) a 12- and (B) a 35-day-old
rat. In (A), the single exponential
curve of the decay is superim-
posed on the average current
(bottom right). In (B), the poor
single exponential fitting is fol-
lowed by the superimposed
double exponential curve with
fast and slow components also
shown (bottom right). Spontane-
ous NMDA-EPSCs at —50 mV B
holding potential are also shown
in the top left panels of (A) and
(B). Bottom traces (left) are the
average of 30 events with the
superimposed single exponen-
tial curve. The average decay of
miniature  NMDA-EPSCs from
six neurons of 12-day-old rats is
221 = 84 ms (n = 145) and from
six neurons of 35-day-old rats is
459 *= 17 ms (n = 182). The
amplitudes (range, 5 to 45 pA)
and rise times (range, 4.8 to
10.5 ms) did not significantly
differ with age; f, fast component;
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s, slow component. (C) Developmental decrease of the slow component
contribution to NMDA-EPSC at —50 and +50 mV (inset) holding potentials.
Lines connect the averages (diamonds) of the experimental points
(circles). One-way analysis of variance (ANOVA) with subsequent
comparison by the Duncan multiple range test showed that the slow
component contributions to EPSCs from rats at different ages were
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NMDA-EPSCs were mediated by NMDA
receptors because they were recorded in the
presence of 10 pM NBQX and disappeared
after perfusion with 10 pM CPP. The
average time constants for the decay of
miniature NMDA-EPSCs were similar to
those of evoked NMDA-EPSCs (Fig. 1A).

Faster NMDA-EPSCs were observed in
neurons from older rats. The average decay
of NMDA-EPSC:s from layer IV neurons at
day 35 was always best described by a
double exponential function (7, range, 35
to 66 ms; T, range, 171 to 301 ms; n = 8)
(Fig. 1B). The slow component, however,
was never greater than 35% of the total
current. Miniature NMDA-EPSCs record-
ed from six neurons were also very fast (Fig.
1B); their duration was well correlated with
that of evoked synaptic currents.

The NMDA-EPSC was voltage-depen-
dent and reversed at a holding potential of
+5 * 6 mV, its duration at —50 mV
holding potential (Fig. 1C) and at +50 mV
holding potential (Fig. 1C, inset) (11) pro-
gressively decreased with the age of the rat.
The relative contribution to the NMDA-
EPSC of the slow component decreased
from 90% at day 12 to less than 20% in two
4-month-old rats. Because the time con-
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stants of the fast and slow components
remained unchanged during the same peri-
od (Fig. 1D), the progressive decrease of
the slow component contribution of the
NMDA-EPSC accounts for the faster cur-
rents in adult rats. A developmental in-
crease in the sensitivity of NMDA-EPSCs
to the residual Mg?* (12) cannot by itself
account for the reduction in duration be-
cause it was also observed at a +50 mV
holding potential (Fig. 1C, inset). Howev-
er, we did not directly compare the Mg?*
(12) and glycine (9) sensitivity of the
NMDA receptor in young and in fully
developed rats. The kinetic changes of the
NMDA-EPSC were similar in pyramidal
and stellate cells of layer IV (13). We also
observed shortening in the duration of
NMDA-EPSCs during development in neu-
rons located in layers other than layer IV (n
= 32).

To examine the mechanism underlying
the developmental decrease of the NMDA-
EPSC duration (14), we investigated
NMDA channel currents elicited by L-glu-
tamate in outside-out patches (15). We
hypothesized that a modification of the
intrinsic functional properties of postsynap-
tic receptors results in short-lasting synaptic
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statistically different (P < 0.05) between 12- to 14-day-old rats and rats
older than 16 days. The label “adult” refers to two 4-month-old rats. (D)
Time constants of the fast and slow exponential decays at —50 mV
holding potential. Filled circles represent the =, and empty circles the 7.
The only statistically significant difference was for the 7, of 9-day-old
rats (P < 0.05, ANOVA followed by the Duncan test).



currents, although presynaptic differences
such as the type of neurotransmitter (16),
its reuptake, and the kinetics of vesicular
release could also contribute.

A brief (4 ms) application of L-gluta-
mate (1 mM) to outside-out patches from

A
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layer IV neurons (n = 9) (holding poten-
tial, —50 mV) of rats before eye opening
(12 to 14 days old) induced the synchro-
nous activation of many NMDA channels,
followed by the occurrence of multiple clus-
ters of openings (16) well after the termi-
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Fig. 2. Kinetic changes of NMDA channel currents activated by 4-ms application of L-glutamate in
(A) a 12-day-old rat and (B) a 35-day-old rat. Two consecutive responses (top) and the average
current (bottom) of 20 consecutive L-glutamate applications shown with a superimposed double
exponential curve with fast and slow components are shown independently. The open-tip current
used to measure the duration of the drug application pulse is shown above each of the two channel
current traces. The amplitude calibration bar does not apply to these traces. The single channel
current amplitude did not differ at the two ages considered [—50 mV holding potential, 2.7 + 0.51
PA at 12 to 14 days after birth (n = 9) and 2.7 + 0.45 pA at 30 to 35 days after birth (n = 15)]. (C)
Developmental decrease of the slow kinetic component to NMDA-EPSC (same data as in Fig. 1) and
average NMDA channel currents. Differences between young (12 to 14 days) and old (30 to 35
days) rats were statistically significant (P < 0.05, ANOVA followed by the Duncan test). (D) Time
constants of the fast and slow exponential decays of average NMDA channel currents.
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nation of the L-glutamate pulse (Fig. 2A).
The average current had a double exponen-
tial decay (7, range, 28 to 51 ms; 7, range,
156 to 460 ms) (Fig. 2A, left). The slow
component was largely dominant (Fig. 2B),
comprising on average 88 * 17% of the
total current. In contrast, in patches from
neurons of 30- to 35-day-old rats (n = 15;
holding potential, —50 mV), the duration
of channel opening clusters was dramatical-
ly shorter (Fig. 2A, right). The average
decay was also best fitted with a double
exponential (7, range, 10 to 78 ms; T,
range, 128 to 374 ms; slow component, 34
+ 22% of the total current) (Fig. 2C). The
similarity of the NMDA current decays
between excised patch and whole cell re-
cordings (Fig. 2C) suggests that the dura-
tion of NMDA channel opening clusters
accounts for the decay of the synaptic cur-
rents (16). This finding also implies that a
change in the gating properties of NMDA
receptors may account for the developmen-
tal decrease of the NMDA-EPSC duration.
Recently, a developmental decrease in the
duration of NMDA-EPSCs recorded from
neurons in the superior colliculus has also
been reported (17).

Changes in NMDA receptor gating dur-
ing development of the visual system might
correlate with a general decline of visual
cortical plasticity. Therefore, we examined
whether rearing rats in complete darkness
would delay the age-dependent change of
NMDA receptors. Three rat litters were
reared in the dark from birth until the day
of recording. In a total of 49 neurons in
layer IV of 12 rats, dark-rearing delayed the
developmental shortening of NMDA-EPSC
duration; however, amplitudes and rise
times of these currents were not affected.
The average NMDA-EPSC decay in dark-
reared rats (19 to 45 days) was best de-
scribed by two exponentials (7, range, 23
to 82 ms; T, range, 162 to 259 ms; n = 49)
(Fig. 3). The slow component of NMDA-
EPSCs was significantly larger in rats reared
in the dark than in rats reared in the light
(Fig. 3). This result is consistent with our
hypothesis that the developmental decrease
of the NMDA-EPSC duration plays a cru-
cial role in the synaptic plasticity of the
developing visual cortex, and the decrease
may represent a cellular mechanism for the
reduction of NMDA receptor function re-
ported to occur in vivo during the normal
development of the kitten visual cortex
(18). However, more direct evidence is
needed to extend these results to a “critical
period” of visual cortical development in
the rat (19).

Rearing an animal in the dark results in
suppressed visual stimuli-induced neuronal
activity but not intrinsic cortical activity.
By administering daily intracortical injec-
tions of tetrodotoxin (TTX) (20), we dras-

1009



Fig. 3. Effects of dark-rearing
and TTX intracortical treatment
on the developmental change
of NMDA-EPSCs. (A) Five over-
lapping EPSCs from 25-day-old
rats reared in the three different
conditions (left) followed by the
ensemble average of 20 con-
secutive events with superim-
posed double exponential
curve (middle) and double ex-
ponential fittings (right). (B) De-
velopmental decrease of the
slow component of NMDA-
EPSC - in control and dark-
reared rats. Statistical analysis
of control versus dark-reared
animals at different ages
showed significant differences
in rats older than postnatal day B

Dark-reared
22 (P < 0.05, two-way ANOVA 0ot e e o Control
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tically reduced neuronal activity in the
visual cortex. The NMDA-EPSC from 20
layer IV neurons of two TTX-treated rats
(slow component, 90 *+ 12% of the total
current; T, range, 31 to 62 ms; T, range,
186 to 394 ms) had a larger slow compo-
nent than that from neurons of age-
matched dark-reared rats (Fig. 3A). This
result further strengthens our hypothesis
‘that the developmental change of NMDA-
EPSCs, which is prevented by TTX (Fig.
3A, bottom traces), is under the tight
control of neuronal activity.

~ The activity-dependent modification of
NMDA receptor gating properties during
development might be related to a subunit
substitution in the NMDA receptor compo-
sition, similar to the changes that occur in
acetylcholine receptors at the developing
neuromuscular junction (21). Molecular
cloning has demonstrated that NMDA re-
ceptors are hetero-oligomeric integral mem-
brane proteins (22, 23). Moreover, in re-
combinant NMDA receptors, L-glutamate
activates channel currents with a different
relaxation decay, depending on the subunit
composition of the receptor (23), with time
constants that correspond well with our
measurements.

A long-lasting NMDA-EPSC, mediat-
ing Ca’* influx and the subsequent intra-
. cellular events (24), serves to strengthen
synaptic connections. The progressive
shortening of NMDA-EPSC duration dur-
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ing development, which is dependent on
sensory experience, is related to the pro-
gressive reduction of synaptic plasticity op-
erative in visual cortical development. The
decrease of NMDA-EPSC duration might
constitute a general mechanism that con-
trols the conversion from a synapse capable
of manifesting plasticity to a stable, less
plastic synapse, perhaps by modification of
the expression of functionally distinct
NMDA receptor subtypes.
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