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ABSTRACT The segregation of thalamocortical inputs into
eye-specific stripes in the developing cat or monkey visual cortex
is prevented by manipulations that perturb or abolish neural
activity in the visual pathway. Such findings show that proper
development of the functional organization of visual cortex is
dependent on normal patterns of neural activity. The generali-
zation of this conclusion to other sensory cortices has been
questioned by findings that the segregation of thalamocortical
afferents into a somatotopic barrel pattern in developing rodent
primary somatosensory cortex (S1) is not prevented by activity
blockade. We show that a temporary block of N-methyl-D-
aspartate (NMDA) and non-NMDA glutamate receptors in rat
S1 during the critical period for barrel development disrupts the
topographic refinement of thalamocortical connectivity and co-
lumnar organization. These effects are evident well after the
blockade is ineffective and thus may be permanent. Our findings
show that neural activity and specifically the activation of
postsynaptic cortical neurons has a prominent role in establish-
ing the primary sensory map in S1, as well as the topographic
organization of higher order synaptic connections.

The functional specialization of a primary cortical area is
largely defined by its thalamocortical input. An important
feature of thalamocortical afferents is their organization into
a topographic map of the peripheral receptor sheet. In the
primary somatosensory cortex (S1), this organization results in
a complete map of the body surface relayed to the S1 by
thalamic afferents from the ventroposterior nucleus (VP). A
prominent example of this somatotopic organization is the
barrel field of rodent S1, which contains in layer IV a
representation of the animal’s facial vibrissae in the form of an
orderly array of discrete functional and anatomical specializa-
tions termed barrels (1). Each barrel corresponds topologically
and functionally to a particular vibrissa and is composed of an
aggregation of layer IV neurons coincident with a cluster of
thalamic afferents from the medial division of VP (VPm).
In normal adult rodents, VPm afferents corresponding to an
individual vibrissa are restricted to a single barrel and the zone
immediately surrounding it (2, 3), as are short-latency re-
sponses for each vibrissa, which are believed to reflect mono-
synaptic input from VPm thalamus (4, 5). At birth, VPm
thalamocortical afferents show no vibrissa-related patterning
in S1, but gradually cluster into an adult-like pattern over the
first few postnatal days (6, 7). Similarly, thalamocortical af-
ferents from the lateral geniculate nucleus to cat visual cortex
(V1) show no patterning at birth, but gradually segregate into
eye-specific stripes in layer IV over the first few postnatal
weeks (8). Activity in the primary visual pathway is necessary

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

5584

for the segregation of geniculocortical afferents into eye-
specific stripes (9). By analogy, activity in the somatosensory
pathway could be necessary for clustering of VPm afferents
into a vibrissae-related, somatotopic pattern.

The idea that activity influences formation of the barrel field
is plausible because neuronal activity can occur in barrel cortex
during barrel formation [postnatal days 0 to 4 (P0-4)];
thalamocortical afferents are glutamatergic (10), excitatory
glutamatergic synapses are functional at birth (11), and periph-
erally evoked activity occurs in SI on PO (12). However, blocking
vibrissae-related inputs to the developing barrel field or blocking
activity in barrel cortex directly has no obvious effect on the
formation of a normal barrel pattern when assayed using histo-
chemical stains (13-15), a result that implies little or no role for
activity in development of the barrel field. In the present study,
we have reexamined this issue by blocking cortical activity during
the critical period for development of the barrel pattern (16) and
assaying the receptive field properties of individual cells in the
barrel cortex several weeks later. When studied in this way,
several activity dependent processes become apparent, implying
some role for activity in the topographic organization of thalamo-
cortical afferents in barrel cortex.

MATERIALS AND METHODS

2-Amino-5-Phosphonovaleric Acid (APV) Treatment. Rat
pups obtained from time-pregnant females (Harlan Sprague—
Dawley) received implants of APV-loaded Elvax (DuPont)
within 6 hr of birth as described (13). Loaded Elvax was prepared
by producing a 2% emulsion of aqueous D- or L-APV (1 M; Tocris
Neuramin, Bristol, U.K.) in Elvax dissolved in methylene chloride
and cured in a metal mold on dry ice (17). The solvent was
evaporated for 5 days at 4°C and 100-pum thick sections were cut
on a freezing microtome. Pups were anesthetized by hypothermia
and 3 mm by 2 mm pieces of Elvax were implanted subdurally over
the posteromedial barrel subfield (PMBSF), which is the repre-
sentation of the large facial vibrissae in S1. PMBSF measures
~1.2 mm square on P0, and ~2 mm square on P3, by which time
VPm afferents have clustered into a mature appearing pattern (6,
7). Thus, during the critical period for clustering of VPm affer-
ents, the Elvax covered the entire PMBSF. By postnatal weeks 3
to 6, when the recording experiments were done, the Elvax still
covered most of PMBSF.

Tests with [*H]-APV (Tocris Neuramin) indicated that the
Elvax released APV at a rate of ~100 pM mm™2 per day for
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more than 3 months in vitro at room temperature; on average,
the release rate was =~50% higher at 37°C. Tritium was
detected using standard liquid scintillation counting tech-
niques using BCS scintillant (Amersham) and a Packard model
4530 counter. Control experiments showed that Elvax released
APV for less time in vivo. The tritiated drug could be detected
in S1 up to, but not beyond, 14 days postimplantation. Our
previous tests demonstrated the effectiveness of the APV
treatment by recording S1 responses to iontophoretically ap-
plied N-methyl-D-aspartate (NMDA) and AMPA (13). The
amount of D-APV released from a fresh Elvax implant blocked
NMDA and AMPA glutamate receptors to a depth of 700 um
within 4 hr of implantation in adult rats. Elvax that had been
implanted over S1 for up to 8 days still released amounts of
D-APV sufficient to block all glutamate receptors, whereas
Elvax that had been implanted for 21 days no longer released
effective amounts of D-APV (13). In the present study, recep-
tive field properties were studied in rats at 21-44 days of age,
well beyond the period of effective APV release. At these
times, iontophoretic electrodes were lowered into S1 before or
immediately after removing the Elvax implants and normal
responses to iontophoretically applied NMDA were found for
cells even in the most superficial locations (i.e., nearest to the
Elvax implant), again indicating that the D-APV was no longer
being released at concentrations sufficient to block NMDA or
AMPA glutamate receptors.

We also tested whether the APV could be acting at the level
of the VP. VP was dissected out of the thalamus by shaving 1
mm off the caudal and rostral aspects of the thalamus, 1 mm
off the lateral aspect to remove the reticular nucleus, and 1 mm
off the medial aspect to remove midline nuclei. The ventral
half (hypothalamus) was discarded leaving an ~2-mm cube of
tissue. Several such cubes of VP tissue (usually four) were
collected, frozen, and sonicated to emulsify it before treatment
with a tissue solublizer (Soluene 350; Packard). Liquid scin-
tillant was added and samples were counted as described
above. Tritiated D-APV could not be detected in VP at any age,
implying that D-APV did not effect thalamocortical afferents
at the level of the thalamus.

Stimulation, Recording, and Histology. All methods for
recording from neurons and stimulating vibrissae were the
same as described (4). If the Elvax implant obscured the caudal
C and D rows of barrels, it was removed before recording; if
not, recordings were made close to the edge of the implant
(within 100 wm).

The analysis presented here is for all vibrissae within the
receptive fields evoking a response of at least 0.5 spikes per
stimulus. Receptive fields were characterized for 165 layer II, III,
and IV cells from 10 D-APV-treated rats, 160 from 9 L-APV-
treated rats, 64 from 3 saline-treated rats, and 74 from 4 age-
matched untreated rats. Mean receptive field size is calculated as
the total number of vibrissae (with response magnitude of at least
0.5 spikes per stimulus) for all cells recorded, divided by the
number of cells recorded. The fraction of short-latency responses
making up the receptive field is calculated as the total number of
vibrissae evoking short-latency responses divided by the total
number of cells in the sample.

The location of each recording penetration was marked with
asmall focal lesion. Layer I'V cells were classified as barrel cells
if the marker lesion was located within 50 wm of the dense
cytochrome oxidase (CO) staining (18); cells more than 50 um
from the dense CO staining were classified as septal cells. The
principal input for a barrel cell was the vibrissa topographically
related to the barrel in which the cell was located. For a septal
cell, the nearest barrel defined the principal vibrissa. All other
inputs were termed “inappropriate.” A normal barrel field
pattern was apparent from CO stained sections (Fig. 1), except
in cases where the Elvax had been implanted poorly and
damaged S1. Such cases were discarded.

Proc. Natl. Acad. Sci. USA 93 (1996) 5585

FiG. 1. The lack of effect of APV on formation of the barrel field.
A section through layer IV of the barrel field is shown for an animal
treated with D-APV-loaded Elvax from P0. The section is stained for
cytochrome oxidase. Orientation: anterior left, lateral top. Two focal
lesions mark the position of recording tracks in barrels D2 and C2
(arrows). (Bar = 500 pum.)

Bicuculline Iontophoresis. Vibrissae in and immediately out-
side the receptive field were tested before, during, and after
iontophoresis of bicuculline [bicuculline methyliodide; Research
Biochemicals (Natick, MA); 5-20 nA ejecting current]. The
modal latency for each response was derived from latency his-
togram analysis. The modal latency was considered valid if the
latency histogram showed a clear peak related to the poststimulus
time histogram and the modal bin height was significantly dif-
ferent from the mean (P < 0.05, based on a Poisson distribution
for bin height). The latter was particularly important as bicucul-
line significantly increased spontaneous activity. A change in
modal latency was considered significant if it differed from the
control by one latency category, and recovered to control values
after bicuculline had been retained for at least 10 min. Latency
categories were 5-10 msec, 11-15 msec, 16-20 msec, 21-30 msec,
and >30 msec as described (4, 5).

RESULTS

Effect of APV on Clustering of VPm Afferents into a Vibrissae-
Related Pattern. The effect of activity block on development of
the barrel pattern was assessed using CO histochemistry at 3 to
6 weeks of postnatal age in the same animals for which the
functional analyses described below were performed. Even in the
D-APV-treated rats, the vibrissae-related pattern of CO staining
appears normal (Fig. 1). This result corroborates our findings
using acetylcholinesterase histochemistry, an early transient
marker for VP afferents (13). Thus, even though D-APV treat-
ment blocks the ability of VPm afferents to activate their postsyn-
aptic target cells in S1, it does not prevent their clustering into a
vibrissae-related pattern.

Effect of APV on Development of Topographically Ordered
Synaptic Inputs to Layer IV. To determine the distribution of
functional thalamic inputs in the barrel field of D-APV-treated
animals, we analyzed in 3- to 6-week-old rats the spatial
distribution of short-latency (=10 msec) responses of individ-
ual layer I'V neurons to stimulation of each vibrissa composing
their receptive field. Short-latency responses are thought to
represent direct monosynaptic excitation from the thalamus.
In normal adult animals, short-latency responses for each
whisker are restricted to a single barrel and its immediately
surrounding septal zone (Fig. 2) (4, 5) as are the VPm fibers
corresponding to an individual vibrissa (2, 3). However, in
animals reared with D-APV treatment, short-latency responses
to an individual whisker were not restricted to the single
appropriate barrel (Fig. 2) but could be found in all surround-
ing barrels up to a distance of at least one barrel width away.
This spatial blurring of topographic input was not observed in
animals treated with the inactive isomer L-APV (Fig. 2). These
results suggest that in D-APV-treated S1, VPm inputs do not
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establish the one-to-one functional relationship between
vibrissae and barrels seen in normal S1.

To quantify these results, we analyzed the number of short-
latency responses exhibited by individual layer I'V cells in D-APV-
treated animals. Layer IV cells with short-latency responses
located in barrels showed a significantly higher proportion of
inappropriate short-latency responses (39%, n = 54), than in
age-matched untreated animals (14%, n = 44) and normally
reared adults (2%, n = 36) (4). This difference between barrel
cells in D-APV-treated animals and age-matched untreated an-
imals is highly significant (p < 0.01, x? test, df = 2). Layer IV cells
with short-latency responses in septal areas showed an even
higher proportion of inappropriate short-latency responses with
67% (n = 12) receiving at least one extra short-latency response
from an inappropriate vibrissa, compared with 10% (n = 9) for
age-matched untreated animals and 13% (n = 36) for normally
reared adults (4). These differences between septal cells in
D-APV-treated animals and untreated controls are also highly
significant (P < 0.01, x° test, df = 4). Furthermore, 33% of septal
cells in D-APV-treated animals exhibited a short-latency response
to two or more inappropriate vibrissae, a condition not encoun-
tered at all in untreated controls (0%, n = 19). The receptive
fields of some cells in D-APV-treated animals were composed of
short-latency responses from as many as nine vibrissae (Fig. 3).
These results demonstrate that individual layer IV neurons in the
barrel field receive a greater functional convergence of short-
latency vibrissae input in D-APV-treated cortex than in normal
cortex.

A more detailed analysis revealed that barrel cells located in
the sides of the barrels showed a higher frequency of inappro-
priate short-latency responses (70%) than did cells in the centers
of the barrels (25%). Cells located in the barrel sides showed a
similar rate of inappropriate short-latency responses as septal
cells. However, cells in the barrel sides were not mistaken for
septal cells as they were all clearly located within the border of the
cytochrome oxidase staining of the barrel, which if anything
underestimates the size of the barrel (2). These results imply that
a spatial difference in frequency of somatotopic errors exists with

C2 Domain
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FiG. 2. The effect of APV on
the distribution of short-latency in-
puts within the rat barrel field.
(Top Left) The locations of pene-
trations containing layer IV cells
responding within 10 msec (short-
latency responses) to stimulation of
the D1 vibrissa are represented as
solid circles and penetrations with-
out cells responding within this pe-
riod by open circles. Only neurons
within the D1 barrel (shaded) ex-
hibit short-latency responses to D1
stimulation in control animals.
(Top Right) The short-latency re-
sponses to C2 vibrissa stimulation
are similarly confined to the area of
the C2 barrel (shaded) in animals
reared with L-APV implants above
the barrel cortex. (Lower Left) In
D-APV-treated cortex, short-la-
tency responses are found outside
the boundaries of the appropriate
barrel (shaded area), shown here
for D3 vibrissa stimulation and for
C3 vibrissa stimulation (Lower
Right). The nomenclature for bar-
rel row and number is given in the
lower left diagram (B1 designation
omitted to prevent obscuring a re-
cording site).

minima at the centers of the barrels and maxima at the bound-
aries between neighboring barrels.

Effect of APV on Development of the Receptive Field Proper-
ties in Layer IV. The proportion of the receptive field occupied
by short-latency responses was much greater for D-APV-treated
animals than for control animals. The receptive fields of septal
cells were of similar size across D-APV, L-APYV, saline, and
age-matched untreated animals (mean receptive field sizes of 3.2,
2.6, 3.0, and 2.5, respectively), though slightly smaller than found
in adults for both barrel and septal areas (mean receptive field
size, 3.9) (4). However, short-latency responses made up a higher
proportion of the receptive field in D-APV-treated animals
(47.5%) compared with age-matched untreated animals (14%).
This implies that VPm afferents converge more highly on cells in
D-APV-treated cortex.

Animals treated with L-APV in S1 also showed a higher than
normal incidence of short-latency responses in the septal
regions with ~35% of septal cells (n = 17) showing inappro-
priate fast input. This is a higher incidence than found in
normal animals of this age or in saline-treated controls,
implying that L-APV does have some effect on development,
possibly by acting on metabotropic glutamate receptors (19).
However, the effect of L-APV is less than that of D-APV in
several respects: no more than two inappropriate inputs were
found for any cell, fewer inappropriate inputs were found
overall, and the spatial distribution of inappropriate inputs was
more restricted (Fig. 2).

Effect of Bicuculline on Receptive Field Properties in Layer
IV of S1 Barrelfield. One possible explanation for the effect of
D-APV treatment is that inappropriate VPm connections are
normally present in layer IV of untreated animals but are
masked by inhibitory connections. We tested this idea in
normally reared 4-to 6-week-old rats by iontophoresis of
bicuculline, a GABA4 antagonist, in S1 to unmask subthresh-
old vibrissae responses of layer I'V cells. Bicuculline treatment
increased the response duration, response magnitude, recep-
tive field size, and usually the spontaneous firing rate of layer
IV cells (277 vibrissae tested for 42 cells). In 46 cases,
bicuculline unmasked new vibrissae in the receptive field (Fig.
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Fic. 3. Convergence of short-latency input onto cortical cells chronically treated with D-APV from PO was far greater than for normal animals.
Poststimulus time histograms are shown for one D-APV-treated layer I'V cell’s response to stimulation of the 13 vibrissae that evoked a response.
The modal latencies for each vibrissa are shown in the top left of each histogram, and were derived from latency histograms (not shown). This cell,
located in the septum closest to C4 barrel, responded with short latency to the C4 vibrissa as would be expected, but also to eight other vibrissae

inappropriate for this barrel [short latencies (=10 ms) have been circled].

4), but all of this type of unmasked responses were of inter-
mediate to long latency (mean 22.5, range of 12-62 msec) with
none of short latency. In 20 of the remaining 231 cases,
bicuculline altered the latency classification of a vibrissa that
evoked a response before bicuculline application. In two of
these cases, the modal response latency was decreased to 10
msec but the vibrissa was appropriate for the barrel. In two
other cases, the modal response latency was decreased to 10
msec and the vibrissa was inappropriate for the barrel but
appropriate for a near neighbor. Unmasked short-latency
responses were therefore encountered far less frequently
(<1% of vibrissae-responses tested and <3% of cells tested)
than would be necessary to explain the occurrence of multiple
vibrissa short-latency responses in D-APV-treated animals.
Further, because even the very few short-latency responses
that were unmasked occurred for vibrissae related to adjacent
barrels, they could not explain the more widespread spatial
distribution of inappropriate short-latency responses found in
D-APV-treated animals. These findings make it highly improb-
able that the effect of the early, transient D-APV treatment is
due in some way to an unmasking of inappropriate connections
that normally exist in the adult S1.

Effect of APV on Columnar Properties of S1 Barrelfield. To
determine whether the columnar organization (20) is also af-
fected by D-APV treatment, we recorded cells in the supragranu-
lar layers. In 13 of 36 penetrations (36%) in D-APV-treated

animals, there was an erratic change in the principal vibrissa
within the column, including four cases in which an inappropriate
vibrissa was the only vibrissa to drive the cells in superficial layers
(Fig. 5). Such fractured columns were not seen in L-APV-treated
animals (0/28 penetrations), age-matched saline-treated controls
(0/10), or in untreated animals (0/13). This finding implies that
D-APV increases the incidence of columnar errors in topographic
representation, as well as inappropriate thalamocortical inputs to
layer IV as described above.

Further evidence of a disruption in columnar connectivity in
D-APV-treated rats was apparent from the failure of many cells
in the supragranular layers to respond to their columnar input,
despite the fact that neurons immediately below them in layer IV
responded at normal levels. This was determined by measuring
the response magnitude of each cell to stimulation of its principal
vibrissa. Some 45% of the cells in D-APV-treated animals showed
no detectable response to principal vibrissa stimulation and a
further 28% showed poor responses. Consequently, 72% of the
cells located in layers II/III of D-APV-treated cortex had re-
sponses that fell below the 0.5 spikes per stimulus threshold for
inclusion in the other forms of analysis reported in this paper. In
contrast, layer IV neurons in the same animals showed normal
levels of response magnitude compared with L-APV-treated
animals and age-matched untreated animals; mean responses
were respectively 1.4 = 0.14 (mean + SEM, 10 rats), 1.24 + 0.10
(9 rats), and 1.2 * 0.15 (7 rats). This finding implies that the



5588 Neurobiology: Fox et al.

Proc. Natl. Acad. Sci. USA 93 (1996)

207 A 151 B Control
15 Control ontro
10
10
5
0 0
50 0 50 100 50 0 50 100
=
E 20 BMI10nA 15 BMI 10 nA
@ 5th minute 5th minute
R 15 eject eject
o 10
& 10
2 5
S
&
g O 0
£ 50 0 50 100 50 0 50 100
7]
1 Recove
20 Becovenye 13t minute
15 retain retan
10
10
s 5
0 0
50 0 50 100 50 0 50 100

Peristimulus time (msec) Peristimulus time (msec)

FiG. 4. The effect of disinhibition on vibrissae response latencies.
(4) An example of a neuron that exhibited some response to the
stimulation of the delta vibrissa before bicuculline application. The
effect of bicuculline application using 10 nA ejecting current is to
increase the magnitude and duration of the response without altering
the response latency (of 20 msec). (B) An example of a neuron that
did not respond to stimulation of the delta vibrissa before application
of bicuculline using 4 nA ejecting current. The unmasked response
exhibited a latency of 12 msec.

effects of D-APV treatment on cortical connections are unlikely
to be due to nonspecific damage or general deterioration of
responsiveness.

DISCUSSION

In normal adult rodents, short-latency responses for each vibrissa
are restricted to a single barrel and the septal zone immediately
surrounding it (4, 5), but in the D-APV-treated rats, short-latency
responses to an individual vibrissa were also found in surrounding
barrels. Acute application of bicuculline to S1 in normal mature
rats did not mimic these effects of early D-APV treatment, which
implies that connections that can generate inappropriate short-
latency responses are not normally present in adult S1. The first
responses recorded in the D-APV-treated S1 after vibrissae
stimulation are in the range of 5-10 msec. As they are the first
responses in S1, it is likely that they are evoked by the direct
trisynaptic circuit from the periphery to S1 ending with the link
from VPm to layer IV. This idea is corroborated by the finding
that in normal adults responses of the same short-latency are
confined to the appropriate barrel for a particular vibrissa (4, 5,
21), as are VPm afferents (2, 3). The other thalamic source of
sensory input to the S1 barrel field is the posterior medial (POm)
nucleus. Whereas VPm afferents project to the barrels, POm
afferents project to the septae between barrels (22, 23). However,
unlike VPm cells, POm cells exhibit long-latency responses to
vibrissae stimulation that exceed the latency exhibited by layer IV
cells (24, 25). Therefore, POm afferents cannot account for the
short-latency responses recorded in layer IV.

There are two means by which VPm axons driven by one
vibrissa could evoke responses in cortical cells over a wider
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Fic. 5. Columnar organization in D-APV-treated cortex. An ex-
ample of a fractured column in a D-APV-treated animal. The supra-
granular layer neurons respond to stimulation of the E1 vibrissa but
not D3, which is the anatomically appropriate vibrissa for this pene-
tration. In layer IV, the neurons in the barrel do respond to the
anatomically appropriate vibrissa but not to E1. No other vibrissae
evoked responses in this particular penetration. This represents a
connection error of ~1 mm tangentially across the cortex. The location
of the penetration was known from a small lesion placed in layer IV
at the end of the penetration. The brain appeared normal in sections
through the barrel field. The electrode was angled normal to the
surface of the cortex on a trajectory though the D3 column only. For
the electrode to have passed through the E1 column before the D3
barrel, we would have had to have made an error in orienting the
electrode of at least 80°.

distance than normal; either VPm axons distribute over a
wider area than normal or the dendrites of cortical cells extend
over a wider area than normal. It seems unlikely that increased
dendrite extension could explain inappropriate short-latency
responses of barrel cells found at more than half of one barrel
away (beyond 200 pum). Markers of barrel architecture, in-
cluding acetylcholine-esterase (13), CO (present study), and
cytotactin and Nissl stains (26), show a normal pattern in the
D-APV-treated S1, suggesting that the dendritic arbors of layer
IV barrel cells also develop in at least a roughly normal fashion
because they are a prominent component in configuring barrel
architecture. It also seems unlikely that aberrant dendritic
coverage could account for the increase in septal cells with
short-latency responses to inappropriate vibrissae. Although
some septal cells normally extend dendrites to two adjacent
barrels (27), the finding that many septal cells have several
inappropriate short-latency responses (up to nine) in D-APV-
treated rats would require that they extend dendrites into
several disparately located barrels. Thus, the most straightfor-
ward interpretation is that the topographically aberrant short-
latency responses in the D-APV-treated animals are mainly
due to inappropriate distributions of VPm afferents.
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The inappropriate distributions of VPm afferents in D-APV-
treated S1 may be due to the retention of topographically
inappropriate VPm projections that normally form only tran-
siently in S1. Although the initial distribution of VPm afferents
is continuous within layer I'V (2, 3), individual VPm axons do
not arborize widely within layer I'V and most are more or less
appropriately targeted (28, 29). However, at birth ~30% of
VPm axons do project to a location in layer I'V more than 1.3
presumptive barrels away from their topographically appro-
priate site (28, 29). This distribution of VPm afferents in
normal developing S1 is similar to that in D-APV-treated S1 in
which ~40% of barrel cells receive a short-latency input from
an inappropriate vibrissa, and that these inputs are usually
from a neighboring vibrissa. Because the topographically
inappropriate VPm projections persist well beyond the effec-
tiveness of the D-APV treatment, it is likely that they are
permanent and that they can be stabilized by a temporary
activity block during the critical period.

Our results draw a distinction between mechanisms responsible
for the development of the large-scale somatotopic barrel pattern
in layer I'V and the refinement of topographic order within that
pattern. The clustering of VPm afferents into the large-scale
somatotopic pattern does not require neural activity, whereas the
topographic refinement of this projection resulting in the one-
to-one functional relationship between a vibrissa and a barrel
depends on functional glutamate receptors and the ability of VPm
afferents to activate their postsynaptic target cells in layer I'V.
Topographic errors are also induced by univibrissae rearing if
begun within the critical period by clipping all but a single vibrissa
without damaging the follicle (30). In the univibrissae animals, a
normal-appearing barrel pattern is maintained, but inappropriate
short-latency responses to the remaining vibrissa can be recorded
in barrels corresponding to the deprived vibrissae (21). These
results support those from our D-APV study in implying that
elimination of topographic errors is activity dependent in early
postnatal S1.

Our findings are consistent with a model in which the normal
removal of inappropriate VPm afferents is based on a Heb-
bian-like mechanism that requires postsynaptic detection of
correlated (i.e., appropriate) versus noncorrelated (inappro-
priate) inputs (31-33). In V1, correlated activity causes ag-
gregation of correlated geniculocortical axons (9, 34), whereas
extreme levels of uncorrelated activity lead to extreme segre-
gation of geniculocortical axons (35). The NMDA receptor is
important for segregation of eye-specific stripes in the three-
eyed frog tectum (36) and has been hypothesized to be a
postsynaptic detector of correlated activity among afferents
because of its voltage-gated properties and involvement in
forms of synaptic strengthening such as long-term potentiation
(37). In our experiments, D-APV treatment blocked both
NMDA and non-NMDA glutamate receptors (13). However,
NMDA channels carry the greater part of the postsynaptic
current in cortical neurons during the first postnatal week (11,
38). These currents are of long duration, which allows temporal
summation over a longer time period than in adult animals.
This may be important for detecting correlated activity in
neonates when synaptic responses are weak and variable.
Further, VPm afferents to S1 can undergo long-term poten-
tiation during the first postnatal week (39). This mechanism is
dependent on NMDA receptors and, if involved in normal
development, would have been blocked by the D-APV treat-
ment used in our experiments.

The columnar projection to layers I1/III was also disrupted
by D-APV treatment. In normal adult and adolescent rats,
superficial layer neurons respond to the same principal vibrissa
as the layer IV neurons that lie beneath them and with
approximately the same intensity of response (4, 40). In the
D-APV-treated rats, many penetrations exposed the presence
of somatotopic errors such that the neurons failed to respond
to their principal vibrissa but instead responded to a vibrissa
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corresponding to a neighboring barrel. Again, this finding
implies that error elimination is an activity-dependent process.
In this instance, though, the inappropriate responses may be
due to a maintenance or aberrant development of erroneous
intracortical connections, rather than thalamocortical. Fur-
thermore, in the D-APV-treated animals, neurons in layers II
and III responded poorly to principal vibrissa stimulation even
though cells in layer IV beneath them responded at normal
levels. A plausible explanation for this finding is that D-APV
diminishes the formation of intracortical connections by block-
ing thalamocortical and intracortical excitatory transmission.
This is consistent with the finding that infraorbital nerve
section at P7, which abolishes sensory input to barrel cortex
after the layer IV barrels have formed, leads to shorter
intracortical connections in extragranular layers (41).
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