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Suppression of Cortical NMDA Receptor Function Prevents
Development of Orientation Selectivity in the Primary Visual Cortex
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Selectivity to visual stimulus orientation is a basic cortical
functional property believed to be crucial for normal vision.
Maturation of this neuronal property requires neural activity.
Still, it is unclear what might be the molecular basis for such
activity-dependent processes and whether activity has an in-
structive or permissive role in development of orientation se-
lectivity. There is strong evidence that the NMDA subtype of the
glutamate receptor regulates activity-dependent mechanisms
of ocular dominance plasticity during cortical development. For
this reason, we have hypothesized that the NMDA receptor
participates in activity-dependent mechanisms that sculpt ori-
entation selectivity of cortical neurons. We used chronic in vivo
infusion of antisense oligodeoxynucleotides (ODNs) to sup-
press NMDA receptor function in primary visual cortex during
the period when orientation selectivity develops in ferrets.
Chronic suppression of NMDA receptor function prevented the

development of orientation and stimulus size selectivity in most
cortical cells tested. In contrast, treatment with control sense or
missense ODNs did not affect development of orientation se-
lectivity, indicating specificity of effects. Importantly, antisense
ODN treatment did not impair visually driven activity, which is
required for development to occur. Moreover, orientation selec-
tivity of cortical cells was not disrupted by antisense ODN
treatment in mature animals, indicating developmental rele-
vance of the effects. In conclusion, our findings document for
the first time that cortical NMDA receptors are essential for the
maturation of orientation selectivity. This result supports the
notion that activity has an instructive role in sculpting the
connections that underlie orientation selectivity in visual cortex.
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Selectivity to visual stimulus orientation is a functional property
of cortical neurons believed to be crucial for normal vision. In
ferrets and cats most cortical cells in primary visual cortex are
orientation-selective (Hubel and Wiesel, 1962; Bishop et al., 1973;
Chapman and Stryker, 1993), raising the issue of how this re-
sponse property develops. Although vision is not necessary for
the initial establishment of orientation selectivity (Wiesel and
Hubel, 1974; Fregnac, 1979; Fregnac and Imbert, 1984), further
maturation of this property is markedly affected by sensory stim-
ulation (Blakemore and Van Sluyters, 1975; Buisseret and Im-
bert, 1976; Crair et al., 1998), and prevented by silencing cortical
activity with tetrodotoxin (Chapman and Stryker, 1993). These
findings indicate that the development of orientation selectivity
requires neural activity. This activity dependence has led to the
proposal of a correlation-based model according to which the
development of cortical orientation tuning is instructed by activ-
ity (Miller, 1994; Miller et al., 1999), although a simple permissive
role for activity cannot be excluded at present.

What might be the molecular basis for these activity-dependent
processes during development of orientation selectivity? The
prevailing theory used to explain activity-dependent neural plas-
ticity suggests that mechanisms exist to strengthen synapses
whose activity coincides with target depolarization beyond some
threshold level (Hebb, 1949) and to eliminate synapses whose
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activity is not correlated with postsynaptic activation (Stent,
1973). This model requires a correlation detector that would
signal synchronous presynaptic and postsynaptic depolarization.
The biophysical properties of the NMDA subtype of the gluta-
mate receptor (Mayer et al., 1984; Nowak et al., 1984; MacDer-
mott et al., 1986) have led to the proposal that it functions as a
correlation detector (Bear et al., 1987; Bourne and Nicoll, 1993;
Fox and Daw, 1993), playing a critical role in activity-dependent
increases in synaptic strength and in synapse stabilization. There
is already strong evidence that the NMDA receptor is involved in
ocular dominance plasticity in the developing visual cortex (Bear
et al., 1990; Rauschecker et al., 1990; Roberts et al., 1998; Daw et
al., 1999). Therefore, we have examined the attractive possibility
that the NMDA receptor also participates in activity-dependent
mechanisms that sculpt orientation selectivity and other func-
tional properties of cortical neurons.

We have used chronic in vivo infusion of antisense oligode-
oxynucleotides (ODNs) to suppress cortical NMDA receptor
function from postnatal day 21 (P21) to P49, when orientation
selectivity is known to develop in ferrets (Chapman and Stryker,
1993). Antisense ODN treatment reduced but did not eliminate
NMDA receptor function in the visual cortex (Roberts et al.,
1998). Additionally, treatment selectively reduced ocular domi-
nance plasticity while preserving visual responsiveness and stim-
ulus selectivity of cortical cells. Therefore, antisense techniques
can be used to accomplish more selective manipulations of cor-
tical function than is possible using traditional pharmacological
agents, which are known to depress sensory cortical responses
(Miller et al., 1989; Rauschecker et al., 1990; Daw, 1994; Kasa-
matsu et al., 1998). Antisense ODN treatment prevented the
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Figure 1. Distribution of antisense ODN labeled with fluorescein. A4,
Antisense ODN spreads from the injection site (indicated by the arrow) in
prestriate cortex at least 5 mm to include a large portion of the binocular
region of the primary visual cortex in the occipital pole. B, A very large
number of cell bodies located in visual cortex were labeled with the
ODN/fluorescein. Scale bar: 5 mm (A) and 250 um (B).

development of cortical cell orientation selectivity, indicating that
the NMDA receptor is essential for the development of
orientation-selective receptive fields.

MATERIALS AND METHODS

This study is based on a total of 416 cells that were examined by
extracellular recordings conducted in vivo in ferrets. Ferrets were used
for this study because they are born developmentally younger than cats
and primates (Linden et al., 1981) and can, therefore, be used to study
development of orientation selectivity before eye opening. Table 1 shows
that a total of 21 ferrets were used in the visual physiology experiments:
eight untreated animals, nine treated with antisense ODN, two treated
with sense ODN, and two treated with missense ODN. Treatment with
antisense ODN started at P21-P22 (n = 5 animals), P36 (n = 2), or P63
(n = 2), and treatment with control sense (n = 2) or missense (n = 2)
ODN always started at P21-P22. Additionally, immunocytochemistry
was conducted on antisense ODN and control ODN-treated animals to
confirm the previous report (Roberts et al., 1998) that antisense ODN
treatment reduces NMDART1 subunit protein expression. The Institu-
tional Animal Care and Use Committee at Virginia Commonwealth
University approved all procedures described in this paper.

Antisense ODN application. The ODN sequences used here were 5'
CAGCAGGTGCATGGTGCT (antisense), 5" AGCACCATGCACCT-
GCTG (sense), and GATGCGTGACGATGCTCG (missense) (Oligos,
Etc., Wilsonville, OR). The missense oligo is identical to the antisense
oligo except for sequence rearrangements that maintain the original
bases and GC ratio. The sequence of the antisense oligo was chosen to
target the 5’ coding region of the NMDARI subunit mRNA, which is
highly conserved in mammals (>99%). This sequence has been used
successfully in previous studies (Wahlestedt et al., 1993; Roberts et al.,
1998). In every case, we searched the available databases to assure that
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Table 1. Groups of animals that were used in this study

Number of
Age of injection Age of study animals #cells
Untreated kit P34-P38 3 40
Untreated adult P50 5 133
AS-ODN P21-P22 P49-P50 5 86
AS-ODN P36 P63 2 32
AS-ODN P63 P90 2 31
Sense-ODN P21-22 P49-P50 2 45
Missense-ODN  P21-P22 P49-P50 2 49

Three groups of animals were injected with antisense ODN (AS-ODN) at different
ages. Control animals were injected with sense ODN or missense ODN at P21-P22.
Two groups of untreated animals were studied around the time of eye opening
(untreated kit) or around P50, when maturity of orientation selectivity is reached in
the normal ferret.

other genes do not share homologous regions. To increase stability,
phosphorothioate bonds were incorporated at terminal nucleotides at the
5" and 3’ ends. In the case shown in Figure 1, the antisense ODN was in
addition labeled with fluorescein (Oligos, Etc; Whitesell et al., 1993). The
ODNs were dissolved in PBS (0.9% NaCl in 0.1 M phosphate buffer) to
a concentration of 7 ug/ul. Fluorescent latex microspheres (Lumafluor,
Naples, FL; 1 ul) were added to the solution for subsequent identification
of the injection site. Infusion of ODNs (0.5 ul/hr in every case) was
accomplished using osmotic minipumps (Alza 2002 or 2004; Alza, Palo
Alto, CA) fitted with a catheter and cannula (28 gauge, beveled, stainless
steel).

Minipump implantations for in vivo recordings were performed in
ferrets (P21-P63) weighing 200-500 gm. Animals were premedicated by
subcutaneous injections of a tranquilizer (acepromazine, 1 mg/kg) and a
muscarinic antagonist to reduce secretion (methyl atropine bromide, 0.2
mg/kg), anesthetized with intraperitoneal pentobarbital sodium (35 mg/
kg), and placed in a stereotaxic frame. No procedures were started until
animals were sufficiently anesthetized, as ascertained by the loss of
withdrawal and cornea-blink reflexes. Body temperature, respiratory
rate, and anesthesia level were monitored continuously during surgery.
Additional doses of pentobarbital were given as needed. The cannula was
positioned stereotaxically above the brain in the region that corresponds
to the prestriate cortex, and a small craniotomy (~1 mm diameter) was
performed. The tip of the cannula was lowered stereotaxically into the
cortex to a depth of ~2.0 mm. The guide catheter and cannula were
secured to the skull by using cyanoacrylate glue (Super Glue), and the
minipump was placed under the skin of the neck. Extracellular in vivo
recordings were conducted near the end of the 4 week infusion period.

Immunocytochemistry. Ferrets were deeply anesthetized with pento-
barbital (120 mg/kg) and perfused transcardially with cold 0.9% saline,
pH 7.2, followed by cold 4% paraformadehyde in 0.1 m PBS, pH7.2. The
brains were removed and post-fixed in 4% paraformaldehyde, 0.1 M PBS
for 4 hr at 4°C. The caudal portion of the brain containing the primary
visual cortex was vibratome sectioned (thickness, 30 wm) in the coronal
plane. Free-floating tissue sections were incubated in 3% hydrogen
peroxide for 20 min then washed with 0.01 M PBS. (The remainder of the
reaction was performed with 0.01 M PBS.) Sections were incubated in
10% normal horse serum, 2% bovine serum albumin (BSA), and PBS for
1 hr at room temperature as a blocking step. This was followed by
incubation in a solution of primary antibody diluted (1:500) in 2%
BSA-PBS for 48-72 hr at 4°C on a rotary shaker. The primary antibody
was an anti-NMDAR1 monoclonal mouse IgG (clone 54.1; PharMingen,
San Diego, CA). A washing step of four washes for 10 min each was
performed with 2% BSA-PBS. Sections were incubated with a horse
anti-mouse biotinylated secondary antibody (Vector Laboratories, Bur-
lingame, CA) diluted (1:500) in 2% BSA-PBS for 1 hr at room temper-
ature. Washes were performed as above. Sections were incubated for 1 hr
in the Vectastain Elite ABC complex (Vector Laboratories). Washes
were performed again as above. Antibody staining was detected by
incubating the sections in a solution of 0.06% cobalt-enhanced 3,3'-
diaminobenzidine tetrahydrochloride (Sigma, St. Louis, MO) in PBS for
1-3 min. Another set of washes was performed as above. Sections were
mounted on chrome alum-subbed slides, dehydrated through graded
alcohols (50, 70, 95, and 100% ethanol) and clearing agent, then mounted
in Permount. Sections of treated and untreated tissue from the same
animals always were processed and analyzed together.
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Extracellular recordings in vivo. Animals were premedicated by subcu-
taneous injections of a tranquilizer (acepromazine, 1 mg/kg) and a
muscarinic antagonist to reduce secretion (methyl atropine bromide, 0.2
mg/kg), anesthetized with intraperitoneal pentobarbital sodium (35 mg/
kg), and placed in a stereotaxic frame. No procedures started until the
animal was sufficiently anesthetized, as ascertained by the loss of with-
drawal and cornea-blink reflexes. Body temperature, respiratory rate,
and anesthesia level were monitored continuously during surgery. Addi-
tional doses of pentobarbital were given as needed. Surgery consisted of
a craniotomy (~3 mm diameter) over the region in primary visual cortex
where recordings were conducted. After tracheal cannulation, anesthesia
was maintained at surgical levels by using additional sodium thiopental
(10-30 mg/kg, i.p.) and acepromazine (0.05 mg/kg, s.c.), and the animal
was paralyzed with pancuronium bromide (0.4 mg/kg). Supplemental
doses of pentobarbital, acepromazine, and pancuronium bromide were
given along with subcutaneous injections of 10% dextrose and 0.9%
saline every hour throughout the experiment or when heart rate or
expired CO, increased. Body temperature and expired CO, were mon-
itored continuously. The eyelids were opened, nictitating membranes
were retracted with pseudoephedrine, the pupils were dilated with 1%
atropine sulfate, and contact lenses were placed on the cornea.

A tungsten-in-glass microelectrode (Levick, 1972) was lowered into the
primary visual cortex 2—4 mm away from the minipump using a micro-
drive device. After the isolation of a single unit, its receptive field, ocular
dominance group, and preferred orientation, direction, and velocity were
determined qualitatively with a moving bar of light. All data were
collected from cells in the binocular region of the visual field. Ocular
dominance, orientation, and direction selectivity were then quantita-
tively determined for each cell. Under computer control, a moving bar of
light (0.5° wide and 20° long) was presented to each eye individually at
5-10 orientations centered around the optimal. One stimulus presenta-
tion consisted of the bar of light moving across the receptive field in one
direction and back across in the opposite direction. Spikes were collected
by the computer during the 10 stimulus presentations at each orientation,
and peristimulus histograms were generated. Spontaneous activity was
determined by recording activity in the absence of stimulation. To
provide a quantitative estimate of response properties, a binocularity
index, orientation selectivity index, and direction selectivity index were
obtained for each cell as described in Results. Both the orientation and
direction selectivity indices were determined using responses evoked by
stimulus presentation to the dominant eye. The results were analyzed
statistically by obtaining the median of the distribution for each animal,
then using a Wilcoxon Mann—-Whitney rank sum test.

At the conclusion of each experiment, the animal was given an over-
dose of pentobarbital (120 mg/kg). When CO, began to fall, the animal
was perfused transcardially with 0.9% saline followed by 10% formalin
(or 4% paraformaldehyde for immunocytochemistry). The brain was
then post-fixed in formalin for ~12 hr (or in paraformaldehyde for 4 hr)
at 4°C. The primary visual cortex was vibratome-sectioned (50 wm) in the
coronal plane. Every other section was stained with cresyl violet and used
to reconstruct electrode recording tracts and determine the effects of
antisense ODN injection on cortical histology. The other sections were
used for immunocytochemistry. Because of the placement of the cannula
outside the primary visual cortex, mechanical damage near the recording
site was avoided, and the area remained histologically indistinguishable
from untreated cortex.

RESULTS

Ferrets received continuous antisense ODN treatment targeting
the NMDARI1 subunit of the NMDA receptor or control sense—
missense ODN. The injection cannula was located in prestriate
cortex to avoid mechanical damage in striate cortex. The decision
to implant the cannula in prestriate cortex was based on findings
concerning the cortical distribution of the antisense ODN labeled
with fluorescein. This is a standard procedure used to study
distribution of antisense ODN within the CNS (Whitesell et al.,
1993; Grzanna et al., 1998). Figure 1 shows that the labeled
antisense ODN spreads from the injection site in prestriate cortex
(Fig. 14, arrow) to include a large portion of the primary visual
cortex, which is located at the caudal pole of each hemisphere in
ferrets. A very large number of striate cortical neurons take up
the labeled antisense ODN, as shown in Figure 1B. These find-
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ings are consistent with previous results showing that chronic
infusion of antisense ODN affects protein expression, synaptic
transmission, and visual plasticity over a large area of cortex ~5
mm in diameter (Roberts et al., 1998).

Ferrets were injected with antisense, sense, or missense ODN
starting on P21 and studied at P49-P50, when cortical orientation
selectivity is adult-like (Chapman and Stryker, 1993). Additional
animals received treatment starting around the time of eye open-
ing or during maturity, and were studied 28 d later, at the end of
treatment (Table 1). Extracellular recordings were conducted
from 416 cortical cells with receptive fields located in the binoc-
ular region of the visual field representation in striate cortex. In
every case, the microelectrode was located 2-4 mm from the
injection cannula.

Microelectrode recordings in the striate cortex of ferrets
treated with antisense ODN starting at P21 revealed that cortical
cells were not selective to stimulus orientation. Examples of
visual responses (e.g., peristimulus histograms) from a cortical
cell located in a treated hemisphere are shown in Figure 2A4.
They were obtained from a highly responsive cell that was not
selective to the orientation of a moving bar of light. For compar-
ison, the visual responses of a cortical cell from an untreated
hemisphere studied at a similar age are shown in Figure 2B. This
highly responsive cell was clearly orientation-selective, as most
cortical neurons in the visual cortex of the ferret. These results
illustrate the finding that antisense ODN treatment prevented the
development of orientation selectivity in visual cortical neurons.

Orientation tuning histograms were compiled for a total of 354
cortical cells. To quantify the results, an orientation selectivity
index (OSI) was obtained for each cell by dividing the response at
45° from the optimal, or the response obtained 90° from the
optimal, by the response at the optimal orientation then subtract-
ing the results from one. Figure 3 shows the cumulative percent-
age of cells plotted as a function of the orientation selectivity
index for three different groups of animals: (1) antisense—ODN-
treated animals studied at ~P49 (filled circles), (2) untreated
animals studied at approximately the same age (filled triangles),
and (3) untreated ferrets studied at approximately the time of eye
opening (open symbols). Indices of 1.0 indicate a high degree of
selectivity, and indices of zero indicate lack of selectivity. There-
fore, cumulative curves that are shifted to the left reflect a
decreased neuronal orientation selectivity. The orientation selec-
tivity indices at 90° as well as 45° were markedly reduced in the
antisense ODN-treated cortex (n = 74 cells) relative to mature,
untreated cortex (n = 83; p < 0.01; Wilcoxon-Mann—-Whitney U
test), reflecting a lowered orientation selectivity. Interestingly,
stimulus specificity of treated cortical neurons at P49 resembled
that present in kits around the time of eye opening (n = 40 cells),
when orientation selectivity is quite immature. These results
show that antisense ODN treatment targeting the NMDAR1
subunit of the NMDA receptor prevented the maturation of
orientation selectivity in primary visual cortex, freezing the cor-
tex in an immature state.

To examine whether effects of antisense ODN treatment vary
according to layer, cells were recorded at least 100 wm apart in
each electrode tract. An example of the results (depth and OSI)
observed along the recording tract in a treated animal is the
following: cell 1 (150 um, 0.11), cell 2 (250, 0.47), cell 3 (350,
0.43), cell 4(460, 0.56), cell 5 (560, 0.63), cell 6 (660, 0.63), cell 7
(750, 0.35), cell 8 (920, 0.46), cell 9 (1150, 0.27), cell 10 (1250,
0.91), and cell 11 (1450, 0.74). By comparison, higher OSI indices
were observed along a recording tract in an untreated animal: cell
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every orientation of a moving bar of light
tested. B, Normal orientation selectivity
present in a cortical cell from an un-
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1(25 pm, 0.95), cell 2 (150, 0.74), cell 3 (250, 0.93), cell 4 (350,
0.94), cell 5 (550, 0.90), cell 6 (650, 0.52), cell 7 (900, 0.77), cell 8
(1180, 0.89), cell 9 (1280, 0.95), and cell 10 (1380, 0.87). We have
assigned the cells along all recording tracts into two groups
according to location: layers II-III and layers V-V1. This classifi-
cation is based on the findings that the function of NMDA
receptors in visual cortex varies according to layer (Fox et al,
1989). Orientation selectivity was not differentially affected in
these two groups of cells (Wilcoxon rank sum test; p > 0.05).
To examine the specificity of the effects reported here, we
studied orientation selectivity in animals treated with sense or
missense ODNs from P21 to P49. Figure 4 compares the cumu-
lative plots observed in these animals to those obtained in the
antisense ODN-treated and untreated cortex. Microelectrode re-
cordings in the striate cortex of these control animals at P49-P50
revealed that cortical cells were highly selective to stimulus ori-
entation. Pooled together, the results observed in the control
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sense and missense ODN-treated animals were not significantly
different from normal (p > 0.05). These results indicate specific-
ity of effects obtained with the antisense techniques used here.
We have examined whether the remarkable effects of antisense
ODN treatment on orientation selectivity are specific to an early
developmental stage. Effects of antisense ODN treatment were
compared in three groups of animals treated for 28 d starting at
different ages. The cumulative plots in Figure 5 show the results
for ferrets treated starting before eye opening (P21, filled circles),
a few days after eye opening (around P36, open circles), or at a
time when orientation selectivity in the primary visual cortex is
mature (P63, filled triangles). The cumulative plots indicate that
antisense ODN treatment starting at maturity did not decrease
orientation selectivity relative to normal (compare to plot for
normal animals in Fig. 4). The Figure also shows that treatment
starting at P21 induced a much greater disruption of orientation
selectivity than treatment starting around P36. Together, these



Ramoa et al. «+ NMDA Receptor Is Essential for Orientation Development

—e— AS treated (P21-P49)
--.o--- Normal kit (P34-P38)
—»— Untreated mature cortex

A

100

80 +

60 -

40 |

20 4

Cumulative number of cells (%)

W
0.0 0f2 Ol.4 0i6 018 1i0
g Orientation selectivity index (90°)

100
S
2 g0
Q
(5]
-
© 60 -
j—
(6]
o]
E 4.
c
(]
2 20
g i
>
=
= }
(@)

1

T T T T
0.0 0.2 0.4 06 0.8 1.0

Orientation selectivity index (450)

Figure 3. Antisense ODN treatment prevented the developmental
changes in the orientation selectivity indices of cortical cells. The cumu-
lative percentage of cells was plotted as a function of the orientation
selectivity index at 90° (4) and 45° (B) for three groups of animals: (1)
antisense ODN-treated and studied at ~P49, (2) untreated kit studied
around the time of eye opening, and (3) untreated mature animal studied
around the same age as the antisense ODN-treated animals. The orien-
tation selectivity indices for the cells studied in the untreated animals
increased markedly from the time of eye opening until maturity at P49
(compare the open symbols and filled triangles). In contrast, the antisense
ODN-treated animals studied at P49 had orientation selectivity indices
that were similar to those found in kits but markedly lower than those
found in mature untreated ferrets. The distributions for antisense ODN-
treated animals and untreated animals are different statistically (Wilcox-
on-Mann-Whitney U test; p < 0.01). In contrast, the distributions for
antisense ODN-treated animals and the untreated kittens are indistin-
guishable (p > 0.05).

findings indicate that the observed effects of antisense ODN
treatment only occur during the period when orientation selec-
tivity is developing. Moreover, they suggest that cortical NMDA
receptor function contributes to development of orientation se-
lectivity before eye opening.

Orientation selectivity is thought to be intimately related to the
receptive field structure of a cortical neuron and particularly the
organization of its ON and OFF subregions (Hubel and Wiesel,
1962). Changes in receptive field structure may, therefore, pro-
vide the basis for the observed lack of orientation specificity in
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Figure 4. Intracortical infusion of control sense and missense ODN did
not prevent development of orientation selectivity. The cumulative plots
of orientation selectivity indices in the sense and missense ODN-treated
animals were indistinguishable from normal (p > 0.05).

animals treated with antisense ODN. To provide a preliminary
estimate of the spatial organization of excitatory and inhibitory
influences to cortical cells, we used a simple test. It is well known
that neurons in the primary visual cortex of cats do not respond
to large spots of light flashing on their receptive fields (Hubel and
Wiesel, 1962). To examine whether this also occurs in normal
ferret visual cortex, we flashed spots of light of different dimen-
sions centered on the receptive fields of cortical neurons. The
peristimulus histogram in Figure 6B illustrates the finding of a
lack of response to large stimuli (10° diameter) presented on the
cortical receptive fields of normal ferrets. In contrast, the peris-
timulus histogram in Figure 64 illustrates the finding that cortical
neurons in antisense ODN-treated cortex displayed a strong tran-
sient response followed by a sustained response to large stationary
stimuli. The mean responses to stimuli of different sizes, varying
from 2.5 to 20° diameter, observed in the population of untreated
cortical cells is plotted in Figure 6C (open circles). Note that
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Figure 5. Age-dependent effects of antisense ODN treatment on cortical
orientation selectivity. Strikingly different cumulative plots are shown of
the orientation selectivity indices in animals treated with antisense ODN
early in life, when orientation selectivity normally develops, and during
maturity. Treatment at an intermediate age starting around P36 had less
pronounced effects on the orientation selectivity indices than seen when
treatment started earlier, at ~P21.

normal cortical cells show very little response to a stimulus 10° in
diameter. The same is true for the antisense ODN-treated mature
cortex (filled triangle). In contrast, cells in ferrets treated from
P21 (Fig. 6C, filled symbols) displayed robust responses to a large
spot of light (10° diameter). The average cortical cell response to
a spot of light 10° in diameter was substantially stronger in the
animals treated with antisense ODN from P21 (n = 11 cells; open
symbols) than in untreated animals (n = 13 cells; p < 0.05).

In view of the profound effects of antisense ODN treatment on
development of orientation selectivity, we have asked whether
direction selectivity may have also been affected. A direction
selectivity index was obtained for each cell by dividing the re-
sponse elicited 180° away from the optimal direction by the
response at the optimal direction and subtracting the result from
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1. Indices of 1.0 indicate a high degree of selectivity, and indices
of zero indicate lack of selectivity. As shown in Figure 7, direc-
tion selectivity remained relatively unaltered in antisense ODN-
treated and control (sense and missense) ODN-treated cortex
relative to normal, even after 28 d of treatment (p > 0.05). This
finding raises the possibility that direction selectivity measured in
cortical neurons may not be of cortical origin.

In view of the finding that ocular dominance bands in the
primary visual cortex of the ferret develop during the time from
P37 to P63 (Crair et al., 1998), we have also examined whether
development of binocular responses in these animals may have
been disrupted by the antisense ODN treatment. To quantify
ocular dominance of cortical neurons, we calculated a binocular-
ity index using the following equation: LE/(LE + RE), where LE
stands for response to stimulation of the left eye and RE for right
eye. A binocularity index of 1.0 indicates that a cell is responsive
only to the left eye, whereas a binocularity index of 0.0 indicates
that a cell is responsive only to the deprived eye. The histograms
showing the distribution of cells into five binocularity ranges (Fig.
8) were compiled from: 67 cells from four untreated ferrets (A4)
and 49 cells from four antisense ODN-treated ferrets (B). All
cells included in this study were located in the left hemisphere.
Normal ferrets, and those treated with antisense ODN, had
similar ocular dominance histograms and a large proportion of
neurons that were binocularly driven. Although binocularity ap-
pears to be slightly enhanced in the antisense ODN animals, the
differences are not significant. In conclusion, quantification of
responses for each cortical cell indicated that suppression of
cortical NMDA receptor function markedly affected orientation
and size specificity while preserving direction selectivity and
preserving or enhancing binocularity of normal cortical cells.

Finding that antisense ODN treatment blocks development of
cortical functional properties raises the question of whether the
effects result from a disruption of visual responses. Examples of
peristimulus histograms shown in Figure 2 illustrate the finding
that treatment did not reduce visual responses of cortical neu-
rons. Population analysis also indicated that prolonged antisense
ODN treatment did not affect visual responsiveness of the same
cortical neurons that were examined in the above studies. Maxi-
mum response (in spikes/sec) to stimulation at the optimal ori-
entation (Fig. 94) was not significantly affected by antisense ODN
treatment compared with untreated cortex (p > 0.05). A small
reduction in maximum response was observed in the sense ODN-
treated cortex relative to the untreated cortex. However, most of
the cells studied in the sense ODN-treated cortex were selective
to stimulus orientation, indicating that a small reduction in re-
sponsiveness is not sufficient to disrupt development of cortical
functional properties. Additional antisense-treated animals were
studied at an earlier age, when orientation selectivity is develop-
ing. The findings, shown in Figure 9B, support our conclusion that
the antisense—ODN infusion does not affect visual responsive-
ness. Prolonged ODN treatment was found not to increase spon-
taneous activity (Fig. 94), an effect that could conceivably also
disrupt activity-dependent mechanisms of cortical maturation by
decreasing signal-to-noise ratio. In conclusion, the effects of an-
tisense ODN treatment on development of cortical receptive field
properties did not result from disruption of sensory responses or
spontaneous activity.

To confirm our previous finding that antisense ODN treatment
induced a reduction in the NMDARI1 subunit protein (Roberts et
al., 1998), we conducted immunocytochemistry studies using a
monoclonal antibody to this subunit protein. To reduce the pos-
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sibility of artifacts from inadvertent differences in processing,
sections of treated visual cortex always were processed together
with sections obtained from the contralateral, untreated hemi-
sphere of the same animals. The photomicrographs in Figure 10
illustrate the finding that antisense ODN treatment (Fig. 10B,D)
induced a reduction in NMDART1 subunit expression when com-
pared with normal (Fig. 104, C) ferret visual cortex. Additionally,
the immunocytochemical micrographs, as well as adjacent Nissl-
stained sections (data not shown), indicate the normal histologi-
cal structure that was observed in ODN-treated cortex.

DISCUSSION

The development of cortical orientation selectivity is known to
require neural activity (Chapman and Stryker, 1993). It has
remained unclear, however, how activity contributes to the devel-
opment of cortical orientation selectivity or what might be the
molecular basis for such activity-dependent processes. We report
two major findings concerning these mechanisms. First, we show
for the first time that development of orientation selectivity is
prevented when cortical NMDA receptor function is suppressed.
This result cannot be explained by a nonspecific effect of the

histogram from an antisense-ODN treated cortical neuron
shows responses to a large stationary stimulus. B, Example
from an untreated neuron illustrates lack of responses to large
stimuli in most cells from normal animals. C, Pooled results
(mean and SE).

antisense ODN treatment because control sense and missense
ODN infusion did not affect development of orientation selectiv-
ity. Moreover, response properties of cortical cells were not
disrupted by antisense ODN treatment in mature animals, indi-
cating that there is a specific period of development when sup-
pressing NMDA receptor function affects orientation selectivity.
Together, these findings indicate that NMDA receptors are es-
sential for the development of orientation selectivity.

Our second major finding is that suppression of cortical
NMDA receptor function starting before eye opening had a more
disruptive effect on the development of orientation selectivity
than suppression of NMDA receptors starting a few days after
eye opening. These results suggest that NMDA receptor-
mediated activity before eye opening contributes to the matura-
tion of orientation selectivity.

How would activity before eye opening contribute to develop-
ment of orientation selectivity in ferret primary visual cortex?
Full maturation of orientation selectivity and the corresponding
columnar system is markedly affected by sensory experience (Pet-
tigrew, 1974; Thompson et al., 1983; Crair et al., 1998). However,
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Figure 7. Effects of antisense ODN treatment on development of cortical
direction selectivity. The cumulative plot of direction selectivity indices
for the antisense ODN-treated animals was similar to the plots obtained
from the control sense-missense ODN-treated and untreated animals.
The small difference was not statistically significant (p > 0.05).

the finding that some cells in visually naive animals show strong
orientation preference (Wiesel and Hubel, 1974; Chapman and
Stryker, 1993; Chapman et al., 1996) indicates that patterned
visual experience is not required for the initial development of
orientation selectivity. Rather, maturation of cortical selectivity
before eye opening may rely on intrinsic neuronal activity (Katz
and Shatz, 1996). Waves of retinal activity occur too early to
explain development of orientation selectivity before eye opening
(Maffei and Galli-Resta, 1990; Meister et al., 1991). However,
neurons in the lateral geniculate nucleus display mature electro-
physiological and synaptic properties and express an immature
form of intrinsic oscillatory behavior (Ramoa and McCormick,
1994a,b; McCormick et al., 1995; Weliky and Katz, 1999) when
orientation selectivity is developing. Thalamic patterns of intrin-
sic activity could, therefore, contribute to development of
thalamocortical and intracortical connections. Another possibility
is that retinal spontaneous activity can guide development of
orientation selectivity even after waves of activity are no longer
present. Consistent with this possibility, neighboring retinal gan-
glion cells are known to display correlated activity in mature
animals (Mastronarde, 1983). Future studies will be required to
elucidate the source of intrinsic neural activity that guides devel-
opment of orientation selectivity before eye opening.
Notwithstanding the remarkable effects of antisense ODN
treatment on development of orientation selectivity, this recep-
tive field property was not completely eliminated; ferrets that
received this treatment had orientation specificity similar to that
present at the time of eye opening in normal animals. Interest-
ingly, this finding is similar to results observed with intracortical
infusion of tetrodotoxin to block cortical activity (Chapman and
Stryker, 1993), and intraocular injections of D,L-2-amino-4-
phosphonobutyric acid to block ON-center retinal ganglion cells
activity (Chapman and Godecke, 2000). In both cases, develop-
ment of orientation selectivity was markedly affected but not
completely prevented. One possible explanation for this finding is
that activity blockade in these studies was started well after the
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Figure 8. Knock down of NMDARI1 subunits during development did
not affect the ocular dominance profile. The ocular dominance profiles in
untreated (A) and antisense ODN-treated (B) ferrets were similar, as
characterized by a large proportion of binocularly driven cells.

first axons from the lateral geniculate nucleus first invade cortex,
which occurs as early as the second postnatal week in the ferret
(Allendoerfer and Shatz, 1994). An alternative possibility is that
the relevant activity is located in the geniculocortical circuit, or
even cortex alone, before eye opening (Weliky and Katz, 1999).
Therefore, the presence of some orientation selectivity in these
neurons could reflect the contribution of spontaneous activity
during earlier development. These alternative possibilities will
have to be explored in future studies.

One major unresolved issue concerning activity dependence is
whether activity guides development of cortical orientation selec-
tivity or, alternatively, whether activity has a simple permissive
role (Miller et al., 1999). Two recent studies have addressed this
important issue. In the first study, altering patterns of neural
activity using chronic electrical stimulation of the optic nerve
during development resulted in disruption of orientation tuning
in cortex (Weliky and Katz, 1997). In this study, electrical stim-
ulation was only given ~10% of the time. Surprisingly, normal
input activity that was present the remaining 90% of the time was
not sufficient to drive maturation of orientation selectivity. In
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another study, ferrets raised with the ON-center pathway silenced
pharmacologically had development of cortical orientation selec-
tivity frozen in an immature state, a finding that suggests that the
balance of ON-and OFF-center activity is crucial for the devel-
opment of orientation-selective receptive fields in cortical cells
(Chapman and Godecke, 2000). These studies support an instruc-
tive role of activity during development of orientation selectivity.
However, one major difficulty with attempts to distinguish be-
tween an instructive and permissive role of activity in most
pharmacological studies of visual development and plasticity has
been that overall activity is depressed by the treatment (Miller et
al., 1989). Similarly, one potential problem with the Chapman and
Godecke (2000) study is that by blocking ON-center activity, the
investigators have presumably halved the overall levels of input
activity to visual cortex. Under these conditions, orientation
selectivity may fail to develop as a result of reduced input activity,
which would support a permissive role of activity.

We have avoided this problem in our study by using a molecular
approach that suppresses cortical NMDA receptor function. An-
tisense techniques were used to reduce expression of the
NMDARI subunit, which is required in the functional assembly
of the NMDA receptor (Kutsuwada et al., 1992; Meguro et al.,
1992; Nakanishi et al., 1992; Ishii et al., 1993; Laurie and Seeburg,
1994). Our previous studies have shown that the selective reduc-
tion of NMDA receptor function using antisense techniques

(1¥d)

optimal orientation (4, B) as well as the spontaneous

(1vd) SV ‘ﬂ]—* .

g activity (C, D) of cortical cells were relatively unaf-
o fected by antisense ODN treatment at different ages.
& There was no significant difference between the an-
Fg tisense ODN treatment group and untreated animals

(p > 0.05). The box plots show the median, 10th,
25th, 75th, and 90th percentiles as vertical boxes
with error bars. The 5th and 95th percentiles are
shown as dots.

preserves normal cortical visual responsiveness and stimulus se-
lectivity of cortical cells when treatment is conducted at a time
when orientation selectivity is already mature (Roberts and Ra-
moa, 1998; also see present results). In contrast, pharmacological
blockade of NMDA receptor function not only decreases sensory
responses (Miller et al., 1989) but also leads to acute loss of
stimulus specificities, including orientation selectivity (Bear et al.,
1990; Rauschecker et al., 1990; Daw 1994). Moreover, a recent
study has shown that pharmacological blockade of NMDA recep-
tor function disrupts cortical binocularity, even in otherwise
normal adult animals (Kasamatsu et al., 1998). For these reasons,
use of antisense techniques provides a rigorous test for a specific
role of NMDA receptors in development of cortical orientation
selectivity. Therefore, our findings that animals treated under
these conditions had their cortical orientation selectivity frozen at
an immature state provide unambiguous evidence that NMDA
receptors are essential for patterning connections that underlie
orientation selectivity in primary visual cortex.

How would NMDA receptors contribute to the development of
orientation selectivity? The model proposed to explain develop-
ment of orientation selectivity is correlation-based, requiring that
one set of inputs show greater correlation than another set;
selection of the “most-correlated” set of inputs by a correlation
detector would lead to the establishment of the neural circuitry
underlying orientation selectivity (Miller et al., 1999). The
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NMDA receptor is thought to act as a correlation detector for
presynaptic and postsynaptic activity (Bourne and Nicoll, 1993),
because of its voltage-dependent blockade mediated by Mg?*
This blockade is relieved when synchronous firing of a large
number of presynaptic fibers leads to sufficient depolarization of
the postsynaptic membrane. The NMDA receptor could, there-
fore, be the correlation detector required in correlation-based
development of orientation selectivity. This mechanism could be
responsible for sculpting neural connections that underlie orien-
tation selectivity based on patterns of afferent input. For instance,
NMDA receptors could be responsible for sculpting the receptive
fields of cortical cells based on the balance of ON- and OFF-
center activity, thereby originating orientation tuning. In view of
the postulated role of NMDA receptors as correlation detectors,
our findings support the hypothesis that neural activity has an
instructive role in the development of orientation selectivity.
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