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We have studied the effect of dark rearing on the clevelopment of excitatory
amino acid transmission
in 6-week-old
kittens. In normal kittens, the NMDA component
of the visual
response decreases
between 3 and 6 weeks of age for cells
located in layers IV, V, and VI (Fox et al., 1991). Dark rearing
to 6 weeks of age prevents this decrease.
Subsequent
exposure to light allows the decrease to proceed. Ten days in
the light after 6 weeks in the dark was sufficient to decrease
the NMDA component
of the visual response
to the same
levels seen in light-reared
animals of the same age. Comparison of the effect of the non-NMDA
antagonist
6-cyano7-dinitroquinoxaline-2,3-dione
with the NMDA antagonist
aminophosphonovalerate
showed that the changes were due
to the relative contributions
of NMDA and non-NMDA
receptors to the visual response
rather than the overall contribution of glutamate
receptors.
We also studied the receptive
field properties
of the cells
in the various groups of kittens. Cells given 4 d in the light
after 6 weeks in the dark showed
increased
direction
selectivity but little change in response
firing rate. After 10 d
in the light, visual responses
did show some recovery toward
adult values, but neither average firing rates nor the proportion of direction-selective
cells reached the levels found
in normal 6-week-old
animals, contrary to the suggestion
that a short period in the light can reverse the effect of dark
rearing completely.
These results show that the decrease
in the NMDA component of the visual response
seen during normal development of the cortex is caused by visual experience.
Changes
in NMDA receptors and developmental
events such as geniculocortical
afferent segregation
and acquisition
of orientation tuning covary as a function of visual experience
rather
than age, strongly suggesting
that NMDA receptors
are involved in experience-dependent
developmental
processes.

Visual information appearsto be transmitted by excitatory amino acid (EAA) synapsesin area 17 (Tsumoto, 1990). EAAs
activate cellsvia both NMDA and non-NMDA receptors.However, the NMDA component of the visual responseis greater
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for cells in cortical layers IV, V, and VI of kittens than adults
(Fox et al., 1989, 1990) which may be partly attributable to a
decreasein the number of NMDA receptorsin theselayers with
increasing age (Bode-Greuel and Singer, 1989; Gordon et al.,
1991; Reynolds and Bear, 1991).
Many aspectsof receptive field development are dependent
on visual experiencerather than the absolute ageof the animal
(seeMitchell and Timney, 1984). It is unknown whether the
physiological decreasein NMDA receptor function is related to
the absoluteageof the animal or whether it is dependenton the
developmental stagethe cortex hasreached.The developmental
event that appearsmost closely correlated with the decreaseof
NMDA receptor function is segregationof geniculocortical afferents in layer IV of the cortex (Fox et al., 1989; Daw and Fox,
1991). There is precedencefor thinking that NMDA receptors
are critically involved in segregationof afferents becausethe
NMDA antagonistsD-aminophosphonovalerate(D-APV) and
MK-80 1 prevent retinal afferents from segregatingand the agonist NMDA promotes segregationin the frog tectum (Cline
and Constantine-Paton, 1990;Cline et al., 1987).However, testing for a causallink betweenNMDA receptors and segregation
of afferents into ocular dominance patches in the cat visual
cortex is problematic. In theory, one could block NMDA receptors and test whether segregationwas prevented; in practice,
blocking NMDA receptors by infusion of D-APV causesa reduction of visual responsesin cortical cells(Miller et al., 1989)
and visual responsesare known to be essentialfor segregation
anyway (Stryker and Harris, 1986). This fact prevents unambiguous interpretation of the results of D-APV infusion experiments.
Our strategy hasbeen, therefore, to usea procedurethat alters
segregationto examine NMDA receptor function, rather than
to block NMDA receptor function and examine segregation.
Dark rearing is known to prevent (Swindale, 1981,1988; Mower
et al., 1985) or at least delay (Stryker and Harris, 1986) segregation of geniculocortical afferentsin area 17. Provided that the
animals are not dark reared for longer than about 6 weeks,the
afferents retain the capacity for segregationon exposure to the
light (Swindale, 1988). If NMDA receptors are necessaryfor
segregation,they must be active functionally in animals dark
reared to 6 weeksof age, even though they are not in animals
reared in the light to 6 weeksof age;this wasthe first hypothesis
we tested. The second hypothesis was that NMDA receptor
function should decreasein visual cortex, in concert with segregation, irrespective of when the normal rate of segregation
commenced.Segregationrequires about 128 hr exposureto the
light in dark-reared (DR) animals (Swindale, 1988). We there-
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fore assayed NMDA
receptor
for 6 weeks and then brought

function in animals dark reared
out into the light for 4 or 10 d.

Materials and Methods
Subjects. Recordings were made from four groups of animals: seven
animals reared in the light until the day of recording (age range, 42-53
d), six animals reared in complete darkness for 6 weeks (43-49 d), four
animals reared in the dark until 6 weeks of age (4349 d) and then
brought into the light for 4 d, and five animals reared in the dark for 6
weeks (42-45 d) and then brought into the light for 10 d.
Rearing conditions. Eight litters were reared in light-tight cages in a
darkened room starting at 4-5 d postpartum until 42119 d. The specially
designed cages were found to be light tight from preliminary tests where
unexposed film was placed inside the cages. Infrared viewers allowed
us to see in the dark during daily changes of litter trays, food, and water
and allowed routine checks on the general condition of the animals. It
was clear from daily monitoring and from the condition of the animals
when they were brought into the light that they maintained excellent
health in the dark. As each kitten from the litter was introduced to the
light at the end of dark rearing, it was housed with its mother to increase
visual stimulation and decrease stress.
All rearing procedures were reviewed and approved by the animal
care committee of Washington University Medical School.
Surgery. The general methods of surgical preparation used here have
been described in detail in previous publications (Fox et al., 1989, 1990).
Briefly, animals were sedated with Acepromazine, 0.46 mg/kg body
weight (Aveco, Fort Dodge, IA), and given a preanesthetic dose of
atropine (0.5 mg/kg). Anesthesia was induced with 4% halothane in a
mixture of 67% nitrous oxide and 33% oxygen, and maintained after
surgery with 0.7-l% halothane in the same gas mixture. All wound
margins and pressure points were treated with local anesthetic (LidoCaine). After surgery, the animal was paralyzed by intravenous infusion
of pancuronium bromide at 0.6-1.5 mg/hr (Pavulon, Organon Diagnostics, NJ). Heart rate and expired CO, were continuously monitored,
CO, being maintained between 3.0% and 4.2%.
Animals that were purely dark reared were sedated with Acepromazine (AVCO, Fort Dodge, IA) before being removed from the dark on
the day of the recording. Animals were transported in a dark box before
anesthesia was induced. The period of unanesthetized light exposure
was less than 5 or 10 min on the day of the experiment. Since it takes
approximately 128 hr of light exposure to produce segregation (Swindale, 1988), this short exposure is unlikely to have affected our results.
The experiments usually lasted 16 hr or so, but since anesthesia prevents
plasticity in visual cortex (Freeman and Bonds, 1979), little change was
expected or observed.
Electrodes and recordings. Three-barrel carbon fiber microelectrodes
were constructed as described previously (Armstrong-James et al., 1980;
Fox et al.. 1990).
Single-unit recordings were made from all layers, and each recording
location was marked with a small focal lesion (2 PA, 10 set, tip negative).
Neurons were sampled at approximately 300 pm intervals throughout
the penetration. After moving the electrode to a new position, a handheld projector was used to stimulate the receptive field. If the recording
isolation was inadequate, the electrode was advanced in small (20 pm)
steps until an improvement was found. Receptive fields were characterized and plotted on a tangent screen.
Visual stimuli were aunlied bv an ontical bench under computer
control. Spikes were discdminated through a voltage window and monitored for amplitude and time course on a digital storage oscilloscope
(Hameg HM208, Port Washington, NY). Spike discharge times were
recorded relative to the stimulus position, via an 80286-based microcomputer (PC’s Ltd.), using a Datalab data acquisition board (Tecmar,
Cleveland, OH). Peristimulus time histograms were displayed on line,
enabling us to monitor response stability. Spike times were stored on
hard disk for subsequent off-line analysis using custom-written ASYBT
programs (Asyst Software Inc., Rochester, NY). Spike times were recorded for all experiments, allowing us to analyze data off line in several
different ways.
Visual stimulus. The computer-controlled
visual stimulus was a moving bar of light swept across the receptive field. The optimal direction,
velocity, length, and width of the stimulus were determined and used
to stimulate the cell via the dominant eye. One second of spontaneous
activity was recorded before the start of each stimulus traverse. After
moving through the receptive field in one direction, the light bar paused
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for 1 set beyond the receptive field before sweeping back in the reverse
direction.
Iontoahoresis. All drugs were dissolved in distilled water at the following concentrations: NMDA, 20 mM; D-APV, 50 mM; 6-cyano-7dinitroquinoxaline-2,3-dione
(CNQX), 20 mM (Tocris, Bristol, UK); all
adjusted to pH 7.4-8.0 except CNQX (pH 8.5). Effective retain currents
were tvuicallv 3-6 nA with these electrodes, or 1O-l 5 nA in the case of
CNQk:
.
The effect of D-APV was tested by applying an ejecting current of 20
nA for 1 min followed bv 10 nA for 2 min during continued stimulus
presentations. With these electrodes, 20 nA ejecting current has been
found to yield NMDA-specific antagonism when applied for approximately 4 min (Fox et al., 1989).
Analysis of data. A detailed description of the general methods of
data analysis can be found in earlier publications (Fox et al., 1989,
1990). Firing rates were averaged over the entire response duration for
one direction of stimulus presentation (typically l-2 set). Visual responses were expressed as average firing rate during the response minus
spontaneous activity. The firing rate for the best direction was taken to
construct histograms of firing rates for populations of cells.
Drug trials were included in the analysis if the coefficient of variation
(standard deviation/mean) for sequential control visual responses was
0.2 or less. The effects of antagonists were estimated by comparing the
average visual response during the second and third minute of drug
application to the average response during 5-6 min of preceding control
data. Effects were judged significant if the visual response was less during
antagonist application at the p < 0.05 level (by t test) and the cell’s
average response returned to within 75% of control values within 15
min of ceasing antagonist application. Effects were considered insignificant at p 2 0.1. In all cases, D-APV was tested at least twice on each
cell. Results were discarded if sequential tests with D-APV gave widely
differing results (i.e., results differing by more than 20% of control).
These methods allowed classification of the cells into two groups, cells
affected and cells unaffected by D-APV (see Fig. 5).
To estimate the significance of differences in the effect of D-APV on
visual responses across different rearing conditions, the means of the
populations were compared in the usual way by the use of a t test. A
two-factor analysis of variance was also applied to the same data, as
described in the text, the factors being rearing condition of the animal
and layer location of the cell. To compare the distributions of response
firing rates under different rearing conditions, a Mann-Whitney
U test
was used. For cases where both samples exceeded 10 observations, this
involves using the z test, which applied to all uses of the Mann-Whitney
U test described here. Finally, x2 statistics were used to compare changes
in direction selectivity across rearing conditions. Note that all expressions of the form x ? y in the text represent mean f standard deviation.
The index used to describe the overall effect of D-APV in each layer
(see Fig. 6) was calculated by averaging the decrease in response for all
the cells in a given layer and subtracting the result from unity; that is,
N response during APV
2
N-l.
control response
n
“=I
(
[
I)
In order to describe the distribution of the ocular dominance histogram, we calculated two commonly used indices: the weighted ocular
dominance (WOD), which was calculated as
WOD=G2
+ 2G3 + 3G4 + 4G5 + 5G6 + 6G7
6N
where N is the total number of cells; group 1 (Gl) is the number of cells
driven solely by the contralateral eye; G7, solely by the ipsilateral eye;
and G2-G6, degrees of binocularity in between, G4 being the number
of cells driven equally by both eyes. A value of 0 indicates that all cells
only respond to the contralateral eye and a value of 1, only to the
ipsilateral eye. The other index was the binocularity index (BI) and was
calculated as
BI = [G2 + G6] + 2[G3 + GS] + 3G4
3N
NMDA component
for N cells

=l-

This value varies between 0 and 1, with 0 indicating that all cells are
monocular (without regard to whether they are ipsilateral or contralateral) and 1 indicating all cells are driven equally by both eyes.
Cells were classified into one of four direction specificity groups by
testing their visual responses to movement of a bar of light of optimal
length and width moved through the receptive field at the optimal
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Table 1. Summary of the effect of D-APV on the visual responses of cells recorded in LR ana DR
animals versus layer

Cells with significantly reduced
visual responses (%)
Average visual response during D-APV
(% of control)

II/III
DR

LR

IV
DR

LR

V/VI
DR

LR

100

84

85

15

93

36

33
15
14

28
20
19

40*
26
18

91
11
20

58*
16
14

85
17
11

1OnA

Total number of cells

x
SD

Asterisk indicates significant at the p < 0.00 I level (two-tailed t test). Average reductions are calculated using all cells
in a layer.
velocity. Unidirectional
cells were those exhibiting no response to a
stimulus in the opposite direction to the optimal or at least greater than
a 3: 1 ratio between forward and reverse directions. Bidirectional cells
were tuned to a particular direction of motion but showed responses
both to forward and reverse motion. Bidirectional cells were split into
two groups dependent on their width of tuning: “bidirectional”
cells,
which only had responses over a range less than or equal to 45” either
side of optimal, and “widely tuned” cells, which had some response to
stimulus directions greater than 45” either side of the optimal direction.
Widely tuned cells still showed a clear null direction at which no response could be elicited. Omnidirectional cells were those that showed
responses to all directions of stimulus presentation.
Lesions and histology. Small focal lesions were made with the recording electrode using 2 PA DC for 10 set (tip negative). Lesions were
usually 50-100 rrn diameter and characterized by gliosis. Higher currents of 3-3.5 PA were used for lesions made within 3 hr of perfusion,
as gliosis was reduced in these cases. On completion of the experiment,
the animal was deeply anesthetized before transcardiac perfusion. An
injection of heparin preceded 300-500 ml of phosphate-buffered saline
followed by 500-1000 ml of 10% buffered formalin. The gyrus containing the penetrations was removed and allowed to sink in 15% sucrose. Frozen sections were cut (60 pm) and stained with thionin or
cresyl violet.
Behavioral tasks. To assess the recovery of vision after dark rearing,
we used two behavioral tasks as described by Kalil (1978). The visual
tracking, or following, task was performed by moving a target within
the animal’s field of view and scoring whether the animals paid attention
to the target and tracked it accurately. The animal was scored as tracking
or not tracking by the observer. The visual placing task was carried out
by slowly moving the kittens toward the edge of the cage floor and
noting whether the animal extended a forepaw toward the surface before
tactile contact was made.

Results
A total of 261 cells were recorded from area 17 of four groups
of animals. Out of the total sampleof cells recorded, 2 11 were
tested on line and yielded estimates of firing rates and directional

selectivity, and 157 of these also gave stable visual responses
for long enough to perform the iontophoretic experiments described below. Visual responsesin DR animals were weaker
than those found in normal kittens
enough population
was sufficiently

of the same age, but a large
robust to carry out the ex-

periments describedhere (seebelow).
Dark-reared
animals
Effects ofD-AP I’. The NMDA component of the visual response

was measuredby blocking the receptors with the antagonist
D-APV during stimulation of the receptive field (seeFig. 1).
The stimulus was a bar of light, tuned to the optimal stimulus
conditions for the cell, moving continuously in and out of the
cell’s receptive field (seeMaterials and Methods).
A two-factor ANOVA for the effect of D-APV on cells recorded in light-reared (LR) versusDR animals showedthat the

effect of D-APV was dependent on layer (p < 0.001, df = 3)
and rearing condition (p < 0.00 1, df = 4). There was also an
interaction betweenlayer and rearing condition (p < 0.02, df =
12), implying

that the sensitivity

of the visual response to D-APV

was not shifted uniformly in all layers of DR animals (relative
to LR animals). The analysis describedbelow and cataloged in
Table 1 indicates that the interaction betweenlayer and rearing
condition wasdue to the effect of D-APV being similar in layers
II and III of LR and DR animals, but different in layers IV, V,
and VI.
Visual responsesof layer II/III neurons were substantially
reducedby D-APV ejectedwith 10 nA iontophoretic current in
almost all cases.D-APV attenuated the visual responsesof all
layer II/III cellsin DR animalsand 84% of thosein LR animals.
The extensive overlap in the distribution
of visual response
reductions in the presenceof D-APV (seeFig. 5) implies that
the two cell groupsbehave similarly (seeTable 1 for numerical
analysis).
The results for cells in deeper layers of the cortex were dependent on rearing condition. In layer IV of LR animals, only
15% of cells showed any sensitivity to D-APV, compared to
85% in DR animals of the sameage.The average reduction in
visual responsewassignificantly greater for layer IV cells in the
DR group (seeTable 1). Figure 1 showsexamplesof two cells
recorded from layer IV, one in a DR and one in an LR animal.
While the visual responsewas almost abolishedby D-APV in
the DR case,only spontaneousactivity was affected in the LR
case.Resultsfor all cells are shown in Figure 5.
The effect of D-APV was also greater in layers V and VI of
DR animals compared to controls. In 6-week-old LR animals,
the NMDA-component of the visual responsewas small or
absentin layers V and VI, but large in the samelayers of DR
animals (seeTable 1). A brief report of these findings has appeared previously (Fox et al., 1991).
Comparison of the effect of D-API/ and CNQX. We found that
CNQX reducedvisual responsesin all cases(3 1of 3 l), including
thosewhere D-APV had little or no effect (15 of 15). An example
is shown in Figure 2 of a cell where D-APV, applied using an
ejecting current of 40 nA, only succeededin reducing spontaneousactivity, yet CNQX iontophoresed using 10 nA almost
abolishedthe visual response.Unlike D-APV, CNQX had effects in all layers of LR animals. On average, CNQX reduced
visual responsesto 30 + 14% (mean f SD) of control levels
(Fig. 3). In most cases,CNQX did not completely abolishvisual
responses.One interpretation isthat the remaining responsewas
mediated via a different receptor. Our experiments do not addressthis issue,however, as we did not increasethe “dose” of
CNQX in caseswhere a residualresponseremainedduring ejec-
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Figure 1. Examples of the effect of D-APV in DR and LR animals. Left column, Peristimulus time histograms for a layer IV cell recorded from
an animal dark reared to the day of recording at 47 d. The top truce shows an average of the responses to 20 stimulus presentations. The visual
response is almost abolished by D-APV during the second and third minutes of application (11% of control), during which time eight stimuli are
presented (center truce). Recovery occurs to 78% of control levels within 8 min (bottom truce). Right column, A layer IV cell recorded from a 49d-old LR animal. In this case, the same procedure of D-APV application fails to reduce the visual response of this cell (106% of control), though
spontaneous activity is affected. Bin width, 50 msec. Note time base differs for the two cells.
of CNQX. It is quite likely that we did not produce a
sufficiently high concentration of CNQX to block non-NMDA
receptors completely. Interpreting the effects of higher dosesof
CNQX would in any casebe problematic since this drug can
antagonize the glycine site at NMDA receptors (Yamada et al.,
1989)and can alsodecreaseinhibition (Hablitz and Sutor, 1990).
The difference between the effect of CNQX in DR and LR
animals was insignificant (p > 0.5, df = 29, two-tailed t test).
For the samecells, the difference between the effect of D-APV

tion

in DR and LR animals was highly significant (p < 0.001, df =
29, two-tailed t test). Resultsare shown in Figure 3.
The effect of CNQX was not predictive of the effectiveness
of D-APV, as shown in Figure 4. The cellsare clustered in two
placeson the D-APV axis. Points lying to the right side of the
graph are indicative of a lack of effect of D-APV; these points
correspond to cells recorded in layers IV, V, and VI of LR
animals. The second cluster lying in the middle of the graph
(visual responsesreduced to 30-60% of control by D-APV)
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to between 10% and 60% of control levels irrespective of the
effect of D-APV.
In summary, in situations where CNQX decreasedthe visual
responsebut D-APV did not, a significant proportion of the
synapsesactivated by the visual stimulus were dominated by
non-NMDA conductances;almost all the cells found in layers
IV, V, and VI of LR animals, at or beyond 6 weeksof age,fell
into this category. In contrast, DR animalsappearto have mixed
NMDA and non-NMDA receptors at visually driven synapses
in all layers.

Late exposureto light
From the results described above, NMDA-dependent visual
responsesappear to be downregulated functionally either as a
direct or indirect consequenceof the animal being reared in the
light. To test this idea further, two groupsof animalswere reared
in the dark until they reached 6 weeks of age and were then
brought into the light, either for 4 or 10 d, and the NMDA
Apv 40nA + CNQX 1OnA
component of the visual responsewas estimated acrossa population of cortical cells. Outside the dark-rearing cages,the animals lived in an environment of 14 hr light/10 hr dark.
Eficts of D-APV. After 6 weeksof dark rearing, the NMDA
1,
I IHI
component of the visual responsecomprised a substantialproI
I I
portion of the total responsefor most cells, as shown in Figure
5. However, 4 d exposure to the light after dark rearing was
Aw 4onA
sufficient to reduce the proportion of cells with a significant
NMDA component below that encountered in purely DR animals: in layers IV, V, and VI, 40% of the cells in theselightexposedanimals had visual responsesthat were unaffected by
D-APV versus 12.5% for purely DR animals. The distribution
of responsesfor recordingsmadeduring iontophoresisof D-APV
is characterized by a very large variance for all layers of cortex
in the animals light reared for 4 d. Hence, we encounteredcells
in layer V and VI where D-APV reduced the responseto 10%
2
of control and others where D-APV had no measurableeffect.
Four days of exposure to the light was not sufficient to change
Recovery
the distribution of D-APV sensitivity back to normal levels, so
I
that “6 week LR” and “4 d light exposed” animals were still
different (p < 0.0 1, df = 4, two-factor ANOVA).
After 10 d in the light, the distribution of visual responses
under D-APV iontophoresiswas similar to that of normal LR
animals (JJ> 0.7, two-factor ANOVA).
For layer IV, the means
0
f SD were 91 -t 11% of control for 6 weeks in the light and
2
3
4
5
6
7
0
1
85 f 12.5% of control for 10 d in the light, which is an insignificant difference (p > 0.2, df = 26, t test). For layers V and
Time (seconds)
VI combined, the meanswere 85 f 17%for 6 weekslight rearing
Figure2. Effect of D-APV andCNQX on visualresponses:
peristim- versus 83 f 24% for 10 d light exposure, which again is not a
ulustime histogramrecordedfrom a cell locatedin layer IV of an LR
significant difference (p > 0.8, df = 16, t test).
animal.Top trace,Control.Secondtrace,Applicationof D-APV using
The data are summarized in Figure 6 for individual layers.
40 nA ejectingcurrentdoesnot significantlyalter the response
of this
Under normal rearing conditions, the NMDA-component of
cell(reductionto 86%ofcontrol1.but abrief 3minaDolicationofCNOX
the responsedecreasesbetween3 and 6 weeksof age.At 6 weeks,
using 10 nA ejecting current reduces the cell’s response to 13% ofco&ol
the distribution is indistinguishablefrom that of adult animals
values(centertrace).Recoveryfrom the effectsof CNQX occursin the
continuedpresence
of D-APV ejection(to 91%of controlvalues&&h
(p > 0.2, df = 105, two-tailed t test). Rearing animals in the
trace).When D-APV iontophoresisis alsoterminated,the response dark until 6 weeksof ageand then introducing them to the light
remainsunaltered(bottomtrace).Bin width, 50 msec.
arreststhis processby approximately 3 weeks.When the animals
are brought into the light, the rate of loss of NMDA receptor
function appears, from Figure 6, similar to that seen during
normal rearing.
represent cellsrecorded in layers II and III of LR animals and
cellsrecorded in all layers (including layers IV, V, and VI: solid
Stimulus responseproperties
circles) of DR animals. CNQX affected visual responsesof all
Firing rate. The qualitative effects of dark rearing on response
the cells, indicated by the position of their points mainly lying
in the lower half of the graph. CNQX reduced visual responses vigor and receptive field properties have been describedbefore
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Figure 3. Summary of the effects of CNQX and D-APV tested on 33 cells recorded from 6-week-old LR and DR animals. Average firing rate
during application of D-APV or CNQX is plotted for each cell as a percentage of the control firing rate according to the layer in which the cell was
recorded (see Materials and Methods). Each point represents data from a single cell. Points occurring on the extreme right (100%) represent cells
that showed no change in reply to D-APV. Solid circles represent responses that were significantly changed from control (p 5 0.05, by t test: df =
6 or 7); open circles show cases where effects were insignificant (p 2 0.1). Only 3 1 cells are shown in the left column, as two cells were affected by
but did not recover from CNQX.
(Buisseret and Imbert, 1976; Mower et al., 198 1). Our quantitative results on firing rates concur with previous reports in that

responsefiring rates are lower in DR animals (Fig. 7). For DR
animals, the mean firing rate (&SD) was 9.5 + 6 spikes/set
(median, 7.5) compared with 19 f 11 (median, 15) for LR
animals(p < 1O-6, df = 98, Mann-Whitney U test). It is perhaps
surprising that some cells could be found in DR animals that
showedvisual responsesthat were asgood asthose recorded in
normal LR animals. Approximately 12% of the cells in DR
animals exhibited vigorous responses;that is, their firing rates
exceeded the mean firing rates for the population of cells recorded from LR animals. However, one needsto bear in mind
that there was a bias in our sampling toward cells with good
responses,as only these were useful for the iontophoresis experiments. The real distribution of firing rates for an evenly
sampledpopulation of DR cellsmay therefore be skewedfurther
toward lower values than we show in Figure 7. However, as we
sampledcells the sameway under all conditions, comparisons
betweenthe groups are still valid.

Firing ratesdid not improve significantly after the 6 week DR
animals were returned to the light for 4 d (mean response,9.5
f 6 for DR vs. 11.5 f 7 for animals introduced to the light).
The differencein distributions wasnot significantusinga MannWhitney U test or a t test @ > 0.1 in both cases,df = 92). A
marginal increase in responsefiring rate occurred after 10 d
exposureto the light, however (mean, 13.1 f 9.8), though even
then not to normal levels (mean, 19 * 11). The distribution of
firing rates found in animals recorded after 10 d light exposure
was significantly different from both DR and LR groups (p <
0.01, df = 93 andp < 0.05, df = 75, respectively, Mann-Whitney
U test).
In summary, 4 d of rearing in the light did not significantly
alter the responsefiring rates of cells above the level found in
DR animals.Ten days of light exposurewassufficient to increase
responsefiring rates, but they were still lower than the levels
found in 6-week-old LR kittens.
Direction selectivity. The majority of cells were not selective
for particular directions of a moving bar of light in DR animals
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to assess
their ability to see;thesewere the placement task and
the tracking task (seeMaterials and Methods). Six of eight animals failed both tasks on the first day of exposure to the light.
Behaviorally, they still used their senseof touch to find their
way around their cages.It was only by the third day of light
exposure that the kittens showed any sign of using visual information, with five of eight animals performing the placement
task. By 4 d of light exposure,however, all animalswere showing
signsof usingtheir eyesand sevenof eight passedthe placement
task and seven of eight the tracking task (all animals could
perform at least one task).
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Figure4. Cross-correlation analysis for the effect of CNQX and D-APV
on 34 cells for which both drugs were tested successfully. Circlesrepresent cells located in layers IV, V, and VI, either for DR (solidcircles)
or LR animals (open circles).Triangles
represent data from cells located
in layers II/III of DR (solid triangles)and LR animals (open triangles).
The effects of D-APV and CNOX are not correlated (see Results for
description). Thirty-one cells arecommon to Figure 3; three others are
included from a 7 month LR animal.
(68%). However, a conspicuous23% were direction selectiveby
adult criteria despitenever having beenexposedto visual stimuli; that is, they were either unidirectional, or bidirectional with
no more than 45” range over which a responsecould be evoked
either side of the optimal direction.
A dramatic improvement in direction selectivity ofthe overall
population occurred after 4 d of light exposure, as shown in
Figure 8. The number of omnidirectional cellsfell from 68% in
DR animalsto 35%in animalslight rearedfor 4 d. The difference
in direction selectivity was significant (x2 = 19.47, df = 1, p <
0.00 1)comparingrelative numbersof omnidirectional andwidely
tuned (i.e., unselective) cells in DR versus 4 d light-exposed
animals.
As mentioned above, the responsefiring rates were little
changedfrom levels found in DR animals after 4 d exposureto
the light. Consequently,the population of cellshad shifted from
poorly responding unselective cells in DR animals to poorly
respondingselective cells in animals exposedto the light for 4
d. A further 6 d of light exposure saw no further improvement
in direction tuning, however. The proportion of selective cells
(uni- + bidirectional) after 10 d in the light (54%) wasfar below
that in normal 6-week-old kittens (9 1%).
Ocular dominance. After 6 weeksof dark rearing, the ocular
dominance histogram was relatively flat with a slight contralateral bias (BI = 0.473; WOD = 0.4 18). This is the state found
early in life (Albus and Wolf, 1984). There was no tendency to
find monocular cells in layer IV, as occurs for cats that have
undergonebinocular lid suture (Mower et al., 1981). The ocular
dominance histogramsshowedlittle differencebetweenthe four
rearing conditions.
Visuomotor tasks.We tested animalson two behavioral tasks

Discussion
There have been a number of studies examining the effect of
dark rearing on development of the cat visual cortex. There is
a consensusthat dark rearing prevents the normal maturation
of receptive field properties in cat visual cortex (Imbert and
Buisseret, 1975; Buisseretand Imbert, 1976; Fregnac and Imbet-t, 1978; Leventhal and Hirsch, 1980; Mower et al., 198l),
and while it is true that someneurons display direction selectivity at “first light” (Hubel and Wiesel, 1963) they only comprisea smallpercentageof cortical cellsin visually naive animals
(23% in this study; 23% in Buisseretand Imbert, 1976; 17%in
Cynader et al., 1976).Dark rearing therefore provides a method
for separatingout aspectsof maturation that are dependenton
visual experience from those that are not. It has been demonstrated that dark rearing delays the period of geniculocortical
afferent segregation(Swindale, 1981, 1988; Mower et al., 1985;
Stryker and Harris, 1986) delays the increasein LGN cell size
(Kalil, 1978), delaysthe end ofthe critical period for monocular
deprivation (Cynader and Mitchell, 1980) delays development
of orientation and direction selectivity (Imbert and Buisseret,
1975) delays the onset of myelination (Winfield, 1983; Daw,
1986), increasesGAP-43 messagelevels (de la Monte et al.,
1989) and decreasesibotenate-stimulatedphosphoinositide(PI)
turnover (Dudek and Bear, 1989). Finally, binocular lid suture
delays synaptogenesisin extragranular layers (Winfield, 1983).
Presumably then, maturation of these processesis dependent
on visual experience. On the other hand, binocular lid suture
hasno measurableeffect on synaptogenesisin layer IV (Winfield,
1983), and dark rearing has no effect on ligand binding to a
variety of receptors:adenosine(Aoki, 1985), /3-adrenergic(Wilkinson et al., 1983) benzodiazepine (Schliebset al., 1986), and
GABA, (Mower et al., 1988),or on tonic GABAergic inhibition
(Tanaka et al., 1987; Tsumoto and Freeman, 1987), or on carbachol-induced PI turnover (Dudek and Bear, 1989). Presumably, theseprocessesare under autonomous genetic control.
In previous work, we have shown that the effect of D-APV
in antagonizing visual responsesdecreasesin layers IV, V, and
VI during normal development (Fox et al., 1989). By usingthe
technique of dark rearing, we have been able to show in this
study that this downregulation of NMDA receptor function
is dependent on visual experience, since it does not occur in
6-week-old DR animals until they are brought into the light for
4-10 d.
Interpretation of D-APV effects
Theoretically, there are alternative explanations for our results,
but they seemunlikely; diffusion could changein the cortex as
a function of ageand/or the visually driven receptors could be
outside the diffusion range of our electrodes. If extracellular
diffusion changesin the cerebral cortex with maturation, due to
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changesin the extracellular matrix, the effectivenessof our standard iontophoretic assaywould alsochange.However, in order
to explain fully the results reported here, diffusion would have
to remain constant in superficial layers, changein deep layers
between the third and sixth weeks but not thereafter, and be
altered by dark rearing. We know of no factor that could be
changing diffusion in this manner.

80

APV

100

(% of control)

Figure 5. The effect of D-APV on visual responses of cells recorded in DR
and LR animals. Top, 46 cells recorded
from animals dark reared for 6 weeks;
secondgraph from top, 33 cells recorded
from animals dark reared and then introduced to the light for 4 d; thirdgraph
from top, 28 cells recorded from animals dark reared for 6 weeks and then
light exposed for 10 d; bottom, 50 cells
from animals light reared for 6 weeks.
There is a gradual shift in the distribution of data points toward the right
in layers IV, V, and VI with increasing
time reared in the light. Open symbols
represent cells that did not show a significant change in visual response during administration
of D-APV, solid
symbols represent significant changes.

The EAA receptors of interest are probably within difision
range of the electrode. A number of observations suggestthat
the failure of D-APV to attenuate visual responsesin layers IV,
V, and VI cannot be accounted for by the visuahy driven synapseslying beyond the dilhtsion rangeofthe electrode.We found
that CNQX always reduced visual responses,including those
unaffected or little affected by D-APV. As there is no reasonto
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Figure 6. Dependence of the NMDA

component of the visual response on time reared in the light. The average size of the NMDA component
of the visual response is plotted versus age for cells in different cortical layers. Each data point is an average for cells collected within a particular
age group for layer IV cells (squares)
and cells in layers V and VI (triangles).The NMDA component of the response decreases between 3 and 6
weeks of age in LR animals (open symbols), but is delayed if animals are reared in the dark for 6 weeks and then introduced to the light for 0, 4,
and 10 d (solidsymbols). Data are combined from Fox et al. (1989, 1990) and this study. The average size of the NMDA component was calculated
by averaging the effect of D-APV on single cells (visual response during D-APV t control visual response) within a particular layer, subtracting
the combined average from unity and expressing the result as a percentage.

supposethat the two drugs diffuse differently in the cortex, a
significant proportion of the visually driven synapsesmust lie
within diffusion range of D-APV releasedfrom the electrode.
In caseswhere D-APV had no demonstrableeffect on the cell’s
visual response,we testedagainstthe possibility that the ejecting
current was not carrying D-APV by simultaneously ejecting
NMDA, as documented previously (Fox et al., 1989). In these
cases,D-APV could be shownto antagonizean NMDA-induced
excitation and therefore be presentextracellularly in an effective
concentration. Finally, it is unlikely that CNQX attenuated the
visual responseby blocking NMDA receptors in caseswhere
D-APV itself did not decreasethe visual response,because
D-APV is more potent at NMDA receptors than is CNQX
(Honore et al., 1988).
It is possiblethat we are underestimating the contribution of
NMDA receptors to visual responsesin layers V and VI due to
the large dendritic arbors of thesecells.However, insofar as we
can detect a change in the effectivenessof D-APV with age in
layers V and VI, at least a subpopulation of synapsesmust be
changing on these cells. It is this population that is affected by
dark rearing and under the control of visual experience.
Our methods do not yield information on absolutelevels of
NMDA receptorsin the visual cortex, but only on the proportion
of the visual responsedependenton NMDA receptor activation.
For instance, we would observe the samedecreasein NMDA
dependenceif visually driven non-NMDA receptor conductances increasedand NMDA receptor conductancesremained
the samewith development. It is unknown at presentwhether
non-NMDA receptorsincreasewith agein kitten visual cortex,
but there is evidence from binding and autoradiographic data
that NMDA receptors do decreasewith age (Bode-Greuel and
Singer, 1989; Gordon et al., 1991; Cynader et al., 1991).
We conclude, therefore, that asexcitatory synaptic transmission develops in the visual cortex, there is a gradual shift in the
visually driven synapsesfrom mixed NMDA and non-NMDA
transmission to predominantly non-NMDA transmission, at
leastfor proximal synapses.This changemay involve increases
in non-NMDA transmission as well as decreasesin NMDA

transmission. Such changesare largely restricted to layers IV,
V, and VI, while in layers II and III visual responsesremain a
mixture of NMDA and non-NMDA componentsinto maturity
(Fox et al., 1989, 1990). Since the processof NMDA receptor
downregulation can be delayed by dark rearing, it is pertinent
to examine the alterations in physiological properties that accompany this effect.
Visual responsesin dark-reared animals
A number of studies have shown that neurons have poorly
specifiedreceptive fieldswhen animalsare rearedwithout visual
experience (seeabove), and our results are in concert on this
point. Two former studieshave examined the recovery of receptive field properties when DR animals are brought into the
light for the first time. In animals dark reared for 5 or 6 weeks
and then returned to the light for just 6 hr, a dramatic improvement in selectivity was observed (Imbert and Buisseret, 1975;
Buisseretet al., 1978). In our experiments, we seean improvement in selectivity for direction tuning after 4 d in the light. It
may be that the changein our animals occurred after just 6 hr
too and we discovered this earlier changeat 4 d.
After 6 hr in the light and a 12 hr consolidation period in the
dark, selectivity wasindistinguishablefrom that seenin normal
kittens (Buisseretet al., 1978). However, by our estimation, a
large proportion of cortical cells do not reach adult levels of
direction selectivity even after 10 d in the light. Cynader et al.
(1976) looked at the recovery of direction selectivity after 1l14 months of dark rearing and found that 6-12 months in the
light only leadsto 50% of the cells acquiring normal selectivity,
which is similar to our figure of 54%. In our study, there was
no more increasein selectivity after 10 d in the light than after
4 d, suggestinga finite capacity for recovery. The fact that 612 months in the light after dark rearing doesnot increasethe
proportion of selective cells above the 54% found in our study
(Cynader et al., 1976) also supports the idea that DR animals
have a finite capacity for recovery.
We found that the trend in recovery of firing rates wassimilar
to the trend in recovery of direction selectivity after dark rearing.
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Figure 7. Average firing rates for response to stimulus applied in the
optimal direction. Data are shown for four rearing conditions: dark
reared for 6 weeks (top graph),dark reared for 6 weeks plus 4 d light
rearing (secondgraph), 6 weeks dark rearing plus 10 d light (thirdgraph),
and light reared (bottom graph). Note the gradual increase in firing rates
with increasing period spent in the light. The distribution of firing rates
still lies short of adult levels after 10 d in the light.

Firing ratesin responseto visual stimulation did not reach adult
levels after 10 d in the light. In fact, the only parameter we
measuredthat approached maturity in the 10 d light-exposed
animals was the distribution of cells showingD-APV-sensitive
visual responses.
Correlates of NMDA receptorfunction
Related but uncorrelatedfactors. Cells exhibited weaker visual
responsesin DR animals, but this doesnot directly explain the
differencesin NMDA receptor function found betweencortical

Wide

Bi

Uni

Figure 8. Effect of dark rearing on direction selectivity. See Materials
and Methods for classification scheme. Top, Most cells are omnidirectional in purely DR animals. Second graph, After 4 d in the light many
more cells are orientation and direction selective than in purely DR
animals.Third graph, Ten days in the light gains no further increase in
selectivity over animals reared in the light for 4 d. Bottom graph, In

normalLR animalsmostcellsareselective(91O/o).
cells in DR and LR animals. In previous studies,we have not
found a correlation between the strength of the visual response
and the efficacy ofD-APV (Fox et al., 1989, 1990).Ifthe strength
of responseis varied by altering the contrast of the stimulus,
D-APV has the sameeffect on large and small responses(i.e.,
it reducesresponsesproportionally by the sameamount). If a
population of cells, each with different control responsefiring
rates, is examined, the efficacy of D-APV is not correlated with
control firing rate. Theoretically, lessresponsivecells might be
expected to activate NMDA currents lesswell becauseof the
voltage sensitivity of the channel activated by NMDA, and yet
the opposite result was obtained in this study; lessresponsive
cells in DR animalsexhibited greater NMDA componentsthan
those recorded in LR animals.
A lack of receptive field specificity could be indicative of a
reduction in inhibitory GABAergic mechanisms(Sillito, 1984).
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Decreased inhibition might thereby result in greater facilitation
of NMDA receptor function compared with non-NMDA
receptors (Luhman and Prince, 1990) since the channel activated
by NMDA in cat cortex is voltage sensitive (Flatman et al.,
1986). However, dark rearing appears to increase glutamic acid
decarboxylase mRNA in the cortex (Neve and Bear, 1989), and
GABAergic mechanisms are not attenuated by dark rearing
(Tsumoto and Freeman, 1987). Moreover, dark rearing does
not seem to affect the cellular density or location of GABAergic
cells or GABA, receptors. In view of the lack of evidence for
GABAergic changes, other explanations seem more plausible.
If dendrites, by growing, were to move synapses away from
the site ofiontophoresis, we would expect to see a developmental
relationship between dendritic growth and efficacy of EAA antagonists. An increase in dendritic growth occurs during postnatal maturation of the visual cortex (Meyer and Ferres-Torres,
1984) though layer IV cells are essentially of mature size by 3
weeks, at which time the change in NMDA transmission in this
layer has yet to begin. Dendrites also increase in length in layer
III between 3 and 5 weeks of age (Zec and Tieman, 1990) but
there is no change in the effect of D-APV in this layer. The
dendritic growth explanation does not seem plausible either.
Correlatedfactors. Of all the developmental events that occur
in cortex, the decline in NMDA receptors correlates most closely
with the period of geniculocortical afferent segregation (Fox et
al., 1989). If the decline in NMDA receptors is causally related
to segregation, then NMDA receptor distribution should be close
to maturity at the same time as the geniculocortical afferent
distributions, that is, by approximately 6 weeks (LeVay et al.,
1978). This appears to be true (Fox et al., 199 l), but testing for
a causal relationship between segregation and NMDA receptors
is problematic (see introductory remarks). As an alternative
strategy, we performed an experiment that might disprove a
causal relationship between NMDA receptors and segregation.
Rearing animals in the dark is known to delay segregation in
cats, and provided it does not continue beyond 8-l 2 weeks, the
system retains an ability to segregate completely on subsequent
exposure to the light (Swindale, 1988). If NMDA receptors were
to decline to adult values in DR animals by 6 weeks, that is, at
an age where complete segregation would still be possible on
exposure to the light (Swindale, 1988), NMDA receptors could
not be necessary for segregation. As NMDA receptors were present and driven by visual stimuli in DR animals after 6 weeks
of dark rearing, the case for their involvement in segregation is
not disproved.
There is a strong parallel between afferent segregation in the
tecta of three-eyed frogs and cat visual cortex. In frog tectum,
chronic NMDA treatment promotes segregation of afferents emanating from different eyes (Cline et al., 1987, 1990) and decreases the NMDA component of the visual response (Debski
et al., 1991). In cat cortex, visual experience promotes geniculocortical afferent segregation and decreases the NMDA component of the visual response during normal development. Since
visual stimuli activate NMDA receptors in kitten cortex, NMDA
receptor activation may be the common cause of receptor downregulation and segregation in both species.
Correct function of NMDA receptors certainly seems to be
necessary for segregation in frog tectum because blocking NMDA
receptors with D-APV or MK-80 1 leads to desegregation of the
afferents from the two eyes (Cline et al., 1987, 1990). Although
the effects of D-APV on afferent segregation are unknown in
the kitten, D-APV is known to prevent shifts in ocular domi-

nance, which partly depend on unequal segregation of input
from the two eyes at the ages studied (Bear et al., 1990). D-APV
also prevents shrinkage of cells in an area of the LGN topographically related to the cortical area treated with the antagonist
in monocularly deprived cats (Bear and Colman, 1990). Since
decrease in cell size is thought to be due to the effects of competition between afferents (Guillery, 1972), the lack of decrease
in cell size in D-APV-treated
animals could again be evidence
for effects of D-APV in restricting geniculocortical afferent segregation.
Intracortical axon systems are also segregating in the cortex
over the same period as geniculocortical afferents (Calloway and
Katz, 1990). The downregulation of NMDA receptors between
3 and 6 weeks of age is therefore correlated with segregation
processes in all cortical layers. Downregulation is correlated with
segregation of geniculocortical afferents in layers IV and VI and
with segregation of intracortical connections within layer V.
Mechanisms for NMDA receptor regulation
There are a number of mechanisms by which receptors can be
regulated from desensitization to endocytotic removal. The
functional downregulation seen during normal development, as
we report it here, occurs in advance of the decreases reported
in binding studies. We note a decrease between 3 and 6 weeks
for the NMDA component of the visual response, compared
with a decrease starting at 10 weeks and 12 weeks for receptor
and channel binding (Bode-Greuel and Singer, 1989; Gordon
et al., 1991), respectively. This may reflect a process whereby
desensitization precedes physical removal of the receptors, as
occurs in other receptor systems (Sibley and Lefkowitz, 1985).
There are a number of ways in which desensitization could
occur. It has been proposed that there are two NMDA receptor
subtypes (Monaghan et al., 1988), which raises the possibility
that during development one subtype is removed or converted
to the other form, and this has not yet been studied. The “agonist-preferring sites” seem the physiologically more relevant
of the two and, in support of this notion, are distributed in
superficial layers of mature animals where NMDA receptors
contribute significantly to visual responses at all ages. Another
possible mechanism of downregulation could involve one of the
many regulation sites on the NMDA receptor, for example,
changing its phosphorylation state (MacDonald et al., 1989) or
glycine affinity (Kleckner and Dingledine, 1988) and hence its
function.
NMDA receptors show rapid developmental downregulation
in the cerebellum (Garthwaite et al., 1987) as well as in neocortex
(Fox et al., 1989). It is somewhat unusual for receptors to lose
function during development: most receptors increase as transmitter systems mature to the adult state (Shaw et al., 1984,
1986; Johnston, 1988). However, it can be demonstrated that
in cultured neurons, NMDA receptors are downregulated by
glutamate and upregulated by their antagonist (O’Brien and
Fischbach, 1986). This predicts that ifsynaptic glutamate release
increases during development, it would lead to NMDA receptor
downregulation.
Conclusions
The results of our experiments on dark rearing and late light
exposure show that NMDA receptor function in neocortex is
regulated by sensory input and is not solely determined by the
action of an autonomous “developmental clock.” Changes in
the NMDA component of the visual response occur too early
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to explain the end of the critical period for ocular dominance
plasticity, but do occur during a period of rapid development
of neuronal processes and receptive field properties. These results provide evidence of a causal relationship
between sensory
experience and the function of a receptor that could be involved
in determining
patterns of connectivity
during normal development.
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