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NMDA-Receptor Antagonists Disrupt the Formation of the Auditory
Space Map in the Mammalian Superior Colliculus

Jan W. H. Schnupp, Andrew J. King, Adam L. Smith, and lan D. Thompson
University Laboratory of Physiology, Oxford OX1 3PT, United Kingdom

In the ferret (Mustela putorius) the map of auditory space
in the deeper layers of the superior colliculus (SC) matures
over a period of several postnatal weeks, a process known
to be guided by both visual and auditory experience. The
auditory responses are initially very broadly tuned, and
gradually become more selective for specific sound loca-
tions that coincide with the visual receptive fields recorded
in the same region of the SC. To investigate the possible
involvement of NMDA-type glutamate receptors in the post-
natal development of this auditory representation, we have
reared ferrets in which 400 pm thick sheets of the slow-
release polymer Elvax, containing the NMDA receptor an-
tagonists MK801 or APV, were placed on the dorsal surface
of the SC. The Elvax was implanted on postnatal day (P)
25-27, just before the onset of hearing, and removed 5-6
weeks later, just prior to recording from the SC on around
P61-70. In vitro measurements with Elvax containing 3H-
MK801 revealed that the amount of drug released declined
sharply over the first 10 d and then stabilized at a fairly
constant rate for the following 5 weeks. These in vitro data
were found to parallel the in vivo release of MK801 from
implanted Elvax slices. Diffusion of MK801 from the im-
plant was measured and significant levels were found with-
in 800 um of the SC surface, suggesting that the action of
MK801 was restricted to the superficial and intermediate
layers of the nucleus.

Extraceliular recordings were made from visual and au-
ditory units in the SC in response to free-field stimulation.
The visual responses of units recorded in the superficial
layers appeared to be unaffected by either of the drug treat-
ments, and formed a normal, adult-like map of visual azi-
muth along the rostrocaudal axis of the SC in all animals.
Most of the auditory single-unit responses recorded at this
age in normal, unoperated controls were spatially tuned
and topographically organized, although the map of sound
azimuth was less precise than that in adult ferrets. Data
from age-matched control animals that had been reared
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with drug-free Elvax implants were not statistically differ-
ent from the unoperated juvenile ferrets. However, in ani-
mals reared with APV or MK801 Elvax implants, there was
an increase in the relative numbers of auditory units that
were ambiguously tuned to two or more locations. In the
MK801 group, the proportion of units tuned to a single lo-
cation in space was significantly reduced compared to ei-
ther of the juvenile control groups. The topography of the
auditory representation was also severely impaired in ani-
mals treated with either MK801 or APV during this period
of development, resulting in a much poorer alignment with
the visual representation.

Adult animals that had received MK801 Elvax implants
for the same duration, but beginning at P108-115, also
showed a significant reduction in the proportion of tuned
auditory units compared to age-matched, drug-free con-
trols. However, in contrast to the juvenile ferrets, the to-
pographic variation in azimuthal selectivity within the SC
appeared to be unaffected by NMDA-receptor blockade in
the adult animals.

These data suggest that NMDA receptors play a critical
role in the activity-dependent process by which a map of
auditory space in the SC is elaborated during development.

[Key words: NMDA, MK801, aminophosphonopentanoic
acid, Elvax, superior colliculus, visual space map, auditory
space map, developmental plasticity]

Neural maps of visual space and of the body surface arise as a
result of topographic projections from the receptor surfaces. In
contrast to these projectional space maps, a map of auditory
space is a computational representation, based on the analysis
of highly complex cues that derive from the acoustical properties
of the head and ears. The neural circuitry involved in construct-
ing the auditory representation relies on early sensory experi-
ence to develop normally (see reviews by King, 1993; King and
Carlile, 1994). The superior colliculus (SC) is a particularly use-
ful structure in which to study the development of topographic
sensory representations, because it contains both projectional
maps of the visual field and body surface and a map of auditory
space (King, 1993; Stein and Meredith, 1993). Moreover, these
sensory representations are topographically aligned. In ferrets,
the auditory space map matures during the second and third
postnatal months (King and Carlile, 1991, 1994), when surgical,
pharmacological or sensory manipulations can easily be carried
out. The auditory representation therefore provides a useful sys-
tem for studying activity-dependent mechanisms of brain devel-
opment.

The development of the auditory space map in the SC is in-
fluenced by both auditory and visual stimulation. Deprivation or



reorganization of the visual input, by eyelid suture, dark rearing,
or eye rotation, disrupts the formation of the auditory map to
varying degrees (King et al., 1988; Withington-Wray et al.,
1990a; Knudsen et al., 1991; King and Carlile, 1993), while
small, systematic shifts of the visual field, brought about either
by prisms (Knudsen and Brainard, 1991) or by a surgically in-
duced strabismus (King et al., 1988), cause the auditory map to
shift by the same amount and in the same direction, so that it
remains in register with the visual map. These findings have led
to the notion that visual signals may guide the development of
the auditory spatial tuning of units found in the deeper layers of
the SC, and, by implication, their selectivity for particular lo-
calization cue values.

The mechanisms that lead to the matching of auditory cues
and visual signals in the SC are not known. One possibility is
the involvement of a Hebbian mechanism incorporating NMDA-
type glutamatergic synapses (Knudsen, 1991). These receptors
have been implicated in the development of different sensory
systems, possibly as a means of detecting temporal correlations
among simultaneously active synaptic inputs (Constantine-Paton
et al., 1990; Rauschecker, 1991; Fox and Daw, 1993). Of par-
ticular relevance to the present investigation is the finding that
NMDA receptors are involved in the experience-dependent
matching of binocular visual maps in the optic tectum of devel-
oping Xenopus frogs (Scherer and Udin, 1989). In a similar fash-
ion, NMDA receptors may provide a means of selectively en-
hancing synaptic inputs that encode the auditory spatial cues for
the location also signaled by visual inputs arising from the same
bimodal stimulus.

Most of the evidence implicating NMDA receptors in sensory
development has come from studies showing that blockade of
these receptors affects the plastic rearrangement of maps in re-
sponse to altered sensory inputs. In this study, we show that
chronic application of NMDA-receptor antagonists disrupts the
normal development of the auditory map in the SC, which lends
support to the notion that a mechanism of coincidence detection
and Hebbian modification of the neural circuitry are involved in
the generation of the computational map of auditory space in
this nucleus.

Preliminary results have been published in abstract form
(Schnupp et al., 1993a,b).

Materials and Methods

Preparation of the Elvax implants. Elvax 40P was a gift from Du Pont
(UK) Ltd. (+)-10,11-Dihydro-5-methyl-5H-dibenzo(a,d)-cyclohepten-
5,10-imine maleate (MK801) was a gift from Dr. L.L. Iversen, Merck
Sharp and Dohme Research Laboratories, Harlow, UK. (+)-3-*H-
MK801 (25.7 Ci/mmol) was obtained from New England Nuclear (Bos-
ton, MA). D(—)-2-Amino-5-phosphono-4,5*H pentanoic acid (°H
p-APV) (25 Ci/mmol) and D-APV were purchased from Tocris Neu-
ramin (Langford, UK). Fast green FCF was supplied by Allied Chem-
ical (Morristown, NJ) and all other chemicals were obtained from Sigma
(Poole, UK).

MK801-impregnated Elvax. Pellets of Elvax 40P (1 gm) were dis-
solved in dichloromethane to give a 10% (w/v) solution. To the Elvax
solution was added the required amount of MK801 dissolved in di-
methyl sulfoxide (DMSO) (200 wl) giving a final concentration of either
I mMm or 10 mm; 1% fast green in DMSO (100 pl) was then added to
help visualize the Elvax slices. The solution was agitated on a vortex
mixer for 10 min and then poured without delay into a glass mould
embedded in CO,,,. After leaving the Elvax solution to freeze for 10
min the mould was transferred to a freezer at —70°C. After a further
hour the mould was removed and the frozen block was left at —70°C
for 2 d. In order to remove the solvent from the Elvax the block was
then desiccated in a freeze-dryer for 2 d, over which period considerable
shrinkage occurred. The dry Elvax block was then sectioned at the
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desired thickness on a freezing microtome prior to implantation. All
Elvax slices were washed in sterile phosphate-buffered saline (PBS) for
3 d at 37°C before use to eliminate the high concentrations of drug that
were released from the slices on initial rehydration (see below).

D-APV-impregnated Elvax. The required amount of D-APV was dis-
solved in the minimum volume of water (20-50 wl) and this solution
was added to a solution of Elvax 40P in dichloromethane (10%, 10 ml),
prepared as described above. A solution of fast green FCF in water
(5%, 20 pl) was added to give a final concentration of 0.01% fast green.
The suspension of aqueous solutions in dichloromethane was then ag-
itated on a vortex mixer for 10 min to give suspensions with a final
concentration of either 1 mM or 5 mm D-APV. The vortexed suspension
was immediately poured into a mould for freezing and the Elvax block
treated as described for MK801-impregnated Elvax.

Implantation of Elvax. Under Saffan anesthesia (Alphaxalone/Alpha-
dolone acetate; 2 ml/kg), 400 pwm thick sheets of Elvax were placed,
usually bilaterally, onto the dorsal surface of the SC in 16 ferrets at
P25-27, which is just before the onset of hearing (Morey and Carlile,
1990). The eyes were still closed in all cases. These animals received
Elvax loaded with 10 mMm MK80!1 (number of ferrets, N = 4), 1 mm
MKS801 (N = 3), 5 mM APV (N = 3), or DMSO as a drug-free control
(N = 6). A craniotomy was made over the SC and the occipital cortex
aspirated to reveal the midbrain. The Elvax was carefully placed to
cover the SC as completely as possible without impinging on the in-
ferior colliculus. The cavity was filled with absorbable gelatin sponge
(Sterispon, Allen and Hanbury, London) and the bone flap replaced.
After suturing the scalp, the animal was injected with antibiotic (Pen-
britic, Beecham, Brentford, UK; 0.1 ml, i.m.).

The animals were recovered and allowed to develop normally until
they were aged P61-70 (mean = SD = 39 =+ 3 d after implantation).
This time period was chosen as previous multiunit recordings had
shown that much of the formation of the auditory space map takes place
during the 2nd postnatal month (King and Carlile, 1991, 1994). Three
normal ferrets aged P63-64 were also used to provide age-matched,
unoperated controls. In addition, recordings were made from three adult
ferrets aged P136-158 that had previously received Elvax implants con-
taining 10 mm MK801 on P108-115 (mean + SD = 37 + 7 d duration
of treatment), as well as three adult control animals aged P161-169 that
had been implanted with drug-free Elvax slices on P131 (mean * SD
= 34 * 4 d after implantation). On the day of recording, the animals
were reanesthetized with an intraperitoneal injection of a mixture of
medetomidine hydrochloride (Domitor) and ketamine (Vetalar) at a dose
of 250 pg/kg and 60 mg/kg, respectively, and then provided with a
continuous intravenous infusion of Domitor/ketamine mixture (42 pg
and 10 mg/kg/hr) in Locke solution. They also received an initial dose
of 0.06 mg atropine sulfate intraperitoneally and 3 mg doxrapam (Do-
pram-V) intramuscularly. The administration of atropine and Dopram
was repeated at 12 hourly intervals during the course of the experiment.
The trachea was cannulated, so that the airways could be cleared at
regular intervals. Body temperature was monitored with a rectal probe,
and held constant at 39°C with an electric blanket. The craniotomy,
which by this time had completely healed in all animals, was reopened
and the position of the Elvax was inspected after further aspiration of
the overlying cortex. The experiment was continued only if the Elvax
was found to cover the whole of the SC on at least one side. Three of
the juvenile animals reared with drug-free Elvax had to be abandoned
because the Elvax had moved away from the SC. Electrophysiological
data were therefore obtained from seven juvenile ferrets reared with
MKZ801-Elvax implants (four ferrets with 10 mm MKS801 and three with
1 mm MK801) plus three animals in each of the other groups. Record-
ings were made unilaterally within an hour of removing the Elvax. For
comparison, data are also included from 38 normal, adult ferrets that
had been used in previous studies (see King and Hutchings, 1987; King
and Carlile, 1993; Carlile and King, 1994; King et al., 1994).

In order to estimate the extent and time course of the release of
MKS801 and D-APV from the Elvax slices, a small fraction of radiola-
beled MK801 or b-APV was incorporated in the Elvax. The dilution
factor of the *H-MK801 was 1:50,000 while that of the p->H-APV was
1:10,000. Slices of Elvax (400 pwm) were incubated in PBS (0.5 ml) at
37°C and the bathing solution changed every 48 hr. The amount of
radioactivity released during this period was measured by scintillation
counting, so that, by appropriate scaling, the total amount of drug re-
leased from a slice (pmol/mm?) could be calculated. The data obtained
from slices under these conditions were compared with the in vivo re-
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Figure 1. Elvax release characteristics. A, The total release of MK801
over 48 hr intervals in pmol/mm? from four 400 pm thick slices of
Elvax containing 10 mM MKB801, which were incubated in PBS at 37°C
for the entire 60 d period (open circles) and from a single slice that
was implanted over the ferret superior colliculus for 43 d before being
incubated in PBS at 37°C (solid circles; onset of in vitro release mea-
surements indicated by arrow). The in vitro measurements are the arith-
metic mean of four determinations and the error bars indicate the SE.
B, The concentration of MK801 below 10 mm MK801 Elvax implants
as a function of depth within the superior colliculus. Data for four nuclei
are shown, together with the mean background level of MK801 (dashed
line), measured in brain sections distant from the Elvax implant. The
dotted line indicates two SDs from the mean background level, which
was significantly greater than the background level in the brain of an-
imals that had not received an Elvax implant (p < 0.05).

lease characteristics of implanted slices by monitoring the amount of
drug released after the slices were removed from the animals.

The release characteristics of slices embedded in the brain and those
incubated at 37°C were found to be very similar. In both cases, release
from MK801-containing slices continued for over 60 d. Although the
level of release was dependent upon the concentration of the MK801,
both 1 mM and 10 mM preparations gave sustained levels of drug de-
livery throughout the entire period. In the case of D-APV-containing
slices, however, an extremely rapid fall in release rate was observed.
This was presumably due to the high aqueous solubility of D-APV and
resulted in the predominant use of MK80l-containing slices for the
electrophysiological experiments.

The close correlation between release from slices in vivo and in vitro
is illustrated in Figure 1A in which the in virro release curve for 400
wm slices of 10 mM MK801 Elvax is compared with that of an identical
slice that had been implanted over the SC for 43 d. The almost exact

match of the data from days 45-60 indicates that, as predicted from in
vitro measurements, the release of MK801 from the implanted slice was
continuous throughout the period of implantation and had also fallen to
a constant level by this stage.

A further two juvenile ferrets were implanted with 10 mm *H-MK801
Elvax slices in order to measure the diffusion of MK801 into the SC.
The animals were sacrificed 7 d after Elvax implaritation. The superior
colliculi were rapidly frozen and cryostat-sectioned at 200 pm intervals
parallel to the plane of the Elvax slice. The amount of *H-MK801 in a
known tissue volume was then determined by scintillation counting and
the concentration of MK801 calculated by appropriate scaling. Figure
1B shows the concentration of MK801 measured in four superior col-
liculi as a function of depth. The concentration of MK801 within the
first 800 pwm below the Elvax implant was found to be significantly
greater than that in other brain areas (p < 0.02).

Preparation for recording. Care was taken to reconstruct the natural
position of the outer ears after the craniotomy, so that filtering of the
auditory stimuli by the outer ear would be normal. The eyelids contra-
lateral to the SC from which the recordings were to be made were
removed. The animals were not paralysed, so eye movements were min-
imized by running sutures through the conjunctiva and fixing them to
the skin surrounding the eye with tissue adhesive (Vetbond, SM Animal
Care Products, St. Paul, MN). A zero refractive power contact lens was
then placed on the eye. The exposed SC was covered with a thin layer
of 2% agar dissolved in physiological saline to stabilize it against pul-
sations caused by the animal’s breathing and heartbeat, and to prevent
it from drying out. The animal was then transferred to an anechoic
chamber and placed on a small table at the center of a robotic hoop of
65 cm radius (Annetts et al., 1987), which was used to present auditory
or visual stimuli from any desired direction with respect to the animal’s
head. A bright, flashing LED (1 c¢m in diameter) was used as a visual
stimulus. The auditory stimulus consisted of a flat, broadband (20~
30,000 Hz) digitally generated noise pulse (Carlile and Hollingshead,
1991) of 100 msec duration.

Neural activity was recorded with a tungsten microelectrode with a
typical tip length of about 20 um. The signal was bandpass filtered
(500-5000 Hz) and amplified between 5000 and 10,000 times, depend-
ing on the strength of the signal. The amplified signal was fed into an
auditory monitor, a digital storage oscilloscope and an A/D converter
(Cambridge Electronic Design 1401plus laboratory interface, Cam-
bridge, UK) for spike shape analysis (see below).

Mapping visual responses in the superficial layers. The electrode was
fowered into the SC using a remotely controlled motorized microdrive.
Once the electrode had entered the SC, as indicated by strong responses
to the visual stimulus placed in front of the eye, the receptive fields of
superficial-layer units were mapped using the hoop-mounted LED with
the aid of an audio monitor and an oscilloscope. The locations evoking
the strongest visual response were determined in this way with better
than 5° accuracy.

Mapping auditory responses in the deeper layers. Responses to au-
ditory stimuli in the deeper layers of the SC tend to be a lot weaker
and more variable than superficial-layer visual responses. They also
have much larger receptive fields. In order to map auditory responses
quantitatively, the amplified, extracellularly recorded signal was digiti-
zed at a rate of 24,000 Hz, using a CED 1401pius interface. The digi-
tized signal was then analyzed on a 80386 computer (Dell, Bracknell,
UK) using our own spike sorting software, which grouped action po-
tential shapes according to a number of features, including the ampli-
tude of the first and second peaks and the duration of their various
components. In this way it was possible to record simultaneously from
two to six separate cells at any given recording position. The occurrence
of spikes for each of the clusters was timed and stored on optical disk.

Twenty noise burst stimuli were presented at intervals of 1.3-1.5 sec
or greater (shorter interstimulus intervals tended to lead to a significant
decline in response strength). The responses for each set of 20 presen-
tations were recorded as raster plots and post stimulus time histograms
(PSTH), and printed on line. As reported in a previous study using
normal adult ferrets (King and Hutchings, 1987), acoustically respon-
sive units typically displayed a response peak in the PSTH, usually
starting within 10 msec of stimulus onset, which was sometimes fol-
lowed by a more sustained component. We also encountered a very
small number of cells with inhibitory responses only, but these were
not included in the quantitative analysis in this study. The duration of
the response varied considerably from cell to cell and in many cases it
was followed by a short period of reduced spontaneous activity. The
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Figure 2. The representation of visual
azimuth in the superficial layers of the
superior colliculus in 16 of the animals
used in this study (A) and in 38 normal
adult ferrets (B). The best azimuths of
multi-unit responses are plotted against
the histological coordinates of the re-
cording site between the rostral and
caudal ends of the nucleus. 0° lies di-
rectly in front of the animal and nega-
0 tive numbers denote positions contra-
lateral to the recording site. The
different symbols represent different
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amplitude and duration of the response varied with stimulus position
and some units even switched from excitatory to inhibitory responses
as the stimulus was moved away from the preferred position. Small
changes in response latency with stimulus position were also observed.

Most units exhibited some degree of spontaneous firing, so the re-
sponse peaks were superimposed on a baseline of spontaneous activity.
We quantified the response strength by plotting an “aggregate PSTH”
for each unit, pooling the data from all the recordings, binned with a 5
msec bin width. We then defined the ‘“‘response window” for each unit
as that part of the PSTH that included the excitatory peak, calculated
the average number of spikes in that window per presentation, and
subtracted from this the average number of spikes in an equivalent
length of time in the “spontaneous window” of the PSTH, to arrive at
the number of evoked spikes. The spontaneous window was arbitrarily
set as the period from 500 to 1000 msec after stimulus presentation.
Our recording software calculated this value on line and quantified the
variability in the response strength between presentations by calculating
its 95% confidence interval, a measure that we found helpful when
trying to decide if a cell responded to sound at all, or when trying to
establish its sensitivity threshold. Despite the changes in temporal firing
pattern observed within the receptive field for some units, we found
that varying the length of the response window usually had no effect
on our estimates of spatial selectivity.

When an acoustically responsive unit was identified, its threshold was
determined with the speaker located either at the center of the visual
receptive field or, if different, at the auditory best position of other units
in the same track. The threshold was sometimes redetermined if the
preferred sound location of the new unit varied markedly from this
region. The sound level was reduced until the number of evoked spikes
was no longer significantly different from zero. Azimuthal response
profiles were then obtained using noise stimuli at a sound level 25-30
dB above unit threshold. At this sound level relative to threshold both
ears are stimulated at all stimulus locations and frequencies (Carlile,
1990).

In order to map the auditory receptive field of each unit, we deter-
mined the response strength at azimuthal locations that varied system-
atically in 20° steps from 160° contralateral to 160° ipsilateral to the
recording site, relative to the midline (0°). The elevation of the sound
source was held constant at the best elevation of visual units recorded
in the overlying superficial layers. Because the locations of both visual
and auditory stimuli were defined in spherical coordinates, we used
polar plots to visualize the azimuthal response profiles of the cells.

Reconstruction of recording sites. Once the recordings had been com-
pleted, the position of each electrode track was marked with one or two
electrolytic lesions, by applying a negative current pulse of 5 uA for §
sec. At the end of the experiment the animal was perfused through the
heart with 10% formaldehyde in physiological saline, the brain was
blocked, removed, cryoprotected with 30% sucrose in formal saline, cut
on a freezing microtome, and then Nissl stained for microscopic ex-
amination. Very little variation in the dimensions of the SC was ob-
served in different animals. However, to obtain a measure of the loca-
tion of each unit within the SC that is independent of individual size
variation, the histological coordinates were expressed as a fraction of
SC length and width and then plotted on a standardized SC template.
All SC rostrocaudal coordinates refer to distances from the rostrolateral

0.5

experimental conditions, as indicated.
The visual map was normal and adult-
like in all conditions.

1 15 2
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border on this standardized template, measured normal to the isoazi-
muth contours in normal, adult ferrets (King and Hutchings, 1987).

Results

Effects on the visual space map in the superficial layers

The chronic release of NMDA receptor blockers had little dis-
cernible effect on the visual responses in the superficial layers
of the SC. As a rule we did not attempt to quantify responsive-
ness and receptive field dimensions with great accuracy, but,
during our qualitative visual mapping procedures, we observed
no obvious differences in response strength or size of the recep-
tive fields between the different groups of animals or between
any of these groups and normal adult ferrets.

The topography of the visual space map also appeared normal.
Figure 2 shows the visual best positions for each recording site,
plotted against their histological rostrocaudal coordinates, to-
gether with visual data from our normal, adult control population
determined from previous studies (King and Hutchings, 1987;
King and Carlile, 1993). For all conditions there was a very
obvious negative regression of the azimuth of the visual best
position on the histological position of the recording site, and
the full extent of the visual field representation in each of the
experimental conditions matched that of the normal adult ferrets.

The distribution of spatial selectivity among the animals re-
corded from in this study appeared to show very slightly more
scatter and a small contralateral shift in the visual representation
when compared to the normal adult data. However, these obser-
vations can be largely attributed to the different methods used
to control eye position in the two populations. The data for the
normal adult topography in Figure 2B were obtained from phar-
macologically paralyzed preparations, where variations in eye
position were somewhat smaller than in the present study pop-
ulation, which were not paralyzed. We attempted to determine
the eye position for each animal by backprojecting the optic disk
position with an ophthalmoscope. In seven ferrets in which eye
position was stabilized using conjunctival sutures, the mean
(£SD) coordinates of the back-projected optic disk position
were —33(x7)° azimuth, +13(%7)° elevation. In the paralyzed
adult population (N = 38), the values were ~24(£5)° azimuth,
+11(*6)° elevation. The differences in mean azimuth and SD
between the two populations are consistent with and probably
fully explain the very small differences in the two topography
plots of Figure 2. The underlying visual azimuth topographies
therefore appeared to be equivalent in all our experimental con-
ditions.
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Auditory responses in the deeper layers

Auditory responses were recorded in all four laminae that com-
prise the intermediate and deep layers of the SC. In order to
determine whether the various treatments used in this study had
any effect on the responsiveness of these neurons, we compared
the maximal firing rate obtained for units in each group. A wide
range of firing rates was found for all the conditions, but the
mean values at the optimal loudspeaker position were very sim-
ilar, varying between 1.4 and 1.8 spikes per stimulus presenta-
tion. These values, which are comparable to those reported for
auditory units in normal, adult ferrets (King and Carlile, 1993)
indicate that there were no differences in response strength be-
tween the animals treated with NMDA-receptor blockers and
either the unoperated controls or those ferrets that received drug-
free Elvax implants.

Most auditory units recorded in the deeper layers of the SC
had a clear single peak in their azimuthal response profiles. Oth-
ers showed two or more peaks, while the remainder had very
broad response profiles with more or less uniform response
strengths over an entire hemifield or more. We assessed the spa-
tial tuning by dividing the responses into different categories. A
peak in the response profile was defined as a region of activity
of at least 80% of the maximal response, flanked by a reduction
in activity to less than 40% on either side, and with the two low
activity flanks not more than 160° apart. Using this definition
we classified the responses of the auditory cells into five groups:
single-peaked cells, which we also refer to as “‘tuned” cells
because they possess a clear single preferred stimulus position;
“bilobed cells” (showing two peaks); “‘complex cells” (with
three or more peaks); ‘‘broadly tuned cells” (showing an area
of high response wider than 160° at 40% of the maximum); and
“omnidirectional cells” (lacking regions of space that evoke re-
sponses of less than 40%). Receptive field profiles were assigned
to their respective classes according to these arbitrary but ob-
jective criteria by a computer, to prevent any observer bias.

Figure 3A shows examples of the five types of response pro-
file. The frequency with which these tuning categories were ob-
served in each of the experimental conditions is shown in Figure
3B. Also included in this figure are data from normal, adult
ferrets that were collected in earlier studies (King and Hutchings,
1987; King and Carlile, 1993; Carlile and King, 1994; King et
al., 1994). The data for animals implanted with 1 mm MK801
and 10 mM MKS8O1 at P25-27 have been pooled. This appeared
to be justified because these two conditions did not differ sig-
nificantly according to statistical measures of their auditory-vi-
sual misalignment (see below).

Higher proportions of tuned auditory units were found in the
adult unoperated and drug-free Elvax control groups than in the
corresponding juvenile ferrets. This is consistent with our pre-
vious findings that the incidence of bilobed responses decreases
during the maturation of the space map as the proportion of
tuned cells increases (King and Carlile, 1991; King, 1993). The
relatively high proportion of nontuned cells in the juvenile con-
trol populations in this study therefore probably reflects their
developmental immaturity. Consequently, we have restricted our
comparison of data from animals subjected to chronic NMDA
receptor blockade to the appropriate age-matched control
groups.

All the experimental groups that were treated with NMDA
receptor blockers, whether during the period of auditory space
map development or in older animals, had a higher proportion
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Figure 3. A, Normalized polar plots illustrating the five types of au-
ditory azimuthal response profile observed in the deeper layers of the
superior colliculus. In each case, the relative firing rate of the unit is
plotted on the radial axis. Tuned cells respond maximally at a single
azimuthal region. The response profiles of the other cell types indicate
either ambiguous or poor spatial tuning. B, Histogram showing the rel-
ative proportions of each of the five receptive field types observed in
unoperated normal adults (Adult Unop.) and in the six different exper-
imental conditions used in this study. No drug designates drug-free El-
vax controls. C, Mean and SE intervals for the proportion of tuned
auditory units in each of the experimental groups.

of bilobed and complex cells and a lower proportion of tuned
cells than the corresponding age-matched control groups. A x?
test of proportions suggests that these differences are not just a
sampling artefact (p < 0.001 for H, = “‘proportion of tuned
cells identical for all conditions”). SE estimates for the propor-
tions of tuned cells can be derived from sampling theory, mod-
eling the sampling of cells as a binomial process. These SEs are
shown in Figure 3C. They clearly suggest that at least some of
the observed differences in receptive field types are genuine. By
comparing the different experimental conditions individually
(Bailey, 1981), we found that the proportion of tuned units in
the juvenile animals treated with MK801 was significantly lower
than in either the drug-free (p < 0.004) or unoperated juvenile
controls (p < 0.008), although this was not the case with the
ferrets reared with APV Elvax implants. The difference between
the adult ferrets treated with MK801 and the adult drug-free (but
not the normal adult) controls also reached significance (p <



0.006). Thus, chronic exposure of the SC to MKS80! in both
juvenile and adult ferrets leads to a reduction in the proportion
of auditory units that are tuned to a single region in space.

Effects on the auditory space map in the deep layers

The observation that some auditory cells in all groups of animals
did not display clear, unambiguous tuning to a single spatial
position poses a problem when trying to describe the topography
of the auditory representation. We have adopted two measures
of spatial selectivity to assess the effects of NMDA-receptor
blockers on the topography of this representation. For the anal-
ysis of tuned cells only, we used the position of the response
peak as a measure of each cell’s preferred direction or “best
position” (King and Hutchings, 1987). The same measure was
used to estimate auditory spatial selectivity in our earlier studies
on the map of auditory space in the SC (e.g., King and Hutch-
ings, 1987; King and Carlile, 1993; Carlile and King, 1994; King
et al., 1994). A best position could, in principle, also be allocated
to each of the peaks of the bilobed and complex response pro-
files. However, the number of best positions obtained depends
on the arbitrary criteria used for defining a peak in the response
profile. Moreover, this measure is not readily applied to the
broadly tuned or omnidirectional units.

There is increasing evidence that stimulus location is encoded
in the SC by the distribution of activity across a population of
cells (Mcllwain, 1991). We have also calculated the “overall
direction vector” for each auditory unit, which provides a mea-
sure of positional selectivity that reflects the mean contribution
of each cell to the population response. A direction vector can
be applied to all the cells regardless of the shape of their recep-
tive field profiles. It is based on the vector sum of the response
strengths for all the sampled stimulus positions, and, in Cartesian
coordinates, is defined by

y = 3 rsind

where r is the response strength measured when the stimulus
was presented from a direction given by ¢ (in degrees or radians
azimuth). It follows that the direction of the overall direction
vector 0 is calculated by

® = arc tan(y/x).

A potential problem with vector sums as a measure of direction
tuning is that they are sensitive to sampling bias. If twice as
many points are sampled in a particular quadrant of the receptive
field than in any other, the resultant vector may slant toward that
quadrant, even if the strongest responses were observed in a
different direction. We could not completely avoid sampling bias
during the recording procedure because although we tried to
space the recordings at regular intervals (typically 20° steps),
our hoop assembly did not allow the positioning of the speaker
in a 30° wide region of space behind the animal. Moreover, in
some cases, individual recordings were repeated or particular
regions of space were sampled in greater detail. Our algorithm
therefore only ever added responses to the direction vector sum
in groups of four orthogonal vectors, where missing data points
were approximated by linear interpolation.

When calculating the direction vectors, the response strengths
were expressed as a percentage of the maximum response for
each cell, so that the length of the direction vector would serve
as an index for the degree of tuning of each cell that is inde-
pendent of its excitability. The lowest values for the mean length
of the direction vectors were found in the ferrets that received

x =2 r cosp
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MKS801-Elvax implants, which is consistent with the observed
reduction in tuned units in these animals. The mean length of
the direction vectors in the juvenile MK801 group was signifi-
cantly lower than in the juvenile drug-free control group (Wil-
coxon’s rank-sum test; z = 3.82, p < 0.001). However, the dif-
ference in mean length between the adult MK801 group and the
adult drug-free controls just failed to reach significance (z =
1.57, p > 0.05).

The topography of the auditory representation based on both
the best positions of tuned units only and the direction vector
angles of all recorded auditory cells is shown for each experi-
mental condition in Figures 4 and 5. Data from our earlier stud-
ies on the representation of auditory space in the SC of normal,
adult ferrets have again been included as well (Figs. 44, 5A).

The plots in Figure 4 illustrate the relation of auditory azimuth
to distance of the recording site from the rostrolateral border of
the SC. Comparison of Figure 4A—C reveals a clear negative
regression in the three groups of adult ferrets, indicating that the
azimuthal selectivity of the units varied topographically within
the SC. Despite the reduction in the proportion of tuned units
following treatment with MK80! in adulthood, their auditory
best positions extended over essentially the same range as in the
two control groups. Moreover, the distribution of direction vec-
tor angles in the adult MK801 group, although slightly more
scattered, was not significantly different from that in the drug-
free animals (see below for a detailed statistical treatment).

Compared to the corresponding adult groups, there is an in-
crease in the scatter for the auditory topography plots in the
juvenile unoperated controls (Fig. 4D) and the juvenile ferrets
that received drug-free Elvax implants (Fig. 4E). As with the
reduced proportion of tuned units, this is probably due to the
developmental immaturity of the animals at the time of record-
ing. The differences in scatter between these two juvenile control
groups are not significant (see below) for either the best posi-
tions of tuned units or the direction vectors. It therefore appears
that the experimental procedure of implanting the drug-free El-
vax had no appreciable effect on the auditory map topography
in either adult or juvenile ferrets.

The scatter in the auditory representation is appreciably larger
in the ferrets reared with Elvax implants containing either
MKZS801 (Fig. 4F) or APV (Fig. 4G) than in the age-matched
control groups. Electrophysiological data were obtained from
three APV-treated ferrets compared to seven animals that had
been reared with MK801 implants. Consequently, fewer units
were recorded in the APV group. Nevertheless, the increased
scatter is still quite obvious. In particular, a relatively high pro-
portion of points was found in the ipsilateral hemifield. This
contrasts with the control groups where the representation was
almost exclusively contralateral.

The panels in Figure 5 plot the auditory azimuthal coordinates
of units recorded in the deeper layers against the visual best
azimuth of superficial-layer units recorded in the same electrode
penetration, and thus illustrate the degree of alignment between
these representations. Because the topography of the visual map
in the superficial layers was apparently normal in each experi-
mental group (Fig. 2), these data essentially confirm the findings
shown in Figure 4. Thus, the close correspondence between the
visual and auditory maps found in normal, adult ferrets (Fig.
5A), was also evident in the adult ferrets that had received either
drug-free (Fig. 5B) or MK801 Elvax implants (Fig. 5C). The
correspondence between the visual and auditory representations
was less precise in the juvenile unoperated (Fig. 5D) and drug-
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Figure 6. The effect of NMDA-receptor antagonists on auditory—visual misalignment in the superior colliculus. The histograms plot the angular
difference between the azimuthal best positions of visual units in the superficial layers and those of tuned auditory units recorded in the deeper
layers of the same electrode penetration. The bar below each histogram is centered on the mean value and extends to two standard deviations on
either side. The histograms are clearly widest in the conditions treated with MK801 and APV during development.

free control groups (Fig. SE), indicating that the auditory rep-
resentation was not fully mature at P61-70. However, much
greater scatter in visual-auditory alignment was found in the
juvenile animals that had been reared with either MK801 (Fig.
5F) or APV (Fig. 5G). Comparison of the auditory representa-
tion in adult (Figs. 4C, 5C) and juvenile ferrets (Figs. 4F, 5F)
that had received MK801-Elvax implants for the same period of
time strongly suggests a developmental effect of MK801 on the
azimuthal selectivity of these units.

Since a pormal bivariate distribution could not be assumed
for these data, we did not use correlation coefficients to quantify
the scatter in these topography plots (see Bailey, 1981). The
most intuitive approach to a comparison of the topography and
precision of the auditory representation among the different ex-
perimental groups would be to produce a descriptive function of
the “juvenile topography” from our unoperated control data,
and to use this as the basis for comparison with the data obtained
in the other groups of juvenile animals. But, even though the
total number of data points was quite large for this type of study,
it was insufficient to find a function that accurately describes the
unoperated control data. We would require either a larger sample
or a good theoretical prediction how the data points spread
around the presumed function describing the underlying juvenile
topography. For example, we attempted to use a simple linear
function to describe the relationship between the auditory and

visual representations. However, the SE estimates for the slopes
were so large that the regression lines were clearly unfit as a
basis for comparison of topographies in the absence of any fur-
ther constraining assumptions.

The relationship between the auditory spatial responses and
either unit recording site or associated visual receptive field in
juvenile ferrets gradually matures with increasing age toward the
adult topography. We have therefore looked for order in the
auditory data obtained in this study by quantifying how similar
each group was to the (much more easily determined) topogra-
phy of the representation in normal adults. One simple way of
doing this, which has been used in other, related studies (e.g.,
Knudsen, 1985; Knudsen and Brainard, 1991) is to compare the
observed differences between the auditory and visual coordi-
nates of units recorded in the same vertical electrode track (au-
ditory—visual misalignment). In normal adult ferrets the regres-
sion of auditory on visual azimuth has a slope close to one and
an intercept close to zero (see Fig. 5A), and the anditory-visual
misalignments are small and approximately normally distributed.

We constructed auditory—visual misalignment histograms us-
ing both auditory best positions and direction vector angles for
each of the experimental conditions. The histograms for the au-
ditory best position data are shown in Figure 6. The narrowest
histograms were found in the three groups of adult ferrets (Fig.
6A—C), and the spread in misalignment values was very similar
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Table 1. Variance (scatter) in auditory-visual misalignments in adult study population

p Value of F test comparing variance to:

Method of Number Variance of Drug-free
Condition quantification of units misalignment Unoperated implants
Unoperated Best pos. tuned cells 74 683 —
Drug-free implants Best pos. tuned cells 44 606 0.74 —
Drug-free implants Dir. vect. all cells 52 1153 — —
MKS801 implants Best pos. tuned cells 28 704 0.48 0.84
MK&01 implants Dir. vect. all cells 45 1745 — 0.18

These data are comparisons of variances in auditory—visual misalignments in the adult study population, and were derived from Figures 5 and 6. The variances
are given both for misalignments calculated from auditory best positions of tuned units and from auditory direction vector angles of all units (except for the
unoperated group obtained from previous studies, where direction vectors were not available). Also shown are the number of auditory units that each of the sample
variance values is based on, and the p values for two-tailed F tests that were used to compare the variance in each pair of experimental conditions. The difference
in variance failed to reach significance for any of the adult data sets shown here.

in each case. This again suggests the MK801 has no effect on
the relationship between the visual and auditory representations
in adult animals. Although wider histograms were obtained for
the juvenile unoperated and drug-free control groups (Fig.
6D,E), the range of auditory—visual misalignments in the ferrets
reared with MK801-Elvax implants (Fig. 6F) is clearly greater
still, indicating an increased scatter in the auditory representation
and therefore an age-dependent effect of this NMDA-receptor
antagonist. The smaller number of data points for the juvenile
APV condition resulted in a less impressive histogram (Fig. 6G),
but if we use the variance of misalignments as a measure of the
spread of the underlying distribution (see below), we find that
this condition actually presents a very similar picture to that of
the juvenile MK801 data.

Even though the misalignment histograms following devel-
opmental treatment with NMDA antagonists are significantly
wider than those for the controls, their distribution is not as flat
as one might expect if the auditory space map had been com-
pletely abolished. All the misalignment histograms in Figure 6
suggest unimodal distributions with clear peaks at low misalign-
ment values, that is, the auditory best positions were still clus-
tered, albeit with considerable spread in some cases, around the
values found in the normal adult animals.

A similar picture was obtained when the same approach was
applied to the direction vector data, which also include all the
non-tuned auditory cells in the analysis. Again, the misalignment
histogram for each experimental condition had a unimodal dis-

tribution centered on small misalignment values. The variance
of the misalignments was also greatest for the animals that had
been treated with NMDA-receptor antagonists during develop-
ment.

Having used x? goodness of fit tests to ascertain that none of
these distributions varied significantly from a normal distribu-
tion, we applied an F statistic to test whether the variance of
misalignments (i.e., the width of the histograms) was signifi-
cantly different between the different experimental conditions.
An increase in the spread of the histograms (increased variance)
indicates that the topographic arrangement of auditory best po-
sitions or direction vector angles across the SC deviates from
normal and/or that the auditory representation is less precise,
with a greater range of preferred azimuths at each recording site.
Table 1 shows the variances of auditory—visual misalignments
in adult ferrets, together with the p values for two-tailed F tests
where H, = “the two sample variances are equal.” Table 2
provides equivalent values for the juvenile ferrets. Significant p
values are in bold print. Because of previously noted, age-related
differences between the adult and juvenile control groups, we
have treated the two age groups separately when applying this
analysis. We have combined the data from the juvenile ferrets
that received Elvax implants containing 1 mM MK801 and those
in which the concentration of MK801 was 10 mm, as we found
no significant difference in the variance of the auditory—visual
misalignment between these two groups.

The data in Tables 1 and 2 confirm the observations based on

Table 2. Variance (scatter) in auditory-visual misalignments of the juvenile study population

p Value of F test comparing variance to:

Method of Number Variance of Drug-free MK801
Condition quantification of units misalignment Unoperated implants implants
Unoperated Best pos. tuned cells 45 1765 —
Unoperated Dir. vect. all cells 63 2168 —
Drug-free implants Best pos. tuned cells 49 1573 0.79 —
Drug-free implants Dir. vect. all cells 67 1134 0.07 —_
MKS801 implants Best pos. tuned cells 84 3592 0.0117 0.0025 —
MKB801 implants Dir. vect. all cells 159 3265 0.037 0.00004 —
APV implants Best pos. tuned cells 34 3434 0.0486 0.0162 0.9616
APV implants Dir. vect. all cells 58 3026 0.046 0.00015 1.713

These data are comparisons of variances in auditory-visual misalignments in the juvenile study population, and were derived from Figures 5 and 6. The layout
of the table is entirely analogous to that of Table 1. In these juvenile data sets, and in contrast to the adult data shown in Table 1, the difference in the misalignment
variance between the two groups treated with NMDA-receptor antagonists and each of the control groups was statistically significant (significant p values in bold

type).
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Figure 7. The effect of NMDA-receptor antagonists on the topography of the auditory representation. The histograms plot the angular difference
between the azimuthal best positions of tuned auditory units recorded in the deeper layers of the superior colliculus and the expected value at each
recording site, which was derived from the mathematical function that produced the best fit for the map of sound azimuth in normal adult ferrets
(see Results). The bar below each histogram is centered on the mean value and extends to two SDs on either side. Data from the various experimental
groups are arranged in the same way as in Figure 6. The histograms are again clearly widest in the conditions treated with MK801 and APV during

development.

Figure S, namely, that developmental NMDA receptor blockade
leads to a significantly larger auditory—-visual misalignment, but
does not reduce the correspondence between the directional tun-
ing of visual responses and that of auditory cells when applied
at maturity. Considering the results of this analysis of auditory—
visual misalignments together with the observation that all ani-
mals possessed a normal visual topography (Fig. 2), it appears
that features of a normal adult auditory topography were present
under all conditions (the auditory azimuths cluster around a nor-
mal visual azimuth map), but that treatment with NMDA-recep-
tor antagonists increases the scatter in the auditory representa-
tion significantly and in an age-dependent manner.

We also examined the auditory topography more directly by
comparing the observed azimuthal selectivity with the values
that would be predicted from the normal adult map for the an-
atomical location of the corresponding recording sites. In a pre-
vious study, King and Carlile (1993) found that the polynomial
Y = 15.9 — 13X — 24.2X? produced the best fit for the auditory
azimuth map in normal adult ferrets, with X being the standard-
ized electrode distance from the rostrolateral pole of the SC in
mm, and Y the observed auditory best azimuth in degrees. With
this formula we carried out an analysis of ““auditory topography
errors,” using an entirely analogous approach to the analysis of

misalignments, where the predicted auditory azimuths from the
above equation were used instead of the visual azimuths.

The results of this analysis of topography errors entirely con-
firm the findings of the auditory—visual misalignment analysis.
The histograms were again unimodal and centered on low error
values (Fig. 7). Tables 3 and 4 give the variances in topography
errors, for the analyses based on both best positions and direc-
tion vectors, as well as the p values of the F tests for the com-
parisons of these variances. The data in Table 3 are from the
three adult groups, while those in Table 4 are derived from the
four juvenile groups. These data again show that implanting
drug-free Elvax onto the SC in either adult or juvenile ferrets
has no effect on the auditory representation. Developmental
NMDA -receptor blockade very significantly increases the scatter
in the representation of sound azimuth, whereas the variance in
adult animals is unaffected by this procedure. In each case, the
same effect was found when the analysis was based on the best
positions of the tuned units only and on the direction vectors of
all recorded units.

Depth effects

The technique that we used required that the drug, once released
from the Elvax, diffuses through the SC to reach its site of ac-
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Table 3. Variance (scatter) in auditory topography errors in adult study population

p Value of F test comparing variance to:

Variance of

Method of Number topography Drug-free
Condition quantification of units error Unoperated implants
Unoperated Best pos. tuned cells 64 786 —
Drug-free implants Best pos. tuned cells 43 882 0.13 —
Drug-free implants Dir. vect. all cells 52 1544 — —
MK&01 implants Best pos. tuned cells 28 808 0.65 0.93
MKS801 implants Dir. vect. all cells 45 1692 — 0.85

These data are comparisons of variances in auditory topography errors in the adult study population, and were derived from Figures 4 and 7. Layout is as in Ta-

ble 1.

tion. We might expect that concentration gradients would be
established (see Fig. 1B), which, depending on the location of
the NMDA receptors, would lead to a differential effect, with
the most superficial units more seriously affected than deeper
ones. To examine this possibility, we plotted the absolute audi-
tory—visual misalignment for each unit against its depth, both
for the juvenile drug-free controls and for the juvenile animals
treated with MK801 (Fig. 8). A regression analysis suggested a
lack of any significant relationship between depth and auditory—
visual misalignment, given that the slopes of the regression lines
were close to and not significantly different from zero, and that
the intercepts were close to the mean absolute misalignments for
both conditions.

Discussion

NMDA receptors are thought to play an important role in the
developmental plasticity of sensory systems (see reviews by
Constantine-Paton et al., 1990; Rauschecker, 1991; Fox and
Daw, 1993). Most of the evidence for this has come from studies
demonstrating that plastic changes induced by altered sensory
inputs to visual (Cline et al., 1987; Kleinschmidt et al., 1987;
Scherer and Udin, 1989; Bear et al., 1990; Cline and Constan-
tine-Paton, 1990; Rauschecker et al., 1990), auditory (Brainard
et al., 1992; Feldman and Knudsen, 1993), and somatosensory
(Schlaggar et al., 1993) areas can be prevented by blocking
NMDA receptors with appropriate antagonists. On the other
hand, conflicting results have been obtained when similar ap-
proaches have been used to study the involvement of NMDA
receptors in normal sensory development (Cline and Constan-
tine-Paton, 1989; Hahm et al., 1991; Smetters et al., 1991;
Simon et al., 1992; Schlaggar et al., 1993). In this study, we

found that continuous treatment with the NMDA-receptor an-
tagonists MK801 or APV for 5-6 weeks from P25-27 has no
obvious effect on the topography of the visual space map in the
superficial layers of the SC in ferrets. However, NMDA recep-
tors do appear to play a role in establishing the preferred sound
directions of auditory cells in the deeper layers. Treatment with
MKS801 or APV over this period disrupts the development of
the map of sound azimuth, whereas chronic application of these
drugs in older animals does not affect its topographic organi-
zation.

The visual map

Anatomical studies have suggested that NMDA receptors are
involved in the refinement of the early retinocollicular projec-
tion. Thus, chronic NMDA-receptor blockade of the SC (or optic
tectum) prevents both the elimination of inappropriately posi-
tioned terminal arbors in rats (Simon et al., 1992) and the main-
tenance of topographic order in developing retinal afferents in
tadpoles (Cline and Constantine-Paton, 1989). Using the same
methodology of implanting Elvax sheets containing MK801 or
APV, we observed an apparently normal visual map, at least in
terms of the receptive fields of multiunit responses, in the su-
perficial layers of young ferrets. However, the visual projections
in the ferret are largely mature at the age when the Elvax was
introduced. Simon et al. (1992) implanted the Elvax on the SC
in newborn rats when the retinocollicular projection is still dis-
ordered (Simon and O’Leary, 1992). In the ferret, the major
changes in the organization of retinal projections are over well
before P25, the age of the youngest animals used in this study.
Ganglion cell death is complete by the end of the first postnatal
week (Henderson et al., 1988; Cucchiaro, 1991; Thompson and

Table 4. Variance (scatter) in auditory topography errors of tuned cells in the juvenile study population

Variance of

p Value of F test comparing variance to:

Method of Number topography Drug-free MKS801
Condition quantification of units error Unoperated implants implants
Unoperated Best pos. tuned cells 45 1697 —
Unoperated Dir. vect. all cells 63 1607 —
Drug-free implants Best pos. tuned cells 49 1567 0.894 —
Drug-free implants Dir. vect. all cells 67 1064 0.102 —
MK&801 implants Best pos. tuned cells 66 3797 0.006 0.002 —
MKS801 implants Dir. vect. all cells 122 3118 0.004 0.000004 —
APV implants Best pos. tuned cells 19 4382 0.015 0.007 0913
APV implants Dir. vect. all cells 32 4680 0.0004 0.0000005 0.142

These data are comparisons of variances in auditory topography errors in the juvenile study population, and were derived from Figures 4 and 7. Layout is as in

Table 2.
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Figure 8. The auditory-visual misalignment is plotted against the
depth of each auditory unit below the dorsal surface of the superior
colliculus. A, Data from juvenile ferrets reared with drug-free Elvax. B,
Data from juvenile ferrets reared with Elvax containing MK801. There
is no obvious relationship between the distance of an auditory unit from
the Elvax and the degree of correspondence in its spatial tuning with
the visual map in either group.

Morgan, 1993), and the adult pattern of retinofugal terminations
is established by P15 (Linden et al., 1981). Studies on the retinal
projections to the thalamus and to the SC in newborn ferrets
show that topographic order is present (Jeffrey, 1985; Snider and
Chalupa, 1993; I. D. Thompson, P. Cordery, and A. J. King,
unpublished observation), and that aberrant fibers have largely
disappeared from the retinal terminal zones in the SC by P7
(Snider and Chalupa, 1993). It is therefore not surprising that
adult-like topography can be demonstrated in the visual map in
the superficial layers just after eye opening at approximately one
month after birth (King and Carlile, 1994).

NMDA receptors appear to play only a limited role in the
synaptic transmission of visual information to the superficial lay-
ers of the SC in mammals (Roberts et al., 1991; Binns and Salt,
1994). This is consistent with our observation that the visual
maps were normal, with respect to the strength of the responses
as well as their topography. In the kitten SC, neurons in the
deeper layers first begin to respond to visual stimuli after those
in the superficial layers (Kao et al., 1991). We did not routinely
examine the responses of deep-layer neurons to visual stimula-
tion and therefore do not know whether their development is
more susceptible to chronic NMDA-receptor blockade.

The auditory map

Auditory responses in the deeper layers of the SC in young
ferrets (King and Carlile, 1991, 1994) and guinea pigs (With-
ington-Wray et al., 1990b) are initially very broadly tuned for
sound location. In both cases, the topographic order in the au-
ditory representation emerges several weeks after birth. The spa-
tial selectivity of auditory neurons results from their tuning to
acoustic cues generated by the head and outer ears. The principal
cues used in the elaboration of the auditory map in the ferret
SC are monaural pinna cues and interaural level differences
(Carlile and King, 1994; King and Carlile, 1994; King et al.,
1994). During the first month after the onset of hearing, which
occurs at around P28 (Morey and Carlile, 1990), these cue val-

ues are continually changing as the head and pinnae continue to
grow (Carlile, 1991; King and Carlile, 1994). The gradual emer-
gence of the map of auditory space in the ferret SC follows a
similar time scale, suggesting that the initial lack of order in this
representation may, at least in part, reflect the immaturity of the
acoustic cues available.

Nevertheless, there is considerable evidence that auditory and
visual experience are utilized in shaping the spatial response
properties of auditory neurons in the developing SC and in es-
tablishing the registration of this representation with the visual
map (Knudsen, 1985; King et al., 1988; Withington-Wray et al.,
1990a,c; Knudsen and Brainard, 1991; Knudsen et al., 1991;
Mogdans and Knudsen, 1992; Withington, 1992; King and Car-
lile, 1993). Our findings suggest that the maturation of the au-
ditory space map involves an activity-dependent process based
on NMDA receptors. This is consistent with reports indicating
a role for NMDA receptors in matching different maps in the
amphibian (Scherer and Udin, 1989) and barn owl optic tectum
(Brainard et al., 1992; Feldman and Knudsen, 1993) following
manipulations of the sensory input.

As Fox and Daw (1993) have pointed out, a number of criteria
need to be fulfilled before it can be concluded that NMDA re-
ceptors play a specific role in developmental plasticity. For ex-
ample, the finding that NMDA-receptor blockade reduces not
only the shift in ocular dominance following monocular depri-
vation (Kleinschmidt et al., 1987; Bear et al., 1990), but also
the responsiveness of kitten cortical neurons to visual stimuli
(Tsumoto et al., 1987; Fox et al., 1989), raises the possibility
that these antagonists may simply attenuate the activity of the
neurons below the threshold for adjusting to an altered visual
input. We found that chronic treatment with MK801 or APV
impaired the azimuthal preferences of many auditory units, but
had no effect on the strength of their responses at the optimal
speaker position. Our observation that the topographic order in
the representation was disrupted following NMDA-receptor
treatment from before the onset of hearing until just before the
recordings were made, but not after a similar period of treatment
in adult animals, suggests that these receptors do have a partic-
ular role in the development of the auditory space map.

Although MK801 and APV have both been reported to block
certain non-NMDA receptors (e.g., Simon et al., 1992; Schlag-
gar et al., 1993), these drugs are thought to act primarily as
selective NMDA-receptor antagonists (Davies et al., 1981;
Wong et al., 1986; Monaghan et al., 1989). Moreover, the sim-
ilarity in the results produced by MK801 and APV, which act
at different sites on NMDA receptors, seems most likely to be
due to a specific blockade of this class of glutamate receptor.
Several studies have identified the presence of NMDA receptors
in the superficial and deeper layers of the mammalian SC (Oka-
da and Miyamoto, 1989; Moriyoshi et al., 1991; Roberts et al.,
1991; Hestrin, 1992; Kao et al., 1993; Okada, 1993; Binns and
Salt, 1994). The report by Hestrin (1992) that NMDA-receptor
mediated synaptic currents in rat SC neurons are developmen-
tally regulated is of particular interest in view of the age-related
susceptibility of the auditory space map to NMDA-receptor
blockade.

We do not know where the glutamatergic synapses involved
in mediating the developmental plasticity of auditory neurons
are located. Our in vivo measurements indicate that MKS801 re-
leased from the Elvax penetrates at least as far as 800 wm below
the SC surface, although we saw no obvious variation in audi-
tory spatial selectivity as a function of depth within the inter-



mediate and deep layers following MK801 treatment in juvenile
ferrets. The effective synapses could be located on dendrites
close to the cell bodies from which we have recorded or nearer
the surface of the SC on dendrites that extend up into the su-
perficial layers (Mooney et al., 1984, 1992). That the distribution
of NMDA receptors may differ across the SC laminae is sug-
gested by the finding that the sensitivity of visual responses to
iontophoretic application of APV varies with depth in adult cats
(Binns and Salt, 1994).

Although our findings are most readily interpreted in terms of
NMDA receptors located in the SC itself, we cannot rule out
the possibility that MK801 and APV may have diffused from
the Elvax to reach sources of auditory input to the SC. In bamn
owls, iontophoretic injection of APV into the external nucleus
of the inferior colliculus (IC) blocks the activity of cells in the
optic tectum representing the same region of auditory space and,
in particular, responses to new locations produced by rearing the
animals with optically displaced visual fields (Feldman and
Knudsen, 1993). The ferret SC receives bilateral, converging
inputs from several auditory brainstem nuclei, with the largest
projections originating from the brachium and the external nu-
cleus of the ipsilateral IC (King et al., 1992). In view of the
restricted area of the SC over which MK8&01 was released from
the Elvax, we propose that the observed disruption of the normal
development of the auditory space map is unlikely to be due to
NMDA-receptor blockade at the sources of afferent input. More-
over, the highly significant difference between the auditory re-
sponses in the SC of ferrets reared with Elvax containing either
MK801 or APV and of control animals that received drug-free
Elvax implants indicates that the observed disruption of the au-
ditory map cannot be attributed to the inclusion of ketamine, an
NMDA -receptor blocker, in our anesthetic regime.

The presumptive role of NMDA receptors in other systems
suggests that their activation may facilitate the detection of tem-
poraily correlated activity arising from visual and auditory stim-
uli located at the same region in space. As a consequence, au-
ditory synapses could be stabilized during development when
their activity is coordinated with that of converging visual af-
ferents. This idea is supported by the finding that early displace-
ment of visual receptive fields either by lateral deviation of the
eye in ferrets (King et al., 1988) or by rearing barn owls with
prismatic spectacles (Knudsen and Brainard, 1991) leads to a
compensatory shift in the auditory representation. If NMDA re-
ceptors are involved in this process, we might expect that
NMDA -receptor blockade and deprivation of patterned visual
cues would have similar consequences for the development of
the auditory map. Both procedures lead to an increase in the
proportion of auditory units that are ambiguously tuned to more
than one location (compare Fig. 3 with King and Carlile, 1993).
A crude auditory topography is still present in adult animals
after binocular eyelid suture in infancy (Knudsen et al., 1991;
Withington, 1992; King and Carlile, 1993). Similarly, NMDA-
receptor blockade did not completely abolish the topography of
the auditory representation because, although the azimuthal pref-
erences of the auditory units were highly scattered, they were
clustered around the positions that would be predicted from the
normal adult map.

A topographically organized projection from the brachium of
the ipsilateral IC along the rostrocaudal axis of the SC has been
described in the adult ferret (Jiang et al., 1993), suggesting that
the underlying order in the representation of sound azimuth may
already be contained in the afferent input. The role of neural
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activity may therefore be to refine, rather than set up, the spatial
preferences of the auditory responses of SC neurons during de-
velopment. It is not presently known whether the sources of
auditory input to the SC also undergo experience-dependent
changes, although our preliminary observations suggest that the
projection from the brachium of the ipsilateral IC contains a
crude topographic order at birth (Z. D. Jiang, A. J. King, and L
D. Thompson, unpublished observation).

If synchronous visual activity is the only mechanism respon-
sible for refining the spatial tuning of auditory cells in the deep
layers of the SC, then all tuned auditory cells in the SC should
receive, at least in infancy, a significant visual input. Multimodal
cells are widespread in the deeper layers of the SC, and they
tend to respond best to temporally matched and spatially coin-
cident stimuli presented in combination (King and Palmer, 1985;
Meredith and Stein, 1986a,b; Meredith et al., 1987). The pro-
portion of neurons influenced by more than one modality is
difficult to estimate because one sensory stimulus may modulate
the response to another modality even though it appears to be
ineffective by itself (King and Palmer, 1985). Studies in the cat
have revealed that more than 50% of the auditory cells encoun-
tered were also visually responsive (Meredith and Stein, 1986a).
This raises the question of whether this figure is higher earlier
in development when our findings suggest that NMDA-receptor
activity is involved in determining the preferred sound directions
of the auditory neurons. However, Wallace et al. (1993) ob-
served that multisensory neurons are rare in young Kittens and
that the proportion of such cells increases with age, reaching its
maximum in adulthood. The majority of auditory neurons in
normal, adult ferrets have single best positions that are arranged
topographically within the SC, suggesting that, at some stage of
their development, they are influenced by visual cues or that
there are also vision-independent mechanisms for tuning their
spatial responses. The latter possibility is supported by the find-
ing that, in the absence of vision, occlusion of one ear leads to
adaptive changes in the sensitivity to auditory localization cues
of neurons in the developing barn owl optic tectum (Knudsen
and Mogdans, 1992).

Besides correlating auditory and visual inputs to the SC,
NMDA receptors may play another role in the development of
the auditory space map. We have previously shown that mon-
aural pinna cues are responsible for auditory spatial selectivity
at sound levels close to unit threshold (King et al., 1994), where-
as both ILDs and spectral cues generated by the outer ears are
utilized in maintaining the tuning with increasing sound level
(Carlile and King, 1994; King et al., 1994). Following pinna
removal in adult animals, the topography in the auditory repre-
sentation is still apparent, although many of the suprathreshold
azimuthal response profiles become bilobed, reflecting the spa-
tial ambiguity in ILD cues (Carlile and King, 1994). On the
other hand, if the same surgical procedure is performed in young
ferrets, the auditory map fails to develop (King and Carlile,
1989). An activity-dependent process, possibly involving
NMDA receptors, may therefore be involved in establishing the
selectivity of SC celis for appropriate combinations of monaural
and binaural localization cue values that correspond to a partic-
ular region of space.
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