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Increasing Spontaneous Retinal Activity before Eye Opening
Accelerates the Development of Geniculate Receptive Fields
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Visually evoked activity is necessary for the normal development of the visual system. However, little is known about the capacity for
patterned spontaneous activity to drive the maturation of receptive fields before visual experience. Retinal waves provide instructive
retinotopic information for the anatomical organization of the visual thalamus. To determine whether retinal waves also drive the
maturation of functional responses, we increased the frequency of retinal waves pharmacologically in the ferret (Mustela putorius furo)
during a period of retinogeniculate development before eye opening. The development of geniculate receptive fields after receiving these
increased neural activities was measured using single-unit electrophysiology. We found that increased retinal waves accelerate the
developmental reduction of geniculate receptive field sizes. This reduction is due to a decrease in receptive field center size rather than an
increase in inhibitory surround strength. This work reveals an instructive role for patterned spontaneous activity in guiding the func-
tional development of neural circuits.
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Introduction
Neural activity is essential for the modification of neural circuits.
Enriching the sensory environment can accelerate development
(Schwartz et al., 2011; Liu et al., 2012), improve recovery from
injury (Baroncelli et al., 2012; Yu et al., 2014), and increase per-
formance of learning and memory (Falkenberg et al., 1992).
However, it is less clear how enrichment of spontaneous activity,
especially during periods when environmentally evoked activity

is absent, influences the organization and maturation of the ner-
vous system.

Patterned spontaneous activity instructs the development of
neural circuits (Penn et al., 1998; Stellwagen and Shatz, 2002;
Blankenship and Feller, 2010; Xu et al., 2011; Burbridge et al.,
2014). Disruption or blockade results in failures in the develop-
ment of the functional properties of neurons such as receptive
field size, organization, and tuning (Archer et al., 1982; Stryker
and Harris, 1986; Chapman and Gödecke, 2000; Huberman et al.,
2006; Failor et al., 2015), but it remains an open question as to
how driving spontaneous activity can positively influence the
development of a neural circuit. Using the development of the
visual system in the ferret (Mustela putorius furo) as a model for
activity-dependent plasticity, we sought to investigate how driv-
ing postnatal spontaneous activity can promote the maturation
of neural circuits.

In the visual system, gradients of axon guidance molecules
(Huberman et al., 2005; Pfeiffenberger et al., 2005) and patterned
spontaneous activity in the form of retinal waves (Meister et al.,
1991) instruct the anatomical organization of retinal ganglion
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Significance Statement

Patterned spontaneous neural activity that occurs during development is known to be necessary for the proper formation of neural
circuits. However, it is unknown whether the spontaneous activity alone is sufficient to drive the maturation of the functional
properties of neurons. Our work demonstrates for the first time an acceleration in the maturation of neural function as a conse-
quence of driving patterned spontaneous activity during development. This work has implications for our understanding of how
neural circuits can be modified actively to improve function prematurely or to recover from injury with guided interventions of
patterned neural activity.
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cell (RGC) projections in the thalamus and superior colliculus
(Penn et al., 1998; Bansal et al., 2000; Stellwagen and Shatz, 2002;
Furman et al., 2013) while visually evoked activity instructs the
functional development and maturation of visual responses
(Chen and Regehr, 2000; Tavazoie and Reid, 2000; Akerman et
al., 2002; Hooks and Chen, 2006). The functional properties of
relay cells in the dorsal lateral geniculate nucleus (dLGN) of the
thalamus are immature at eye opening. During the course of
visual experience, the number of individual RGCs connecting to
a geniculate neuron decreases and the synaptic efficacy of the
remaining inputs greatly increases (Chen and Regehr, 2000). This
coincides with a developmental decrease in the size of geniculate
receptive fields and an increase in the strength of visually evoked
responses (Tavazoie and Reid, 2000). When animals are dark
reared, some functional properties of RGCs and geniculate neu-
rons fail to mature (Akerman et al., 2002; Tian and Copenhagen,
2003). However, the refinement of ganglion cell arbors can still
occur after dark rearing, suggesting that spontaneous activity
plays a critical role in this process (Hooks and Chen, 2006).

Due to the negative consequences of losses of activity on the
development of the retina (Bisti et al., 1998; Kerschensteiner et
al., 2009), we chose to assay the influence of spontaneous retinal
activity on the development of geniculate receptive fields through
a gain of activity model. Our hypothesis is that increasing pat-
terned spontaneous retinal activity before visual experience will
drive retinotopic refinement of RGC inputs to the dLGN and
accelerate the refinement of geniculate receptive fields as made
evident by a decrease in receptive field size. Using two different
pharmacological approaches, we increased the frequency of pat-
terned spontaneous activity (including spikes, bursts, and retinal
waves) during a period of glutamatergic retinal waves before eye
opening in the ferret.

To quantify the developmental consequence of this treatment,
we measured the size of geniculate receptive fields after eye open-
ing and examined the trajectory of developmental refinement as a
consequence of normal visual experience. Ferrets that experi-
enced increased spontaneous retinal activity had smaller genicu-
late receptive fields at eye opening compared with saline-treated
controls. This treatment had no effect on the developmental re-
finement that occurs due to visual experience after eye opening or
on the development of surround inhibition. From this, we con-
clude that driving patterned spontaneous activity can instruct the
development of the functional properties of neural circuits.

Materials and Methods
Animals. Timed pregnant and neonatal litters of fitch-coat ferrets were
obtained from Marshall Farms. All experimental procedures were per-
formed in accordance with approved animal use protocols at the Uni-
versity of California–Davis. Ferrets were monitored for normal
weight gain and growth throughout the course of the study (Chapman
and Gödecke, 2000), as well as for postoperative distress from the
experimental procedures.

Intraocular injections. Surgical and drug injection procedures were
similar to those described previously (Huberman et al., 2002; Speer et al.,
2010; Davis et al., 2015). Mixed-gender juvenile ferrets were anesthetized
with inhalant isofluorane (Isothesia; Butler Schein), the eyelids were
opened, and a small incision was made on the temporal side at the joining
of the upper and lower eyelid. Binocular intravitreal injections of sterile
saline, (RS)-a-cyclopropyl-4-phosphonophenylglycine (CPPG) (2 mM),
or a combination of (1,2,5,6-tetrahydropyridin-4-yl)-methylphosphinic
acid (TPMPA) (2 mM), gabazine (200 �M), and strychnine (20 �M) [this
combination is hereafter referred to as TGS] were administered daily for
10 consecutive days starting at postnatal day 15 (P15). This starting age
was chosen to capture a period of time during glutamatergic retinal waves

in the ferret after eye-specific segregation in the dLGN and preceding
light-evoked activity in the retina. The end age of P25 was chosen to
reduce the risk of damage to the eye from repeated daily injections and to
prevent the persistent disruption of light-evoked activity after the retina
becomes photoactive. LGN recordings began around the age of normal
eye opening in the ferret (P30).

The high concentrations of our pharmacological agents were chosen to
achieve intraocular concentrations of 500 �M CPPG or 50 �M TPMPA, 5
�M gabazine, and 500 nM strychnine after diffusion into the eye. Because
the pharmacokinetics of these drugs in the vitreous are unknown, we
hoped that these high concentrations would extend the duration of the
drug effects as they were cleared from the vitreous. The amount injected
ranged from 2.5 to 3.75 �l; 2.5 �l was injected on P15 and the amount
increased by 0.25 �l for every other injected age (i.e., P17: 2.75 �l, P19:
3.0 �l, etc.) to compensate for the volume change of the growing eye.
Injections were administered into the vitreous humor of each eye using a
32 gauge needle attached to a Hamilton microsyringe. Injections were
made slowly over the course of several minutes to reduce sudden changes
in intraocular pressure. Eyes were treated with antibiotic ophthalmic gel
(Vetericyn; Innovacyn) after completion of the injection.

Extracellular recordings of visual responses in the dLGN. dLGN record-
ings were performed using protocols described previously (Chapman
and Gödecke, 2000). Ferrets were anesthetized using a mixture of
acepromazine (0.4 mg/kg) and ketamine (40 mg/kg, i.m.), placed in a
modified kitten stereotax, and paralyzed with vecuronium bromide (0.2
mg/kg/h). Animals were intubated and anesthesia was maintained using
1–2% inhalant isoflurane in oxygen. End-tidal carbon dioxide, core body
temperature, and electrocardiogram were monitored throughout the ex-
periment. Atropine drops were administered to the eyes and the cornea
was protected by a plano contact lens (4 mm diameter, base curvature
280; Futuristic Design Associates). We performed ophthalmic inspection
of the cornea, lens, and retina to verify that there were no congenital
defects or damage from the experimental procedures before recording
from the ferrets. If such damage was found, then the animal was excluded
from the experiment. A 4 � 4 mm craniotomy was made over the dLGN
and filled with agar. A tungsten electrode (1.5 M�; Micro Probe) was
advanced through the agar into the dLGN using a microdriver and visual
responses were measured to locate the dLGN. Once identified, single
units were isolated with an audio monitor and oscilloscope and the re-
ceptive field size and location were mapped onto a tangent screen. Ana-
lyzed units had receptive field centers within 20° of the area centralis as
identified based on the reference location of the optic disk observed
through an ophthalmoscope (Zahs and Stryker, 1985). Spike times and
waveforms were recorded using a Spike 2 system (Cambridge Electronic
Design). Spikes were sorted through waveform template matching in
Spike 2. Single units were identified through PCA clustering of wave
forms and the presence of a refractory period in the autocorrelogram.

In vivo visual stimulation. The functional properties of geniculate re-
ceptive fields were mapped through visual stimuli created using a VSG
2/5 visual stimulator (Cambridge Research Systems) and displayed on a
gamma-corrected Dell Trinitron CRT monitor with a mean luminance
of 40 –50 cd/m 2 and a refresh rate of 100 Hz. The monitor was centered
on the receptive field of the recorded unit at a distance of 57 cm. Recep-
tive field maps were calculated by reverse correlation from spike re-
sponses to a white noise stimulus (Reid et al., 1997). The white noise
stimulus consisted of a 16 � 16 grid of squares that were white or black
50% of the time as determined by an m-sequence of length 2 15-1. The
size of the squares in the checkerboard and the rate at which the frames
were presented varied, with sizes of squares ranging from 1.28 to 0.78 cm
and the frequency of stimulus frames presented ranging from 100 to 25
Hz. The parameters were chosen on a unit by unit basis based on the
responses during hand mapping of the receptive field on the tangent
screen to sufficiently sample the spatial and temporal dimensions of the
receptive field.

Response latency and temporal integration were measured through 10
repetitions of an alternating full screen, maximum contrast, square-wave
stimulus with a duration of 4 s per cycle. From this cells were character-
ized as On, Off, or mixed in their preferred response, the latency of their
responses, and the strength of their transient onset, sustained, and offset
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responses. Finally, center surround structure was measured by the dis-
play of a drifting sine-wave stimulus of maximum contrast at a temporal
frequency of 3– 4 Hz. The spatial frequencies presented ranged from low
[minimum: 0.01 cycles per degree (CPD)] to high (maximum: 0.7 CPD)
and a subset was selected based on the size of the receptive field to obtain
spatial frequency-tuning curves.

Data analysis. Receptive fields were measured by calculating the spike-
triggered average (STA) of the stimulus ensemble weighed by the number
of spikes elicited by each frame of the m-sequence checkerboard stimulus
as follows:

STA �
1

N �
n�1

N

Sn

Where N is the total number of spikes in the spike train and S is the
stimulus present for the nth spike of the spike train. The temporal re-
sponse of the receptive field was measured by calculating the STA to each
of 16 sequential stimulus frames preceding the nth spike. The peak frame
of the temporal response was chosen and a bivariate Gaussian was fit to
this frame as described by the following:

F� x, y� � A exp ��0.5���x � h�cos� � �y � k�sin�

�a
�2

� ��y � k�cos� � �x � h�sin�

�b
�2��

Where A is the amplitude of the Gaussian, x and y are independent spatial
coordinates, h and k are the x- and y-coordinate receptive field mid-
points, respectively, �a and �b are the SDs of the major and minor axes
respectively, and � is the angle between the major axis of the Gaussian and
the x-axes of the coordinate system (Cantrell et al., 2010).

Spatial frequency-tuning curves were normalized to the maximum
amplitude of the frequency-modulated response and fit to the mean
response amplitude at each spatial frequency using a difference of Gauss-
ian function as follows:

R(�x) � k��exp � ��x/fc�2� � ks�exp � ��x/fs�2��,

Where �x is the spatial frequency, k is a scaling constant, fc is the charac-
teristic spatial frequency of the Gaussian representing the receptive field
center, ks is the integrated weight of the surround relative to the center,
and fs is the characteristic spatial frequency of the Gaussian representing
the surround component of the receptive field. We take fc, a measure of
the spatial resolution of the receptive field center, as the frequency at
which the strength of the center mechanism has fallen to 1/e of its max-
imum. We take 1/	fc as the measure of receptive field center size
(Enroth-Cugell and Robson, 1966; Movshon et al., 2005).

Multielectrode array recordings. Multielectrode array (MEA) record-
ings were performed as described previously (Warland et al., 2006; Sun et
al., 2008; Davis et al., 2015). Ferrets were administered a lethal dose of
pentobarbital (0.1– 0.2 ml) via intraperitoneal injection. For the retinal
wave analysis, ferrets age P17–P18 and P25 were used; for the ganglion
cell receptive field analysis, ferrets age P31 and P38 were used. The eyes
were enucleated and the retinas were removed and stored in HEPES-
buffered medium (Ames’ medium; Sigma-Aldrich) and chilled on ice. A
piece of retina was placed ganglion side down onto a 60-channel MEA
(MultiChannel Systems) in a darkened recording chamber and held in
place with a piece of dialysis membrane (Spectrapore 132130; Spectrum).
The tissue was superfused with sodium bicarbonate buffered Ames’ me-
dium at 1–2 ml/min at 37°C. The array electrodes were 30 �m in diam-
eter and arranged in an 8 � 8 rectilinear grid with an interelectrode
spacing of 200 �m. At this distance, the signal for a given cell appeared on
only one electrode, so each cell isolated was assigned the spatial coordi-
nates of the electrode that recorded its signal. Analog data were acquired
at 20 kHz per channel simultaneously from each electrode. After the
retina was set up on the MEA, the tissue was allowed to acclimate for
15– 45 min. On the emergence of retinal wave events, we observed the
data for a period of minutes until the average frequency of waves and the

average activity across the retina appeared stable. Recordings were then
performed for 5–10 min. To verify the stability of our recordings, the first
and last half of each recording was compared and no difference in spike,
burst, or wave rate was found. The effects of CPPG and TGS on sponta-
neous retinal activity were measured by recording waves for 10 min,
adding either CPPG (500 �M) or TPMPA (50 �M), gabazine (5 �M), and
strychnine (500 nM) (TGS) to the perfusion system, and perfusing over
the tissue for 5 min. Waves were recorded for an additional 10 min at the
normal perfusion rate after activity levels appeared stable.

Spike identification. Raw data were digitally filtered with a 125 Hz
high-pass filter (four-pole Butterworth) sorting spike events. A threshold
of 6 SDs was set for each channel and 1 ms of data before and 4 ms after
a threshold-crossing event were stored for each negative-slope event.
These candidate spike waveforms were then sorted with Offline Sorter
(Plexon) using the first three principal components of the spike wave-
forms. Coincident events within 0.5 ms of each other that occurred on all
electrodes were attributed to perfusion noise and removed. Clusters were
first identified using an expectation-maximization (EM) cluster algo-
rithm by Shoham et al. (2003) and then manually edited for clustering
errors. Typically, the activity of one to three cells was recorded by each
electrode.

Retinal wave analysis. The patterned activity of retinal waves and the
consequences of activity perturbation via the introduction of pharmaco-
logical agents were examined in accordance with the analyses used by
Stafford et al. (2009). A modified Poisson surprise algorithm was used to
determine how frequently wave activity was present in the activity of
MEA units. Using a 1 s bin, each single-unit spike train was converted to
a time-varying spike count of C spikes per bin and the mean spike rate 

was calculated. Then, the probability, PCi, that a Poisson spike train with
a mean spike rate 
 would have C spikes in time bin i was calculated using
the following equation:

PCi
� e��
� �

�
�Ci

Ci!

We then identified bins where the probability that a Poisson spike train
would generate that spike count was �10 �5 and classified the unit to be
bursting at that time. We identified the retina to be undergoing a retinal
wave when 	10% of all of the units in the recording were bursting in the
same time bin. Wave activity had ended when �5% of the neurons were
still bursting. The result is a count of time bins for which some wave
activity was present in the recording. This algorithm was well suited for
identifying the presence of waves in both normal and drug-excited levels
of activity compared with estimates made by human observers.

Burst analysis. The bursting activity of MEA units was calculated inde-
pendently of the wave analysis using a modified version of the Poisson
surprise algorithm detailed above (Stafford et al., 2009). Here, bursts
were classified for groups of three or more spikes that occurred within a
time window smaller than expected based on the average spike timing of
the unit. Instead of bins, the mean interspike interval (ISI), �, was calcu-
lated for each unit. When at least three sequential spikes were found such
that their mean ISI ��/2, the algorithm calculated the probability, PCi

,
that a unit with a mean spike rate, 
, would have Ci spikes in the time bin
T as determined by the duration between the first and last spike using the
following equation:

PCi
� e��
�T� �

�
 � T�Ci

Ci!

The spikes were classified as part of a burst if PCi
was �10 �4. Once a burst

was identified, spikes were added to Ci and the calculation repeated until
either PCi

exceeded the initial value or the ISI of the next spike was greater
than � after the preceding spike.

Correlation analysis. The degree of correlated firing between pairs of
recorded cells were calculated with cross-correlation functions and as-
signed a correlation index (CI). The CI measures the likelihood relative
to chance that a pair of cells fired together within a given time window.
The CI was computed as described by Wong et al. (1993) using the
following equation:
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CI �
Nab(�w,
w) � T

�Na(0,T) � Nb(0,T) � (2 � w)�
Where Nab(�w,
w) is the number of spike pairs from cells a and b for which
cell b fires within w seconds of cell a, T is the duration of the recording in
seconds, Na(0,T) and Nb(0,T) are the total number of spikes from cell a and
b during the recording, and 2 � w is the width of the correlation window.
Nab was computed using w � 0.1 s and the cross-correlation function was
binned at 0.05 s.

We also calculated the spike time tiling coefficient (STTC) because it
has been shown that CI is influenced by the firing rates of the neurons in

the recording and our experimental manipula-
tions differentially influence firing rates, which
could confound our CI analysis (Cutts and Eg-
len, 2014). We used the STTC equation as
follows:

STTC �
1

2� PA � TB

1 � PATB
�

PB � TA

1 � PBTA
�

Where PA is the proportion of spikes in spike
train A that lie within ��t of any spike from B
and TA is the proportion of total recording
time that lies within ��t of any spike from A.
PB and TB are calculated similarly.

Retinal visual stimulation. Ganglion cell re-
ceptive fields were mapped through the reverse
correlation of the same m-sequence presenta-
tion of a 16 � 16 grid of black and white
squares used in the in vivo recordings. The
visual stimuli were projected by a Dell projec-
tor (M109) through a dissection lens mounted
over the projector into a microscope housing
the recording chamber and reflected to project
up through the bottom of the array onto the
retina. The projector had a refresh rate of 60 Hz
and the image was passed through a neutral
density filter to arrive with a mean luminance
of 10 cd/m 2. The image was focused by adjust-
ing the distance of the dissection lens and by
adjusting the optics of the microscope to bring
the image into focus on the plane of the MEA.
The images of the m-sequence were presented
at a rate of 30 or 60 Hz and the size of each box
in the 16 � 16 grid was varied between 80 and
110 �m (or 0.75–1° visual angle) across the
MEA, depending on the age of the retina, to
allow for the entire grid to sample both within
the receptive fields diameters of individual
ganglion cells (200 –300 �m) and across the
entire area of recorded tissue (1600 �m).
MEA recordings were performed as described
previously and all receptive field analyses were
performed using the same methods as the in
vivo recordings.

Results
Ferret eye opening occurs after the fourth
postnatal week, at which time the recep-
tive fields of geniculate neurons are large
and immature (Tavazoie and Reid, 2000).
The majority of refinement occurs during
the second postnatal month, with mature
adult receptive fields present by the third
postnatal month (Tavazoie and Reid,
2000). Control ferrets were intraocularly
injected with sterile saline daily from P15–
P25 during a period of glutamatergic ret-

inal waves. The receptive field properties of geniculate neurons
were characterized by reverse correlation of an m-sequence
checkerboard stimulus (see Materials and Methods) at ages be-
tween eye opening around P30 and the end of the second post-
natal month. We quantified the size of the receptive field defined
as the SD of the 2D Gaussian fit to the peak of the spatiotemporal
receptive field (Fig. 1a). All receptive fields were recorded from
within 20° of the center of visual space from the contralateral A
lamina of the dLGN (typically 0 –10° from center) and were made
from X-like cells in which classification was possible based on the

Figure 1. Ferret geniculate receptive fields are refined over the first postnatal month after eye opening. a, Receptive fields of
geniculate neurons in ferrets during the second postnatal month were measured by calculating the STA from the reverse correla-
tion of a white noise stimulus. Red squares represent stimulus locations where the unit was excited by increasing luminance and
the blue squares represent stimulus locations excited by decreasing luminance. The peak frame of the response was selected and
a 2D Gaussian was fit to the receptive field center. The SD of the major and minor axis of the Gaussian was used to define the spatial
area of the receptive field. b, Representative Gaussian fits of On and Off selective single unit receptive fields from control ferrets
treated with intraocular saline injections from P15–P25. The 1SD ellipse is highlighted in yellow. Scale bars indicate the size of 1
visual degree relative to the size of each receptive field. c, Receptive fields become significantly smaller in the weeks after eye
opening. Box-and-whisker plots are of all units recorded across all saline-treated ferrets grouped in 5 d windows after P30. Center
lines show the medians; box limits indicate the 25th and 75th percentiles; whiskers extend 1.5 times the interquartile range from
the 25th and 75th percentiles; and outliers are represented by dots (***p � 0.0001).
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response dynamics to a full field-flashing stimulus. All ferrets
recorded had similar distributions of receptive field eccentricity.
There was no difference in the development of On or Off cells, so
both were grouped together for this analysis.

Similar to previous studies on the development of ferret genic-
ulate receptive fields (Tavazoie and Reid, 2000), we found that
the majority of refinement and maturation occurs in the month
after eye opening (Fig. 1b,c). Around eye opening at P30, saline-
treated ferret geniculate neurons responded weakly and were dif-
ficult to isolate and classify. Of those that we could characterize,
the receptive fields had a mean area of 25 � 3 (SEM) square visual
degrees (293 units from 7 ferrets age P30 –P34). By the end of the
fifth postnatal week, the mean receptive field area had decreased
by 32% to 17 � 2 (SEM) square visual degrees (163 units from 3
ferrets age P35–P39). At the end of the sixth postnatal week,
receptive fields had further decreased by 56% with a mean area of
7.5 � 1.6 (SEM) square visual degrees (281 units from 6 ferrets
age P40 –P44). The mean receptive field size stayed stable through
the end of the seventh postnatal week [7.9 � 1.3 (SEM) square
visual degrees (531 units from 4 ferrets age P45–P49)] until
reaching more adult-like sizes around the end of the second post-
natal month [4.6 � 0.5 (SEM) square visual degrees (260 units
from 3 ferrets age P50
)]. Overall, there was a significant de-
crease in receptive field size during the postnatal month after eye
opening (one-way ANOVA, F(4,17) � 14.83; p � 0.0001). Our
results nicely replicate previous experiments characterizing the
development of ferret geniculate receptive fields after eye open-
ing (Tavazoie and Reid, 2000).

Response latency was also measured from the peristimulus-
time histograms of visual responses to a full field stimulus presented
as a square wave with a frequency of 0.25 Hz. The histogram was
binned at 5 ms and the response latency was taken as the first time
bin to contain more spikes than expected 95% of the time given the
mean spontaneous firing rate as calculated from a prestimulus base-
line. At eye opening, the mean latency of geniculate neurons was
72 � 7 (SEM) ms. After a week of normal visual experience, the
latency decreased by 36% to 46 � 1 (SEM) ms and gradually de-
clined until the end of the second postnatal month to a mean latency
of 38 � 1 (SEM) ms. There was a significant reduction in geniculate
response latency between eye opening around P30 and the end of the
second postnatal month (p � 0.009).

Increased spontaneous activity decreases receptive field size
at eye opening
Normal visual experience drives the refinement of geniculate re-
ceptive fields. We wished to investigate whether increasing the
spontaneous activity of the retina before visual experience could
also drive the refinement of geniculate receptive fields. We ad-
ministered daily injections of either CPPG, an mGluR6 antago-
nist that excites On bipolar cells and increases spontaneous
activity (Awatramani and Slaughter, 2000), or a combination of
the inhibitory antagonists TPMPA, gabazine, and strychnine
(TGS), which results in increases in spontaneous activity and has
been used previously to influence retinal activity (Kerschen-
steiner and Wong, 2008; Firl et al., 2013). The drugs were injected
from P15–P25, ages corresponding to a period of late glutamatergic
retinal waves before eye opening in the ferret. We then waited until
P30, the age of natural eye opening in the ferret, and evaluated the
size of geniculate receptive fields of CPPG- and TGS-treated ferrets
in the same manner as saline controls (Fig. 2a).

To compare the consequence of drug treatment on geniculate
receptive field size at different ages of development (Fig. 2b,c), we
performed a mixed-model ANOVA of unit by ferret by condition

with Tukey’s (HSD) multiple-comparison tests for post hoc inter-
actions of experimental condition and ferret age. At eye opening,
the receptive fields of TGS- and CPPG-treated ferrets were not
significantly different from each other and both treatments re-
sulted in receptive fields that were significantly smaller than
saline-treated controls (p � 0.0001 and p � 0.0001, respectively;
Fig. 2d). The mean receptive field size in TGS-treated ferrets was
40% smaller than controls at 15 � 1 (SEM) square visual degrees
(285 units from 5 ferrets age P30 –P34) and was similarly smaller
for CPPG-treated ferrets [14 � 2 (SEM) square visual degrees;
320 units from 5 ferrets age P30 –P34]. However, despite this
difference in receptive field size, there was no difference in the
mean latency of visual responses between either TGS treatment
(p � 0.54) or CPPG treatment (p � 0.87) and saline treatment.

There was no difference in the geniculate receptive field size of
ferrets in the fifth postnatal week or later between saline and
TGS-treated (p � 0.27) or CPPG-treated (p � 0.11) ferrets. Al-
though receptive fields for the drug-treated groups were un-
changed between eye opening and the end of the fifth postnatal
week [16 � 4 (SEM); 234 units from 4 TGS-treated ferrets age
P35–P39; 13 � 1 (SEM) square visual degrees; 222 units from 3
CPPG-treated ferrets age P35–P39], there was the same progres-
sion in the reduction in geniculate receptive field sizes with visual
experience observed in saline controls.

Mechanism of receptive field refinement
Experimentally increasing spontaneous activity during glutama-
tergic retinal waves reduced the size of geniculate receptive fields
at eye opening. There are at least two ways in which increased
activity can produce this effect. First, the increase in activity could
drive Hebbian mechanisms of plasticity and cause refinement of
convergent inputs from numerous RGCs spanning a larger reti-
notopic area while strengthening the inputs driving the center of
the receptive field. The increase in activity could also accelerate
the development and maturation of surround mechanisms that
could serve to suppress the flanks of the receptive field center.

To compare the relative contribution of center and surround
mechanisms to the receptive field of geniculate neurons after eye
opening, we measured the spatial frequency tuning of a subset of
recorded neurons to increasing spatial frequencies of a drifting
sine-wave grating and fit the amplitude modulated responses to a
difference of Gaussian function (Enroth-Cugell and Robson,
1966; Fig. 3a). TGS- and CPPG-treated ferrets were combined
because there was no observed difference in their receptive field
properties. At P30, saline-treated ferrets had a mean characteris-
tic spatial frequency of 0.07 � 0.01 (SEM) CPD (158 units from 6
ferrets age P30 –P34). This was significantly smaller than animals
undergoing drug treatment during glutamatergic retinal waves
[0.1 � 0.01 (SEM) CPD; 326 units from 7 ferrets age P30 –P34
p � 0.001; Fig. 3b].

From the spatial frequency tuning of our geniculate neurons,
we estimated the receptive field size (Movshon et al., 2005; Fig.
3c) and compared the results with our estimates from the reverse
correlation of the white noise stimulus. Saline-treated ferrets had
an estimated receptive field of 20 � 2 (SEM) square visual degrees
and drug-treated ferrets had a significantly smaller estimated re-
ceptive field size of 11 � 1 (SEM) square visual degrees after eye
opening (p � 0.001). Importantly, these values corroborate our
estimates of receptive field size from the reverse correlation of our
white noise stimulus, which gave mean estimates of 25 and 14
square visual degrees, respectively.

We then investigated whether surround suppression differs be-
tween saline- and drug-treated ferrets by examining the presence
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and strength of surround inhibition in the spatial frequency-tuning
curves. Units with no surround inhibition have low-pass spatial
frequency-tuning curves, whereas cells with surround inhibition
have band-pass spatial frequency-tuning curves. Surround strength
was calculated as the maximum suppression in the response ampli-
tude for spatial frequencies lower than the peak spatial frequency for
units that showed some degree of surround suppression.

At eye opening, ferret geniculate surround mechanisms were
largely absent from the receptive fields and very weak when de-
tected (Fig. 3d). There was no difference in the percentage of cells
that displayed surround suppression at low spatial frequencies
[21 � 5 (SEM) percent in saline-treated vs 23 � 5 (SEM) percent

in drug-treated, (p � 0.98)], nor was there a difference in the
strength of surround suppression observed in the units that did
have it [20 � 2 (SEM) percent in saline-treated vs 21 � 5 (SEM)
percent in drug-treated (p � 0.42)]. Over the course of visual
development, surround mechanisms became stronger. There was
a significant increase in the strength of surround suppression
with age for both saline-treated ferrets (86% increase; p �
0.0001) and drug-treated ferrets (105% increase; p � 0.0001).
However, there was no difference in the rate of development of
either the frequency of cells with surrounds or the strength of
surrounds between the two drug treatment groups (p � 0.91).
From this, we conclude that the consequence of increased spon-

Figure 2. Experimentally increased spontaneous retinal activity before eye opening drives a reduction in geniculate receptive field size before visual experience. a, 2D Gaussian fits from
representative receptive fields of ferrets treated with intraocular injections of the mGluR6 antagonist CPPG (2 mM) (top row) or a combination of TPMPA (2 mM), gabazine (200 �M), and strychnine
(20 �M) [TGS] (bottom row) from P15–P25 are shown from the second postnatal month of development. Scale bars indicate the width of 1 visual degree relative to the size of the receptive fields.
b, c, Developmental refinement of geniculate receptive field sizes in CPPG- and TGS-treated ferrets, respectively. Box-and-whisker plots are formatted the same as in Figure 1. There is no difference
between the two treatment groups. d, Box-and-whisker plot illustrating the significant difference between receptive field sizes of saline-treated ferrets and both CPPG- and TGS-treated ferrets at
eye opening (***p � 0.001).
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taneous activity during glutamatergic retinal waves is a reduction
in the convergent input to the center of the geniculate receptive
field and not a change in the strength of surround inhibition.

Drug application increases patterned spontaneous
retinal activity
To approximate the consequence of our drug treatment on the
properties of spontaneous retinal waves in vivo, we acutely re-
corded from retinal tissue using a MEA before and after the in-
troduction of either CPPG or TGS. We could not measure the in
vivo injection’s effect on activity because the drugs used quickly
washed out of the retina after extraction and perfusion on the
MEA and no evidence of altered spontaneous activity was observed

in retinas extracted 24 h after injection. Therefore, we approximated
the intraocular concentration from the volume of the ferret eye and
recorded at this diluted concentration (500 �M CPPG or 50 �M

TPMPA, 5 �M gabazine, and 500 nM strychnine). Spontaneous ret-
inal activity was greatly increased in the presence of the treatment
drugs (Fig. 4a). Units from each retina were averaged together and
statistical significance was measured across retinas recorded with an
ANOVA and pairwise analyses were made with a post hoc Tukey’s
(HSD) test for multiple comparisons.

CPPG and TGS application significantly increased the spontane-
ous spike and burst rates from 2.1 � 0.2 (SEM) spikes/s (Fig. 4b) and
2.3 � 0.3 (SEM) bursts per minute (744 units from 10 retinas P17-
P18) (Fig. 4c) to 8.2 � 0.6 (SEM) (284% increase) spikes/s and 5.1 �

Figure 3. Characteristic spatial frequency, but not surround suppression, differs between saline-treated and drug-treated ferrets after eye opening. a, Representative spatial frequency-tuning
curves from saline-treated (top) and either TGS- or CPPG-treated ferrets (drug-treated, bottom). Carets indicate the characteristic spatial frequency of the tuning curve as defined by the value where
the response amplitude has fallen off to 1/e from the peak response. Tuning curves are more low-pass after eye opening, suggesting little surround suppression of responses to low spatial frequency
stimuli. At older ages, tuning curves are more band-pass, indicating surround suppression of stimuli larger than the width of the receptive field center. b, Box-and-whisker plots showing a significant
difference in the characteristic spatial frequency between saline-treated and drug-treated ferret receptive fields after eye opening. c, Receptive field areas calculated from the characteristic spatial
frequency show a significant difference between saline- and drug-treated ferrets and closely resemble the estimates obtained from reverse correlations of the white noise stimulus. d, Few units show
suppressive surrounds in either saline- or drug-treated ferrets after eye opening and the suppression that we observe is comparatively weak in both conditions, suggesting that receptive field
differences are not due to differences in surround inhibition (***p � 0.001).
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0.5 (SEM) (125% increase) bursts per minute with TGS (p � 0.001
and p � 0.001, respectively; 245 units from 5 retinas P17-P18) to
3.8 � 0.2 (SEM) (77% increase) spikes/s and 3.7 � 0.3 (SEM) (61%
increase) bursts per minute with CPPG (p � 0.013 and p � 0.047,
respectively; 385 units from 5 retinas at P17–P18).

Retinal wave activity was detected using the methods outlined in
Stafford et al. (2009). The amount of wave activity present in the
recordings significantly increased from 23 � 1 (SEM) percent of
recording time (Fig. 4d) to 64 � 7 (SEM) percent of recording time
with TGS (p � 0.0001) and 41 � 3 (SEM) percent of recording time
with CPPG (p � 0.03). There was no difference between CPPG and
TGS on the magnitude of wave time increase (p � 0.112).

To determine whether the increase in spiking activity caused
by the drug application could alone account for our increased
measurement of wave activity, Poisson-distributed spike trains
were added to baseline spontaneous recordings to increase the
mean spike rate to levels observed after TGS application. Mean
firing rates were increased from 2.1 � 0.2 (SEM) spikes/s at baseline
to 8.2 � 0.3 (SEM) spikes/s. Increasing the spike rates decreased the
amount of time that waves were observed by nearly 25%, from 23 �
1% (SEM) of the time to 17 � 2% (SEM) (p � 0.03). This is likely
due to a failure to classify cells as bursting or waving when the back-
ground firing rate becomes more similar to rates during wave activ-

ity. Therefore, the observation of increased wave activity after drug
treatment is most likely due to a real increase in wave activity and not
a consequence of increased spike rates.

To investigate the consequence of chronic exposure of CPPG and
TGS on the spontaneous activity of the retina, we extracted retinas at
P25 after 10 d of saline, CPPG, or TGS injection (and 24 h after the
final injection) and recorded in normal bath solution. There was no
difference in the spike rate (CPPG: p � 0.62; TGS: p � 0.34) or burst
rate (CPPG: p�0.99; TGS: p�0.46) between retinas extracted from
saline-treated or drug-treated conditions, suggesting that the effects
of these drugs were transient and did not result in permanent
changes to the spontaneous activity of the retina. Either CPPG or
TGS application to the bath at P25 still produced increases in spike
rate and burst rate similar to earlier time points.

Correlations in the spatiotemporal structure of spontaneous
retinal waves have been implicated as the instructive signal driv-
ing the development of the retinogeniculate circuit (Butts and
Rokhsar, 2001; Stafford et al., 2009). To investigate whether our
activity increase disrupted correlated activity, we calculated the
correlation index (CI) (Wong et al., 1993) as a function of retinal
distance on the array (Fig. 5a). Units were highly correlated at
distances up to 400 �m in the normal spontaneous activity of our
MEA recordings, with a maximum CI of 19.6 � 2.6 (SEM). Al-

Figure 4. Drug application increases the spontaneous activity of the retina. a, MEA recordings of P17–P18 RGCs in bath solution, CPPG (500 �M), or TGS [TPMPA (500 �M), gabazine (50 �M), and
strychnine (5 �M)]. Each row in the raster plot is a spike train from a single unit arranged vertically based on the location of its recording electrode on the MEA relative to the other units. Units that
are adjacent to each other were recorded from the same or adjacent electrodes. Recording times highlighted in blue in the top raster plot are shown on a shorter time line on the bottom raster plot.
Both CPPG and TGS application increased the firing rates (b), bursting rates (c), and percentage of time that wave activity was present (d) compared with baseline rates. Bar graphs show the mean
values for each condition and individual retinal recordings are plotted as solid circles on the bar graph (*p � 0.05; **p � 0.01, ***p � 0.001).
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though there was a significant reduction in maximum CI with CPPG
application [12.4 � 1.2 (SEM), p � 0.003], the spatiotemporal pat-
tern of correlations was still present in the spiking activity. In con-
trast, the large increase in spiking activity as a consequence of TGS
treatment severely decorrelated the pattern of activity, with a maxi-
mum CI of only 2.4 � 0.1 (SEM), which was significantly less than
both bath ( p � 0.0001) and CPPG ( p � 0.018) and resulted in
no relationship between CI and retinal distance (Fig. 5b).

Recently, it has been demonstrated that the CI measure is
confounded by the relative firing rates of the units used in the
analysis (Cutts and Eglen, 2014). Because our experimental ma-
nipulation increases firing rates, we wished to dissociate changes
in CI from changes in firing rate by analyzing the correlations in
waves using the spike time tiling coefficient (STTC) (Cutts and
Eglen, 2014). This measure provides a firing-rate-independent
estimate of the correlated firing between pairs of units and is
bounded by 1 for perfectly correlated, �1 for perfectly anticor-
related, and 0 for uncorrelated. The results of our STTC analysis
mirrored the local correlations observed from the CI analysis for
bath and CPPG conditions (Fig. 5c). Spontaneous retinal waves
were highly correlated in their temporal firing over small dis-
tances [STTC � 0.70 � 0.04 (SEM)]. CPPG did not produce a

decrease in correlations compared with baseline, suggesting that
the reduction of correlation observed with the CI analysis was
due to the increased firing rate [STTC � 0.73 � 0.05 (SEM); p �
0.91]. TGS treatment also did not yield a significant decrease in
local correlations, but there was a trend toward less correlation
compared with baseline [STTC � 0.53 � 0.05 (SEM); p � 0.054]
(Fig. 5d). Regardless, the STTC analysis suggests that there were
persistent local correlations in the structure of the activity of
TGS-exposed retinas that could be sufficient to drive refinement.

We conclude that CPPG and TGS increase the spiking and
bursting activity of the retina, as well as the amount of time retinal
waves propagate through the retina, and these activities retain the
correlated information believed to be important for development
in the visual system.

Increased retinal activity does not decrease RGC receptive
field size
One possible explanation for the decrease in geniculate receptive
field size is that the increase in spontaneous retinal activity in-
stead reduces the size of RGC receptive fields and the dLGN
inherits smaller receptive fields from the retina. To test this hy-
pothesis, we measured the receptive field sizes of RGCs on an

Figure 5. Correlations in the spontaneous activity of the retina persist after drug application. a, CI plotted as a function of interunit distance on the MEA for retinas recorded in bath solution (blue
circles), TGS (red squares), or CPPG (green triangles). Data points are mean values for all units recorded from all retinas; error bars indicate SEM. CPPG application modestly reduces the CI and TGS
application almost entirely abolishes the relationship between CI and distance on the MEA. b, Maximum CI was significantly reduced with both CPPG and TGS. Bars are the mean value of the
maximum CI from across retinas; the filled circles are the maximum CI of each retina recorded. TGS application significantly reduces the max CI compared with both bath and CPPG application. c, STTCs
are plotted the same as for the CI in a. STTC removes bias in estimating correlated activity during retinal waves due to differences in firing rate. CPPG does not reduce STTC from bath solution and TGS
only modestly reduces STTC. d, There is no significant difference in the maximum STTC among bath, CPPG, and TGS across retinas, suggesting that the loss of correlation observed in the CI analysis
is due to the higher spike rates (*p � 0.05, ***p � 0.001). For reference, 200 �m subtends 2.3° visual angle at the ages recorded.
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MEA at eye opening and 1 week after eye opening using the same
reverse correlation calculation on the firing responses to the
white-noise stimulus used in our in vivo experiments (Fig. 6a).
Our MEA recordings were not specific as to which ganglion cells
they recorded from and were likely biased as to which classes of
ganglion cells were more likely to be detected. We did not find
clear clusters in receptive field size that would indicate distinct
populations of classes of ganglion cells. Therefore, our record-
ings likely included heterogeneous ganglion cell populations. Be-
cause we did not expect these populations to differ significantly
between our experimental groups, all ganglion-cell-receptive
fields classified as single units were used in our analysis.

Ganglion-cell-receptive fields were no different among saline-
treated [0.1 � 0.01 (SEM) square millimeters (94 units from 6
retinas)], TGS-treated [0.09 � 0.01 (SEM) square millimeters (33
units from 3 retinas)], and CPPG-treated [0.1 � 0.01 (SEM)
square millimeters (69 units from 4 retinas)] ferrets at either eye
opening or 1 week after eye opening [saline, (0.045 � 0.007
(SEM) square millimeters; 25 units from 2 retinas; TGS, 0.049 �
0.004 (SEM) square millimeters; 54 units from 4 retinas; and

CPPG, 0.048 � 0.004 (SEM) square milli-
meters; 61 units from 4 retinas respective-
ly; Fig. 6b], although we did find a
significant decrease in ganglion cell recep-
tive field size after the first week following
eye opening (p � 0.0001), which is con-
sistent with the refinement of ganglion
cell receptive fields after eye opening in
the mouse (Koehler et al., 2011). Al-
though we did not measure the develop-
ment of surrounds in ganglion cells, we
observed no difference in center size that
might suggest a difference in ganglion cell
surrounds that could contribute to the
size of receptive fields in the dLGN.

Discussion
Activity-dependent plasticity of neural
circuits has often been explored by alter-
ing neuronal firing through exogenous
manipulations. Here, we instead investi-
gated whether spontaneous activity ma-
nipulations could be used to modify
neural circuits during a developmental
process. We found that increasing the
spike rate, burst rate, and frequency of ret-
inal waves can drive a reduction in the size
of geniculate receptive fields during a time
when external sources of activity are ab-
sent. This reduction in receptive field size
is due to a shrinking of receptive field cen-
ters, with no impact on the strength of
inhibitory surrounds.

The functional maturation of visual re-
ceptive fields develops over a period of
early visual experience. By increasing the
frequency of retinal waves before visual
experience, we find a decrease in genicu-
late receptive field size at eye opening,
suggesting that patterned spontaneous
retinal activity drives this process before
eye opening. However, we do not observe
any persistent enhancement in geniculate
receptive fields after visual experience be-

gins to play a role in development. It could be that the instructive
information of retinal waves is too coarse to refine the system
beyond a certain level and the statistical properties of the visual
world are more effective at driving further refinement. Perhaps if
spontaneous activity were modified to reflect the statistics of the
visual world, receptive fields would become even more mature
than observed by increasing retinal waves. It does not appear to
be the case that the retina is too immature to be refined during the
period of retinal waves because it is possible to drive smaller
receptive fields before visual experience.

Previous research has shown that convergent inputs from
RGCs to the dLGN decrease their number of inputs while in-
creasing the strength of the remaining inputs in the weeks after
eye opening (Chen and Regehr, 2000). However, little research
has been done on the role that late retinal waves play in directing
the development of the retinogeniculate circuit before eye open-
ing. Glutamatergic retinal waves are driven by the extrasynaptic
spread of glutamate released by bipolar cells (Firl et al., 2013). In
the ferret, they start P10 and are coincident with cholinergic

Figure 6. RGC receptive field sizes do not differ after drug treatment. a, 2D Gaussian fits of representative ganglion cell receptive
fields from MEA recordings during a white noise stimulus at P31 (top) and P38 (bottom) after ferrets were intraocularly injected
with saline (left), TGS (center), or CPPG (right) from P15–P25. Scale bar, 100 �m (0.9° visual angle at the ages recorded). b,
There is no difference in receptive field area across the treatment conditions at either P31 or P38, but there is a significant decrease
in receptive field size between P31 and P38 across all conditions.
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retinal waves driven by starburst amacrine cells (Wong et al.,
1993). Between P10 and P20, the spontaneous activity of retinal
waves has been shown to be important for the segregation of the
C-lamina of the dLGN (Davis et al., 2015) and for the mainte-
nance of the already segregated A-lamina (Chapman, 2000). Af-
ter P20 in the ferret, the synaptic organization underlying the
cholinergic network disassembles and retinal waves are entirely
driven by glutamate release (Sun et al., 2008). The retina becomes
photoactive shortly thereafter, although the eyes do not open
until P30. Our data show for the first time a positive relation-
ship between the level of spontaneous activity during retinal
waves and the developmental refinement of the functional prop-
erties of geniculate receptive fields before eye opening.

We used two different approaches to increase the spontaneous
activity of the retina during glutamatergic retinal waves. The first
approach used a combination of strychinine (a glycine antago-
nist), gabazine (a GABAa antagonist), and TPMPA (a GABAc
antagonist, which is particularly robust in the retina) to decrease
inhibition. These drugs have been used in other experiments for
the purpose of probing the circuitry of the retina (Kerschen-
steiner and Wong, 2008; Firl et al., 2013) and their effects are well
described. They are potent and effective at blocking inhibition and
increasing the spontaneous activity of the retina (Firl et al., 2013).
The second approach targeted the hyperpolarizing action of the me-
tabatrophic glutamate receptor mGluR6 with the antagonist CPPG.
The effect of this drug is to increase the release of glutamate from On
bipolar cells, which increases the levels of spontaneous activity and
the amount of time that retinal waves are propagating through the
retina (Awatramani and Slaughter, 2000).

These alternative approaches toward increasing spontaneous
activity differ significantly in the magnitude of the increase in
spiking activity, but do not significantly differ in the magnitude
of the increase in bursting or waving time (although there is a
trend toward greater bursts and waves with inhibition blockade).
There also is a trend toward a decrease in the spatiotemporal
correlations of spontaneous activity with TGS relative to CPPG
treatment, but whether this is meaningful is difficult to determine
because both treatments produce the same geniculate receptive
field size reduction.

Due to the differences in the magnitude of the effect on spon-
taneous activity, it is difficult to disentangle the importance of
spatiotemporal patterned activity versus overall levels of activity.
High-frequency bursts and spatiotemporal correlations, but not
individual spike rates, have been shown to be essential compo-
nents of spontaneous retinal activity in the segregation of eye-
specific inputs during stage II retinal waves (Torborg and Feller,
2005) and the timing of bursts rather than the timing of spikes has
been suggested to govern the learning rules of plasticity at the
retinogeniculate synapse (Butts et al., 2007). Consistent with this
notion, our simulation of increased spike rates also indicates that
the wave time increase after drug treatment cannot be simply
explained by increased spiking activity. Nevertheless, although
TGS treatment trends toward more bursts and waves than CPPG
treatment, it also trends toward poorer spatiotemporal correla-
tions. These two factors appear to balance out as if by increasing
the gain on a nosier signal such that both treatments are equally
effective at reducing the size of geniculate receptive fields relative
to saline. Although our experiments are limited by the nature of
the pharmacology, more targeted approaches differentially ad-
justing spike and burst rates may be able to identify the elements
of patterned activity that govern refinement in the dLGN.

What is the mechanism by which the geniculate receptive
fields are smaller at eye opening after increased patterned spon-

taneous activity? Our spatial frequency-tuning data suggest that
there is a refinement of convergent RGC input driving the center
of the receptive field because surround mechanisms are not ma-
ture at eye opening in either saline- or drug-treated ferrets. Pre-
vious research has argued that the connections from the retina to
the dLGN undergo a period of growth, elaboration, and pruning
during late retinal waves (Hahm et al., 1999). After eye opening,
the maturation of geniculate receptive fields is driven by the clus-
tering of presynaptic boutons and little structural reorganization
of ganglion cell arbors (Lin et al., 2014).

There are at least three possible mechanisms by which the
receptive fields of geniculate neurons can be refined through
spontaneous activity. First, the increase in spontaneous activity
can prevent the growth and elaboration of presynaptic arbors,
resulting in smaller ganglion cell arbors and less convergence
during development. This would result in a smaller sampling of
visual space by geniculate neurons and smaller receptive fields.
The second possibility is that normal ganglion cell growth and
elaboration occurs, but the pruning of overexuberant ganglion
cell arbors is accelerated, resulting in smaller geniculate receptive
fields earlier. Finally, normal growth, elaboration, and pruning
may take place, but the clustering of geniculate synapses onto
fewer and more retinotopically aligned ganglion cell receptive
fields may be accelerated, resulting in greater synaptic drive from
a smaller retinotopic region of visual space. These hypotheses are
not mutually exclusive because clustering could also occur in
tandem with a failure of elaboration or an acceleration of prun-
ing. However, this clustering might produce faster latencies and
our observation of reduced geniculate receptive fields occurred
independently of any difference in latency.

Our experiments demonstrate that the developmental refine-
ment of geniculate receptive fields can be accelerated by increas-
ing the levels of patterned spontaneous activity in the retina
before eye opening in the ferret, which indicates that spontaneous
retinal activity can play an instructive role in this process. This has
no consequence on the normal development that occurs after eye
opening as a result of normal visual experience, nor does it acceler-
ate the developmental process during this later period. The refine-
ment is likely due to the pruning of convergent inputs from the
retina onto geniculate neurons and takes place before the matura-
tion of inhibitory surround mechanisms in the center-surround re-
ceptive field structure, which develops later as receptive fields mature
under the influence of normal visual experience. Our experiments
highlight the capacity of patterned spontaneous activity to instruct
the development of neural circuits.
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