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The ferret retinogeniculate projection segregates into eye-
specific layers during the first postnatal week and into ON/OFF
sublaminae, which receive inputs from either on-center or off-
center retinal ganglion cells, during the third and fourth post-
natal weeks. The restriction of retinogeniculate axon arbors into
eye-specific layers appears to depend on action potential ac-
tivity (Shatz and Stryker, 1988) but does not require activation
of NMDA receptors (Smetters et al., 1994). The formation of
ON/OFF sublaminae is also activity-dependent and is disrupted
by in vivo blockade of NMDA receptors (Hahm et al., 1991). To
investigate a possible mechanism whereby blockade of
postsynaptic NMDA receptors in the lateral geniculate nucleus
(LGN) results in changes in the size and position of presynaptic
axon arbors, we tested the role of the diffusible messenger
nitric oxide (NO) in the development of the retinogeniculate
pathway. We found previously that NO synthase (NOS) is tran-
siently expressed in LGN cells during the refinement of retino-
geniculate projections (Cramer et al., 1995). In this study, treat-
ment with NG-nitro-L-arginine (L-NoArg), an arginine analog that

The precise pattern of connections underlying adult visual pro-
cessing in mammals arises from the refinement of less specific
connectivity present early in development. The mechanisms by
which diffuse connections are refined rely at least in part on
neuronal activity. In the ferret, retinogeniculate connections are
refined in two distinct phases. During the first postnatal week,
retinal axons within the lateral geniculate nucleus (LGN) segre-
gate into eye-specific layers (Linden et al., 1981). During the third
and fourth postnatal weeks, afferents to the A and Al layers,
which receive input from the contralateral and ipsilateral eye,
respectively, further segregate into sublaminae. The inner sub-
lamina receives inputs from on-center retinal ganglion cells,
whereas the outer sublamina receives inputs from off-center ret-
inal ganglion cells (Stryker and Zahs, 1983; Hahm and Sur, 1988).
Blockade of afferent activity with tetrodotoxin disrupts the forma-
tion of eye-specific layers in the cat retinogeniculate projection
(Shatz and Stryker, 1988) and the formation of ON/OFF sublami-
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inhibits NOS, during the third and fourth postnatal weeks re-
sulted in an overall pattern of sublamination that was signifi-
cantly reduced compared with normal and control animals.
Single retinogeniculate axon arbors were located in the middle
of eye-specific layers rather than toward the inner or outer half
as innormal or control animals. The effect of NOS inhibition was
not a consequence of the hypertensive effect of L-NoArg. In
contrast to the effect of L-NoArg on the formation of ON/OFF
sublaminae, treatment with L-NoArg during the first postnatal
week did not disrupt the formation of eye-specific layers. Bio-
chemical assays indicated significant inhibition of NOS during
both treatment periods. These data suggest that NO acts to-
gether with NMDA receptors in activity-dependent refinement
of connections during a specific phase of retinogeniculate
development.

Key words: diffusible messenger; visual system; lateral genic-
ulate nucleus (LGN); pattern formation; eye-specific layers; ON/
OFF sublaminae; neuronal activity

nae in the ferret (Cramer and Sur, 1996). The formation of
ON/OFF sublaminae requires NMDA receptor activation (Hahm
et al., 1991) during the third postnatal week, whereas the forma-
tion of eye-specific layers during the first postnatal week does not
(Smetters et al.,, 1994). The sequential segregation of retino-
geniculate afferents into eye-specific layers in an NM DA receptor-
independent manner and into ON/OFF sublayers in an NMDA
receptor-dependent manner provides an opportunity to investi-
gate how neuronal activity effects changes in synaptic connections
in the LGN and how activity may be transduced via different
biochemical pathways during different phases of development.

In retinofugal development, there is strong evidence that pre-
synaptic modifications result from changes in postsynaptic activity.
Postsynaptic NMDA receptors contribute significantly to retino-
geniculate synaptic transmission (Sillito et al., 1990; Kwon et al.,
1991; Esguerra et al, 1992; Ramoa and McCormick, 1994).
NMDA receptor antagonists infused into the ferret LGN disrupt
the pattern of sublamination of presynaptic retinogeniculate ax-
ons; retinal ganglion cell axon arbors are either abnormally large
or are restricted in size but terminate in inappropriate locations
within the LGN (Hahm et al., 1991). In rats, blockade of NMDA
receptors in the superior colliculus leads to abnormal branching of
retinocollicular axons (Simon et al., 1992). In the frog retinotectal
system, application of NM DA to the tectum reduces the branch-
ing of retinal axon arbors and the number of retinotectal synapses
(Cline and Constantine-Paton, 1990; Yen et al., 1995). Thus,
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postsynaptic activity in target structures significantly influences
the structure and contacts of presynaptic retinal axons, suggesting
a role for a retrograde messenger. Nitric oxide (NO) has been
proposed as a diffusible retrograde messenger in the maintenance
of hippocampal long-term potentiation (LTP) (Bohme et al,
1991; O’Dell et al., 1991; Schuman and Madison, 1991; Haley et
al., 1992; cf. Gribkoff and Lum-Ragan, 1992) and, by analogy, in
activity-dependent refinement of connections in the visual path-
way during development (Montague et al., 1991; Wu et al., 1994;
Cramer and Sur, 1995).

Because NO synthase (NOS), the synthetic enzyme for NO,
requires Ca2+ (for review, see Garthwaite, 1991; Bredt and
Snyder, 1992; Vincent and Hope, 1992), NO may be produced as
a consequence of Ca2+ influx through NMDA receptors. NOS
activity, which can be revealed using NADPH-diaphorase histo-
chemistry (Dawson et al., 1991; Hope et al.,, 1991), is develop-
mentally regulated in the ferret LGN (Cramer et al., 1995). NO is
thus at its highest levels in postsynaptic cells during sublaminar
refinement. In the present study, we have assessed the role of NO
in the formation of both eye-specific layers and ON/OFF sublami-
nae in the ferret retinogeniculate pathway. We find that NO has
a role in the latter process of ON/OFF sublamination, which also
involves NMDA receptors, but not in the earlier formation of
eye-specific layers, which does not involve NMDA receptors.

MATERIALS AND METHODS

ON/OFF sublamination. Two separate methods were used to study the
role of NO in the formation of the overall pattern of ON/OFF sublami-
nae. First, ferret Kits received daily intraperitoneal injections of L-NoArg
in three doses: low (0.04 mg/kg/d), intermediate (0.4 mg/kg/d), and high
(4-40 mg/kg/d). Control animals received NG-nitro-D-arginine methyl
ester (d-NAME) (40 mg/kg/d) or L-NoArg + L-Arginine (40 mg/kg/d of
each) daily starting at postnatal day 14 (P14) and continuing through P26.
Normal controls received no intraperitoneal injections. On P24, animals
were given atropine (3 mg/kg, s.c.) and anesthetized with ketamine
(30-40 mg/kg, i.m.). The left eyelid was opened, and an intravitreal
injection of 5-10 ~l of 4-5% W GA-HRP in distilled water was made into
the left eye. At P26, animals were given an overdose of sodium pento-
barbital (>100 mg/kg, i.p.) and perfused intracardially with 0.9% saline
followed by 4% paraformaldehyde for 5-10 min. Brains were removed,
equilibrated in 30% sucrose in 0.1 m phosphate buffer, pH 7.4, containing
up to 0.5% paraformaldehyde, and sectioned at 50 fxm in the horizontal
plane using a freezing microtome. Sections were processed using tetra-
methylbenzidine (TMB) to reveal HRP histochemically (Mesulam, 1978).

In a second set of experiments, L-NoArg was administered focally over
the LGN via osmotic minipumps. P14 ferrets were anesthetized with
ketamine (40 mg/kg) and diazepam (0.3 to 0.5 mg/kg, i.p.) or midazolam
(0.3 to 0.5 mg/kg, i.m.) and also given atropine (3 mg/kg). An incision was
made in the scalp, and an osmotic minipump (Alzet model 2002) con-
taining saline or L-NoArg (0.5 mM) was inserted underneath the skin on
the back of the neck. The minipump was connected to a 22 gauge cannula.
A small hole was made in the cranium with a 26 gauge needle, and the
cannula was inserted through the hole from the dorsal surface through
the cortex and above the thalamus, slightly anterior to the LGN, with the
tip of the cannula in close proximity to the LGN. Areas connected to the
LGN were posterior to the point of entry of the cannula; it is thus unlikely
that connected areas were affected by drug treatment, and the issue of
mechanical or surgical damage was addressed directly in control experi-
ments using saline minipumps. The cannula was glued in place and
covered with dental acrylic, and the wound was sutured. Animals were
treated with antibiotics prophylactically during the survival period (until
P26). Intraocular injections, histology, and analysis were performed as in
animals receiving intraperitoneal injections. The cannulae were tested to
ensure that there were no blockages. Alternate sections were processed
for Nissl substance to assess the placement of the cannulae.

To assess sublamination, each section through the LGN was given a
score on a scale from 0 to 3, based on the proportion of the labeled A
layer that contained a pale staining region between inner and outer
sublaminae. This assessment was done objectively by a “blind” observer,
who did not know which treatment group the sections belonged to. A
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single score for each animal was obtained from the mean of all scored
sections.

Assessment of blood pressure effects. We measured blood pressure in
normal animals during the fourth postnatal week and in age-matched
animals treated daily from P14 with L-NoArg (40 mg/kg, i.p.). Animals
were anesthetized with 0.5 mg/kg midazolam intramuscularly and 50
mg/kg ketamine intramuscularly. The left carotid artery was exposed and
cannulated with a 24 gauge catheter attached by saline-filled tubing to a
Gould P23 pressure transducer. Blood pressure measurements were
displayed digitally on a Gould SP1405 pressure monitor. Measurements
were noted every 30 sec for up to 20 min. Animals were then killed with
sodium pentobarbital (>100 mg/kg, i.p.).

To determine whether changes in blood pressure account for the effect
of L-NoArg on sublamination, we administered 40 mg/kg/d, i.p., L-NoArg
together with verapamil (5 mg/kg/d, i.p.), an antihypertensive calcium
channel blocker, from P14 to P26. Preliminary acute experiments sug-
gested that this dose of verapamil reversed the pressor effects of L-NoArg.
An injection of WGA-HRP was made in the left eye at P24, and blood
pressure measurements were made immediately before perfusion on P26.
Tissue was processed and analyzed as described above.

Effects of NOS blockade on individual axon arbors. Sublamination of
retinogeniculate afferents was assessed at the level of individual retinal
ganglion cell axon arbors in animals treated systemically with 40 mg/kg/d
L-NoArg or 40 mg/kg/d d-NAME from P14 to P21. Axon labeling and
analysis of axon arbors were done at P21 according to the methods
outlined in Hahm et al. (1991), so that the effects of NOS blockade could
be compared with the effects of NMDA receptor blockade. Ferrets were
given an overdose (>100 mg/kg, i.p.) of sodium pentobarbital and were
perfused transcardially with chilled, oxygenated (95% O025% CO2) arti-
ficial ACSF containing (in mM): 126 NaCl, 3 KCI, 1.25 NaH2PO4, 10
dextrose, 20 NaHCO3, 1.2 MgS04, 2.5 CaCl2 pH 7.4. The brain was
removed quickly and placed in chilled ACSF. The cortices were removed,
and the diencephalon was hemisected. The pia mater overlying the optic
tract was removed, and two or three small deposits of HRP were made in
the optic tract overlying the ventral portion of the LGN using pulled glass
pipettes coated with concentrated HRP. Diencephalon halves were
placed in an aquarium containing ACSF and continuously perfused with
95% 02/5% CO2 at room temperature for 3-5 hr to allow transport of
HRP. The tissue was then immersion-fixed in 2% paraformaldehyde/1%
glutaraldehyde overnight, allowed to equilibrate in 30% sucrose in 0.1 m
phosphate buffer, and sectioned in the horizontal plane at 100 fxm.
Sections were processed using diaminobenzidine (DAB) histochemistry
with cobalt chloride enhancement (Adams, 1981). Briefly, sections were
incubated in 0.1 m Tris buffer, pH 7.4, for 5 min; transferred to 1% CoCI2
in Tris buffer for 20 min; rinsed in Tris buffer; transferred to 0.1 m
phosphate buffer, pH 7.4; and incubated in DAB (0.03% in phosphate
buffer) alone for 20 min and then with 0.03% H202for 20 min. Sections
were rinsed in several changes of phosphate buffer, dehydrated through a
graded series of alcohols, cleared in Histoclear, and coverslipped.

Axon arbors that were well filled and clearly distinguishable from other
axons were reconstructed using a camera lucida with a 63X oil immersion
objective. The area of arbors was determined for the polygon formed by
the outer branches of the arbor using a drawing tablet with a Neuron
Tracing System (Eutectic Electronics). For each section, a line was drawn
bisecting the A layer. The sublamination index (Hahm et al., 1991) was
determined for each axon as the proportion of the axon arbor area in the
half of the A layer containing the majority of that arbor; the sublamina-
tion index thus varied from 0.5 (no sublamination) to 1 (complete
sublamination).

Eye-specific layers. To study the effect of NOS blockade on the forma-
tion of eye-specific layers, animals received intraperitoneal injections of
L-NoArg, 20 mg/kg/d, from P1 to P7. This dose was at least as effective at
increasing brain [arginine]/[citrulline] as the dose that significantly dis-
rupted ON/OFF sublamination at a later age (see Results). Control
animals received d-NAME (20 mg/kg/d); normal, untreated animals were
also included in the study. At P7, animals were anesthetized with hypo-
thermia, and both eyelids were opened. The left eye was injected with 5
"l of 5% WGA-HRP (Sigma, St. Louis, MO) in saline or distilled water;
the right eye was injected with 5 ~l of 1% cholera toxin B (CTB) subunit
(List Biological Labs, Campbell, CA) in distilled water. At P8, animals
received an overdose of barbiturate anesthesia and were perfused intra-
cardially with 0.9% saline followed by 4% paraformaldehyde. After
equilibration in 30% sucrose in 0.1 m phosphate buffer, brains were
sectioned in the horizontal plane at 40 or 50 fxm.

One series of sections was used to reveal HRP using TMB, and the
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series of adjacent sections was used to reveal CTB, using the method
described by Angelucci et al. (1996). Briefly, sections were washed in
PBS, pH 7.4, rinsed in methanol and 0.3% hydrogen peroxide to quench
endogenous and injected peroxidase activity, treated with 0.1 M glycine,
preincubated in 2-8% normal rabbit serum (NRS, Vector Laboratories,
Burlingame, CA) and 2.5% bovine serum albumin (BSA), then incubated
in goat anti-CTB primary antibody (List) at a concentration of 1:4000 for
1-2 d at room temperature in a solution containing 2% NRS, 2.5% BSA,
and 2% Triton X-100. The primary antibody was rinsed, and the sections
were incubated in a solution containing biotinylated rabbit anti-goat
antibodies (Vector Laboratories), 2% NRS, 2.5% BSA, and 1% Triton
X-100. The Vector ABC kit was used to label the antigen-antibody
complex with HRP, together with DAB or the Vector VIP substrate to
visualize HRP. Sections were dehydrated in a graded series of alcohol,
cleared in Histoclear, and coverslipped.

Camera lucida drawings were made of TMB-stained and CTB-stained
material, and drawings of adjacent sections were superimposed to assess
the degree of segregation according to the eye of origin. Because tissue
stained with the two methods had slightly different extents of shrinkage,
the magnification was adjusted to bring adjacent sections in register, using
the lateral edges of the nucleus.

Figure 1. Horizontal sections through the LGN of P26 ferrets after
intraocular injections of WGA-HRP in the contralateral eye, viewed with
bright-field microscopy. A, Normal ferret LGN. The dark arrow in the
contralateral projection to layer A shows a pale staining region between
on and off sublaminae. For simplicity, C layers are not labeled in the
micrographs. B, LGN from an animal treated with the high dose of
L-NoArg between P14 and P26. A pale staining region between sublami-
nae is not evident. C, LGN from a control animal treated with L-NoArg
together with L-Arg. A pale staining intersublaminar zone is visible. In
A-C, the A and Al layers are indicated. The inner Ai) and outer (Ao)
sublaminae are labeled in A and C where they are visible. Scale bars
(shown in C): 200 jam.
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Figure 2. Summary of sublamination scores (with SEM) for all experi-

ments in this study. Numbers in parentheses indicate the number of
animals in each treatment group. Higher scores signify greater sublami-
nation. Sublamination scores decreased with increasing doses of L-NoArg.
The highest dose of systemically applied L-NoArg produced a significant
reduction in sublamination compared with normal. Systemic treatment
with L-NoArg together with verapamil (Ver) to reverse the pressor effect of
L-NoArg resulted in disrupted sublamination. Control animals treated
with D-NAME or L-NoArg together with L-arginine (L-Arg) showed no
effect. Focal application of L-NoArg using surgically implanted osmotic
minipumps also reduced sublamination, whereas minipumps containing
saline had no effect.

HPLC measurements of [arginine] and [citrulline]. To assess the effec-
tiveness of systemic administration of L-NoArg in the inhibition of brain
NOS activity, we injected two animals daily from P14 to P28 with
L-NoArg (40 mg/kg, i.p.) and two animals daily from P1 to P8. These
animals and three control littermates in each age group were perfused
with sterile saline, and the brains were homogenized in 1N perchloric acid
buffer. Because NOS produces citrulline from arginine during NO syn-
thesis, we used the ratio [arginine]/[citrulline] as an indicator of NOS
activity. Citrulline and arginine concentrations were detected by HPLC
with electrochemical detection after precolumn derivatization with
o-phtalaldehyde, essentially as described previously for glutamate (Bog-
danov and Wurtman, 1994). Amino acid derivates were separated on a 3
am C18 ODS 80 X 4.6 mm column and detected using an ESA 5200A
coulometric detector with an ESA 5014 dual-electrode analytical cell. The
first electrode was set at +200 mV and the second at +400mV. The
mobile phase delivered at 1.2 ml/min was 0.1 Msodium dibasic phosphate
buffer, 25% methanol, and 5% acetonitrile, pH 6.4. Standards of arginine
and citrulline at known concentrations were also run. The concentration
of these amino acids was determined using the area under the peak
corresponding to the elution time of the standards.

RESULTS

In the first part of this study, we examined the role of NO in the
segregation of ON/OFF sublaminae. One group of animals re-
ceived daily, systemic injections of L-NoArg, a NOS inhibitor,
from P14 to P26. Treatment with a high dose of L-NoArg (4-40
mg/kg/d) disrupted formation of sublaminae. Sublamination in
normal animals is clearly visible in horizontal sections through the
LGN, whereas in treated animals, clearly delineated sublaminae
are not evident (Fig. 1A,B). A sublamination score was assigned
to each section of the LGN containing visible A and A1l layers.
The score ranged from 0 to 3, based on the fraction of the A layer
clearly divided by a pale staining intersublaminar zone that ap-
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proximately bisected the A layer longitudinally; e.g., a score of 1
indicated that one-third of the A layer contained a pale staining
intersublaminar zone. The score for each animal was obtained by
averaging the scores from each section. On average, 10 sections
were scored through each LGN. The scored sections spanned the
depth of the LGN containing both A and Al layers. We found no
systematic differences in sublamination scores at different depths
within the LGN. Sublamination scores from animals in all condi-
tions are summarized in Figure 2. The mean sublamination score
(x SEM) for animals treated with the high dose of L-NoArg was
0.24 + 0.13 (n = 6). This value was significantly less than that seen
in normal animals, 2.1 £ 0.24 (n = 6;p < 0.001, Student’s t test).
In addition, treated animals had significantly lower sublamination
scores than two control groups. One control group (n = 3)
received 40 mg/kg/d L-NoArg together with 40 mg/kg/d L-arginine,
the normal substrate for the NOS binding site. In these animals
(Fig. 1C), the mean sublamination score was 1.96 + 0.18, which
was significantly higher than scores from L-NoArg-treated animals
(p < 0.0001). Because addition of excess L-arginine can overcome
the effects of NOS blockade, this control supports the assumption
that L-NoArg is acting on NOS (Garthwaite, 1991). Another
control group (n = 3) received 40 mg/kg/d of d-NAME, an
inactive enantiomer. The sublamination score of this group was

Figure 3. Horizontal sections through the LGN of P26 ferrets after
labeling with WGA-HRP in the contralateral eye. A, LGN treated with
focal application of 0.5 mM L-NoArg from P14 to P26 via an implanted
cannula attached to an osmotic minipump. The staining is uniform, and no
pale staining in the intersublaminar zone is evident. B, Control LGN after
implantation of a cannula attached to an osmotic minipump containing
0.9% saline. As in Figure 1, the arrow indicates the intersublaminar zone,
and the A and Al layers and sublaminae Ai and Ao are labeled. Scale bars
(shown in B): 200 fxm.
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Figure 4. Horizontal sections through the LGNs of P26 ferrets ipsilateral
to an intraocular WGA-HRP injection. A, A normal, untreated animal;
sublamination is evident in the ipsilateral Al layer, and sublaminae (Ali
andAlo) are evident. The arrow indicates the intersublaminar zone. B, An
animal treated with L-NoArg systemically. Sublamination is disrupted in
the ipsilateral projection. C, An animal in which the contralateral LGN
was treated with focal application of L-NoArg. Sublamination is evident
(AliandAlo), and the intersublaminar zone is indicated by the arrow. The
effects of L-NoArg are thus restricted to the infused side after minipump
implantation.

1.65 £ 0.37, which was also significantly higher than that of the
high dose L-NoArg group (p < 0.01).

To examine the dose-dependence of the effect of L-NoArg on
sublamination, an additional group of animals received interme-
diate (0.4 mg/kg/d; n = 2) or low (0.04 mg/kg/d; n = 2) doses of
L-NoArg (Fig. 2). The intermediate-dose group had a sublamina-
tion score (+ SEM) of 1.04 + 0.4, and the low-dose group had a
sublamination score of 1.5 0.05. When data from all animals
receiving systemic injections of L-NoArg were examined using a
linear regression of the sublamination score versus the logarithm
of the dose, a significant correlation was found (r = 0.87,p <
0.01). Thus, there is a dose-dependent inhibitory effect of system-
ically applied L-NoArg on retinogeniculate sublamination.

Animals receiving intraperitoneal injections were monitored,
and their overall growth was compared with that of normal ani-

+
+
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Figure 5.

Camera lucida tracings of individual retinogeniculate axon arbors reconstructed after labeling with HRP. A, Four representative arbors from

animals treated with 40 mg/kg/d L-NoArg from P14 to P21. The borders of the A layer are shown as bold lines above and below each axon arbor; the dashed
line bisects these borders and represents an approximation of the sublaminar boundary. The axon arbors in this treatment group extend into both inner
and outer sublaminae. B, Four representative arbors from animals treated with 40 mg/kg/d of the inactive isomer d-NAME. These axon arbors tend to
be restricted to one-half of the A layer, corresponding to one sublamina. Scale bars (shown in B): 100 am.

mals. Animals receiving high doses of L-NoArg appeared healthy
and gained as much weight (as a fraction of their weight before
treatment) as animals receiving low doses and animals receiving
D-NAME. Animals approximately doubled their weights between
P14 and P26. Overall brain morphology appeared normal in all
animals.

Although intraperitoneal application of L-NoArg demonstrably
reduces NOS activity in the brain (see below), it remains possible
that the reduction of sublamination in the LGN results second-
arily from systemic or indirect effects of the drug rather than from
a direct effect on NOS in LGN cells. Because NO is a vasodilator,
one possible systemic effect of L-NoArg is hypertension. We
addressed this possibility by measuring mean arterial blood pres-
sure directly during the fourth postnatal week in four animals
treated from P14 with daily injections of 40 mg/kg L-NoArg and in
four normal, age-matched controls. The normal mean arterial
blood pressure (+ SEM) was 57.6 + 4.6 mmHg, and the mean
arterial blood pressure in the group treated with L-NoArg was
83.1 + 4.8 mmHg. The mean arterial blood pressure increased
significantly after the treatment period (p < 0.01, Student’s t test).

We then treated five animals from P14 to P26 with 40 mg/kg/d
L-NoArg together with 5 mg/kg/d verapamil to counteract the
hypertensive effect of L-NoArg. The mean arterial blood pressure
in this group was 60.0 + 1.63 mmHg, which did not differ from
that of normal animals (p > 0.6). We assessed sublamination in
animals treated with L-NoArg together with verapamil. The mean
sublamination score in these animals was 0.07 * 0.03, which was
significantly less than scores from normal animals (p < 0.001) and
did not differ from scores from animals treated with L-NoArg
alone (p = 0.28). The effects of NOS blockade on sublamination
are thus unlikely to result from changes in mean arterial blood
pressure.

To address the possibility that other indirect effects of system-
ically applied L-NoArg underlie the observed disruption of sub-
lamination, we applied L-NoArg (0.5 mM) directly over the LGN
between P14 and P26 in six animals using surgically implanted
osmotic minipumps that released 0.5 al of solution per hour. In
these animals (Fig. 3A), sublamination was disrupted to an extent
similar to that seen with systemic application (sublamination
score = 0.17 = 0.07;p < 0.001 comparing treated and normal
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animals). Animals treated with control minipumps containing
only saline (Fig. 3B) had a mean sublamination score of 1.80 +
0.25 (n = 3); this score was significantly greater than that obtained
from animals treated focally with L-NoArg (p < 0.001) and did
not differ from scores obtained from normal animals (p = 0.5).
Nissl staining confirmed that the cannulae were correctly posi-
tioned above the LGN. Because the minipumps delivered small
regulated amounts of L-NoArg to the LGN (we estimate that the
entire LGN has a uniform steady-state concentration of the drug),
these results support the view that the effect of L-NoArg on
sublamination results from a reduction of NO in the LGN. In
animals treated with L-NoArg through osmotic minipumps, the
disruptive effect on sublamination was restricted to the infused
side, whereas sublamination in the opposite LGN appeared nor-
mal (Fig. 4), confirming the local nature of the effect of NOS
blockade.

The pattern of sublamination seen after WGA-HRP eye injec-
tion results from the labeling of most or all retinal ganglion axons
from the eye, and the pale staining intersublaminar region ap-
pears to result in normal animals from the relatively sparse
termination of axon arbors within that zone (Hahm et al., 1991).
We sought to determine how blockade of NOS affects individual
axon arbors terminating within the LGN. Axon arbors were re-
constructed in four animals treated with 40 mg/kg/d L-NoArg from
P14 to P21 and three control animals treated with 40 mg/kg/d
D-NAME. Three to four axons were drawn from each brain;
reconstructions were made without knowledge of the treatment
group from which the tissue was taken. Fourteen axons were
drawn from the L-NoArg-treated group, and 11 axons were drawn
from the D-NAME-treated group (Fig. 5). The mean sublamina-
tion index for the L-NoArg group was 0.7 £ 0.04 (SEM), and the
mean sublamination index for the D-NAME group was 0.94 +
0.03. This difference was statistically significant (p < 0.0001,
Student's t test) and remained significant when sublamination
indices from axons of the same brain were pooled together so that
each animal was considered a single datum (p < 0.01); L-NoArg-
treated animals in this case had a mean sublamination index of
0.7 + 0.03; D-NAME-treated animals had a sublamination index
of 0.94 + 0.02. Sublamination indices for L-NoArg-treated ani-
mals in the present study were similar to those found for D-APV-
treated animals in the study by Hahm et al. (1991); similarly, the
sublamination indices for D-NAME-treated animals were similar
to those found for normal animals (Fig. 6). As with D-APV
treatment (Hahm et al., 1991), axons treated with L-NoArg were
abnormally large and/or positioned incorrectly in the intersub-
laminar zone (Fig. 5), consistent with the interpretation that NOS
blockade and NMDA receptor blockade inhibit sublamination in
a similar way.

We then examined the effect of NOS blockade on the formation
of eye-specific layers during the first postnatal week. In this part of
the study, itwas necessary to use only systemic application of NOS
inhibitors, because neonatal animals are too small to accommo-
date an implanted cannula and osmotic minipump. Animals were
treated from P1 to P7 with 20 mg/kg/d L-NoArg (n = 7) or 20
mg/kg/d of the the control drug d-NAME (n = 1), or were left
untreated as normal controls (n = 4). The dose of L-NoArg used
effectively disrupted sublamination (see above) and had an inhib-
itory effect on brain NOS (see below). We examined the LGN of
these animals at P8, after anterograde labeling of retinogeniculate
projections at P7 with intraocular injection of WGA-HRP in one
eye and CTB subunit in the other eye. Alternate sections were
processed using TMB histochemistry to visualize WGA-HRP
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Figure 6. Histogram summarizing the sublamination indices at P21 in

normal animals and animals treated with drugs from P14 to P21. The
sublamination index denotes the fraction of the total arbor area in the half
of the layer containing the majority of that arbor. The two bars on the left
(normal animals and animals treated with the NMDA receptor blocker
d-APV) are data taken from Hahm et al. (1991); error bars indicate SEM.
NOS blockade with L-NoArg and NMDA receptor blockade with d-APV
result in a similar reduction of the sublamination index, whereas treatment
with the control drug D-NAME does not reduce the sublamination index.

(Mesulam, 1978) or immunohistochemistry to visualize CTB (An-
gelucci et al., 1996). Segregation of inputs from the two eyes was
evident in every case. The staining patterns of left and right eye
projections to the two LGNs within a single brain were comple-
mentary in sections stained using either TMB (Fig. 7) or CTB
immunohistochemistry. Moreover, within each LGN, the staining
pattern of TMB was complementary to that of CTB and together,
these labeled the full extent of the LGN (Fig. 8). Treated animals
did not differ from control animals in weight; animals in both
groups increased their weight by 240% during the first postnatal
week. Overall brain morphology appeared similar in normal and
treated animals.

We assessed the effectiveness of systemically applied L-NoArg
on NOS activity in the brain during the period of eye-specific layer
formation as well as during the period of ON/OFF sublamination.
Intraperitoneal application of L-NoArg inhibits NOS activity in
the brains of adult rats (Dwyer et al., 1991); our experiments
extend this result to young ferrets. To assess NOS activity, we used
HPLC to measure the relative concentrations of arginine and
citrulline in brain homogenates of treated and normal animals.
Citrulline is produced from arginine by NOS stoichiometrically
along with NO; although there are other sources and sinks for
both arginine and citrulline, the only pathway by which arginine is
converted to citrulline in the brain isvia NOS (Ohta et al., 1994).
The [arginine]/[citrulline] ratio is thus a meaningful measure of
NOS activity. In our material, the [arginine]/[citrulline] ratio for
animals treated with 40 mg/kg/d L-NoArg from P14 to P28 (n = 2)
was 1.0 £ 0.02, and the ratio for normal, age-matched animals
(n = 3) was 0.57 £+ 0.26. Treatment with L-NoArg thus increased
the [arginine]/[citrulline] ratio by a factor of 1.75. When animals
received 20 mg/kg/d L-NoArg from P1 to P8 (n = 2), the [argi-
nine]/[citrulline] ratio was 3.0 + 0.73, whereas normal, age-
matched controls (n = 3) had a ratio of 1.1 £ 0.23 (Fig. 9). At this
age, treatment with L-NoArg increased the [arginine]/[citrulline]
ratio by a factor of 2.8. Across ages, L-NoArg treatment resulted
in a significantly increased [arginine]/[citrulline] ratio compared
with normal brains (p < 0.02, two-way ANOV A with drug treat-
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ment and age as two factors). The ratio was higher at P8 com-
pared with P28 (p < 0.02), possibly reflecting the relatively lower
NOS activity at early ages (Cramer et al., 1995). The effectiveness
of the drug at P8 versus P28 (the interactive effect of drug
treatment and age) appeared to be similar (p = 0.08). Changes in
[citrulline] are also a useful measure of NOS activity. In our P28
material, L-NoArg treatment reduced [citrulline] to 86% of nor-
mal levels, and in our P8 material, L-NoArg treatment reduced
[citrulline] to 60% of normal levels. These decreases in [citrulline]
are similar to those found by Ohta et al. (1994) in extracellular
dialysates of adult rat brain after treatment with L-NoArg, and are
consistent with the findings we obtained using [arginine]/[citrul-
line]. These measurements indicate that systemic application of
L-NoArg significantly reduces NOS activity in the brain during
both developmental periods.

DISCUSSION

Taken together, our results support a role for NO in retinogenicu-
late development specifically during the period of ON/OFF sub-
lamination when NM DA receptor activation is also required and
when NADPH-diaphorase levels are high in LGN cells. Although
NADPH-diaphorase staining is developmentally regulated in
LGN cells, staining is present in the neuropil in the LGN at all
ages (Cramer et al., 1995). Neuropil staining arises from cholin-
ergic brainstem projections (Bickford et al., 1993). Because block-
ade of NOS at early ages does not interfere with the formation of
eye-specific layers, it is unlikely that NO produced in the neuropil
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Figure 7. Horizontal sections through the LGNs of P8
animals after anterograde labeling of retinogeniculate
projections using intraocular injections of WGA-HRP
in the left eye. A, B, Sections from the left (A) and right
(B) LGNs of a normal P8 ferret. C, D, Sections through
the left (C) and right (D) LGNs of a ferret treated with
20 mg/kg/d L-NoArg from P1 to P8. In A-D, the open
arrows indicate the ipsilateral projection zone, or layer
Al. The left and right LGNs show a complementary
pattern of labeling in both normal and drug-treated
animals. Scale bars (shown in C): 200 fxm.

is involved in early retinogeniculate pattern formation. A devel-
opmental role for NO has also been found in the chick retinotec-
tal pathway, where NOS expression is highest during the removal
of a transient ipsilateral projection (Williams et al., 1994) and
blockade of NOS results in the retention of this projection (Wu et
al., 1994). NO is thus required for the refinement of eye-specific
projections from the retina to the optic tectum in the chick.
Interestingly, we show that in the retinogeniculate pathway of the
ferret, NO is notrequired for eye-specific layer refinement, but for
a later, NMDA receptor-dependent part of the pathway that
segregates according to on- or off-center receptive field proper-
ties. Thus, although NO has a role in the development of both the
chick retinotectal pathway and the ferret retinogeniculate path-
way, the nature of its role may differ, and these differences suggest
that several different mechanisms are involved in activity-
dependent refinement of the visual system.

Activity-dependent remodeling of retinogeniculate connections
during development may resemble activity-dependent synaptic
plasticity in certain regions of the adult brain (Cramer and Sur,
1995). In particular, LTP in the CA1 region of the hippocampus
may share mechanisms in common with developmental remodel-
ing (Goodman and Shatz, 1993). Postsynaptic activation of
NMDA receptors is required to initiate LTP (Bliss and Col-
lingridge, 1993), whereas maintenance of LTP may require pre-
synaptic upregulation of neurotransmitter release (Bekkers and
Stevens, 1990; Malinow and Tsien, 1990; Malgaroli et al., 1995).



8002 J. Neurosci., December 15, 1996, 16(24):7995-8004

A. Normal

B. L-NoArg

C. D-NAME

WGA-HRP

Figure 8. Camera lucida tracings of representative P8 left and right LGN
sections in a normal animal (A), an animal treated with the NOS inhibitor
L-NoArg (B), and an animal treated with the inactive isomer D-NAME
(C). Drawings superimpose adjacent 40 or 50 am sections processed to
reveal WGA-HRP after anterograde transport from the left eye or CTB
subunit after transport from the right eye. In all cases, the labeling pattern
is similarly complementary, consistent with normal eye-specific layer seg-
regation. Scale bar, 300 am.

The development of sublaminae in the LGN represents an exam-
ple of activity-dependent remodeling of connections that may
show mechanistic similarities to LTP in the hippocampal CA1l
region. Sublamination requires postsynaptic activation of NMDA
receptors, which are present and involved in synaptic potentiation
in the developing LGN (Mooney et al., 1993). Whereas presyn-
aptic NMDA receptors may be present in visual cortex (Aoki et
al., 1994), there is no evidence for their presence in the LGN.
Physiological evidence suggests that NMDA receptors are
postsynaptic, because holding postsynaptic LGN cells at hyperpo-
larizing membrane potentials reduces the NMDA component of
the postsynaptic current (Esguerra et al., 1992; Ramoa and Mc-
Cormick, 1994). Additionally, the NMDA antagonist d-APV se-
lectively inhibits the NMDA receptor-mediated component of
retinogeniculate EPSPs (Esguerra et al., 1992). Presynaptic
NMDA receptors would be expected to increase transmitter re-
lease after Ca2+ influx; thus blocking presynaptic receptors would
influence all components of the EPSP. By analogy with studies of
LTP in the CALl region of the hippocampus, NO may act down-
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Figure 9. Histogram summarizing the effect of NOS blockade on relative
concentrations of arginine and citrulline in P8 and P28 ferret brain
homogenates. The [arginine]/[citrulline] ratio significantly increased after
application of L-NoArg (p < 0.02, two-way ANOVA). Error bars indi-
cate SEM.

stream of the NMDA receptor, diffusing to the presynaptic ter-
minal to transmit information about postsynaptic activation. In
LTP, this signal might result in increased neurotransmitter release
(Bekkers and Stevens, 1990; Malinow and Tsien, 1990; Malgaroli
et al., 1995), whereas in retinogeniculate development, this signal
may result in regulation of presynaptic arbor size and position,
because both NMDA receptor blockade (Hahm et al., 1991) and
NOS blockade (in the present study) result in inappropriately
placed retinogeniculate axon arbors. Determination of the extent
of the similarity in the biochemical mechanisms underlying
activity-dependent refinement of connections and LTP will re-
quire additional investigation.

Possible substrates for NO in the presynaptic terminal during
LTP include guanylyl cyclase (East and Garthwaite, 1991), aden-
osine diphosphate ribosyl transferase (ADPRT) (Schuman et al.,
1994), or acombination of both (Abe et al., 1994). It is not known
whether either of these potential substrates has a role in devel-
opment or how they could induce changes in the size and position
of afferent axon arbors. NO is known to activate a cGMP-gated
cation conductance in retinal ganglion cells via a NO-sensitive
guanylyl cyclase (Ahmad et al., 1994), resulting in an increase in
intracellular [Ca2+], which could in turn regulate axonal structure
(Mattson and Kater, 1987). A possible mode of action with
respect to ADPRT is that it acts on growth-associated protein 43
(GAP-43; Coggins et al., 1993; cf. Luo and Vallano, 1995); this
protein is expressed in growing axons during development and
regeneration (Skene and Willard, 1981; Meiri et al., 1988; Moya et
al., 1988) and may have a role in remodeling synaptic connections
(Erzurumlu et al.,, 1990; for review, see Benowitz and Routten-
berg, 1987). Another possibility suggested by a study of cultured
dorsal root ganglia (Hess et al., 1993) is that NO inhibits growth
cone elongation by inhibiting palmitoylation of proteins such as
GAP-43 and SNAP-25; this effect is independent of guanylyl
cyclase. Although the effect of NO on protein palmitoylation in
the developing ferret LGN is not known, NO may influence GAPs
via several different pathways.

An alternative mechanism for the action of NO on developing
retinogeniculate axons is related to the role of NO in regulating
local blood flow. Although our results suggest that increases in
blood pressure after application of L-NoArg do not account for
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the disruption of development in the LGN, NO is involved in the
neuronal activity-dependent regulation of local blood flow in the
brain (for review, see ladecola, 1993), and an inhibitor of neuro-
nal NOS decreases regional blood flow in the brain (Kelly et al.,
1995). NO produced by NOS in response to NMDA receptor
activation might thus regulate the access of presynaptic terminals
to circulating factors that are necessary for the control of presyn-
aptic structure.

Although NOS is present in a subset of LGN neurons, it is likely
that the retrograde action of NO is both local and diffuse. NO
might be released from LGN neurons and influence synaptic
stability in the retinal ganglion cell axons innervating them. In
addition, NO might diffuse to nearby cells; a mechanism for
cooperative strengthening of nearby inputs has been demon-
strated in hippocampal LTP by Schuman and Madison (1994).
Moreover, as described above, local increases in blood flow as a
consequence of NO release would influence a region that includes
numerous synapses. Thus, NO might have a local effect on a
subset of inputs to the LGN and a more diffuse effect on a larger
number of inputs.

The restriction of retinogeniculate arbors into eye-specific lay-
ers and subsequently into ON/OFF sublaminae involves the pro-
gressive elaboration of connections in appropriate regions of the
LGN and the retraction and loss of connections from inappropri-
ate regions. Blocking NMDA receptors causes not only an in-
crease in the proportion of retinogeniculate arbors in the inap-
propriate sublamina but also a concomitant increase in the
number and density of postsynaptic dendritic spines (Rocha and
Sur, 1995). Although NO is likely to be produced in the postsyn-
aptic cell after activation of NMDA receptors, it is available
simultaneously to both presynaptic axons and postsynaptic cells. It
seems reasonable to propose that the coordinated regulation of
presynaptic and postsynaptic sites in the LGN during sublamina
formation is mediated by NO. On this hypothesis, NMDA recep-
tors and NO provide a signal specifying correlated inputs and
coactive presynaptic and postsynaptic terminals. When NMDA
receptors are active and NO is present, contacts would stabilize;
when NMDA receptors or NOS is blocked, contacts would con-
tinue to turn over and reorganize. The present experiments dem-
onstrate that blocking NOS indeed prevents the restriction of
retinogeniculate afferent arbors during an NMDA receptor-
dependent phase of development; it would be of interest to
examine whether blocking NOS leads to an upregulation of spines
on postsynaptic dendrites as well.

Our results in the ferret LGN contrast with studies of cat visual
cortex, in which ocular dominance plasticity requires NMDA
receptor activation (Bear et al., 1990) but does not seem to
require NO (Gillespie et al., 1993; Daw et al., 1994). Consistent
with this difference, NADPH-diaphorase staining is developmen-
tally regulated in LGN neurons but not in visual cortical neurons.
In the cortex, staining is present in a small subset of cells at birth
and at every age examined through 6 postnatal weeks in the ferret
(Cramer et al., 1995). Moreover, at 4 postnatal weeks, the density
of NADPH-diaphorase-labeled cells in the LGN is much higher
than that in the visual cortex.

Finally, our results, together with those of Smetters et al.
(1994), suggest that the segregation of retinal afferents into eye-
specific layers proceeds independently of NO or NMDA receptor
activation and indicate that other activity-dependent mechanisms
act during this phase. Interestingly, this demonstrates that rather
different mechanisms can be used to regulate sequential aspects of
development in the same pathway. NM DA receptors and NO are
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well suited to mediate the later sharpening of connections into
ON/OFF sublaminae, which is accompanied by the maturation of
photoreceptors and bipolar cells in the ferret retina and their
functional connections to retinal ganglion cells (Greiner and
Weidman, 1981) (cf. Maslim and Stone, 1986). Additionally, the
distinct burst frequencies of on and off retinal ganglion cells
become evident during this period of segregation (Wong and
Oakley, 1996) and may thus establish patterns of correlated ac-
tivity on which NMDA receptors and NO act to shape the adult
projection pattern.
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