with LTP in CA1 (14). Therefore, there are
likely to be at least two independent mech-
anisms by which synaptic strength can be
enhanced at these synapses. The mRNA
levels for BDNF and NT-3 are enhanced
after tetanic stimulation (3), however,
which suggests that the synaptic enhance-
ment documented here may contribute to
later phases of LTP. Taken together, these
data and a previous study (5) suggest that
one action of neurotrophins may be to alter
synaptic strength acutely in the period of
time preceding the long-term structural
changes that underlie developmental and
adult plasticity.
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Inhibition of Ocular Dominance Column
Formation by Infusion of NT-4/5 or BDNF

Robert J. Cabelli,* Andreas Hohn, Carla J. Shatz

During the development of the visual system of higher mammals, axons from the lateral
geniculate nucleus (LGN) become segregated into eye-specific patches (the ocular dom-
inance columns) within their target, layer 4 of the primary visual cortex. This occurs as a
consequence of activity-dependent synaptic competition between axons representing
the two eyes. The possibility that this competition could be mediated through neurotro-
phin-receptor interactions was tested. Infusion of neurotrophin-4/5 (NT-4/5) or brain-
derived neurotrophic factor (BDNF) into cat primary visual cortex inhibited column for-
mation within the immediate vicinity of the infusion site but not elsewhere in the visual
cortex. Infusion of nerve growth factor, neurotrophin 3 (NT-3), or vehicle solution did not
affect column formation. These observations implicate TrkB, the common receptor for
BDNF and NT-4/5, in the segregation of LGN axons into ocular dominance columns in
layer 4. Moreover, they suggest that in addition to their better known roles in the prevention
of cell death, neurotrophins may also mediate the activity-dependent control of axonal
branching during development of the central nervous system.

Ohne of the principal mechanisms thought
to drive the refinement of specific sets of
neural connections during development is
activity-dependent competition between
presynaptic axons for postsynaptic target
neurons (1). Perhaps the best studied exam-
ple of this competition in the central ner-
vous system is the formation of ocular dom-
inance columns in the visual cortex of high-

Howard Hughes Medical Institute and Department of
Molecular and Cell Biology, University of California,
Berkeley, CA 94720, USA.

*To whom correspondence should be addressed.

SCIENCE e« VOL. 267 * 17 MARCH 1995

ly binocular mammals such as carnivores
and primates. The anatomical basis for the
ocular dominance columns is the segrega-
tion of axonal inputs from the LGN into
alternating, eye-specific patches within lay-
er 4 (2). Early in development, however,
LGN axons from the two eyes are inter-
mixed with each other in layer 4. The
eye-specific patches emerge gradually over a
postnatal period of 4 to 6 weeks in the cat as
LGN axons remodel and restrict their ter-
minal arbors (3, 4). Experimental perturba-
tions of neural activity have given rise to
the idea that competitive interactions be-



. REPORTS|

tween inputs from the two eyes control the
balance of ocular dominance within the
cortex (1, 5). However, the molecular basis
for this competition is poorly understood.

Here, we examine the hypothesis that
members of the neurotrophin family, which
is comprised of nerve growth factor (NGF),
BDNF, NT-3, and NT-4/5 (6, 7), may be
involved in aspects of the competitive in-
teractions between LGN axons that control
the eye preference of cortical neurons. It is
generally thought that developing neurons
compete for limiting amounts of target-de-
rived factors. Although neurotrophins have
been implicated as factors secreted by target
neurons leading to the selective survival of
subpopulations of peripheral neurons during
development (8), recent data suggest that
neurotrophins may also modulate other as-
pects of neuronal development, including
synaptic transmission (9) and axonal and
dendritic arborization (10). Moreover, neu-
rotrophins are expressed in the cortex (7,
11-13), and the expression of BDNF in the
visual cortex (12), and of NGF and BDNF
in the hippocampus (14), is regulated by
activity, as might be expected for signaling
molecules postulated to participate in activ-
ity-dependent competition. In addition, our
previous developmental analysis of neuro-
trophin receptors in the cat and ferret visual
systems (15) indicated that TrkB, the spe-
cific receptor for BDNF and NT-4/5, and
TrkC, the specific receptor for NT-3 (16),
are present in certain neuronal subpopula-
tions in the LGN and visual cortex during
the period in which LGN axons segregate
to form ocular dominance patches in layer
4. These observations suggested that LGN
neurons might compete for one or more
ligands of TrkB or TtkC during the eye-
specific segregation of LGN axons. If so, we
reasoned that supplying an excess of one of
these neurotrophins would remove the basis
for competition and therefore should block
the formation of ocular dominance patches
within layer 4.

To determine whether excess exogenous
neurotrophins would prevent ocular domi-
nance columns from forming, we infused
neurotrophins by means of osmotic
minipumps (17) into cat visual cortex from
postnatal day 28 (P28) to P42. The ocular
dominance patches in layer 4 are clearly
visible by P42, whereas at P28 axons have
just barely begun to segregate and distinct
patches are not yet evident (3, 18). The
consequences of the infusions for the segre-
gation of LGN axons into ocular domi-
nance patches within layer 4 were assessed
by tracing the transneuronal transport of
radioactive label into LGN axon terminals
after an intraocular injection of [*H]proline
ipsilateral to the cortical hemisphere re-
ceiving the neurotrophin infusion (3, 17).
Comparison of normal animals (n = 4)

with animals infused with the vehicle solu-
tion (17) (n = 2) demonstrated that vehi-
cle infusion and tissue damage caused by
cannula implantation did not alter the nor-
mal formation of eye-specific patches or
cortical plate cytoarchitecture.

Next, each of the four neurotrophins
was tested for its effects on column forma-
tion during the height of the segregation
period. Representative examples of the
pattern of transneuronally transported ra-
dioactive label within layer 4 are shown in

Fig. 1. Infusion of NT-4/5 or BDNF, but
not NGF or NT-3, prevents the forma-
tion of ocular dominance patches. Cats
were administered neurotrophins by in-
tracortical infusion (76, 77). Geniculo-
cortical afferents were labeled with the
transneuronal transport of [*Hjproline,
injected intraocularly ipsilateral to the
infused hemisphere. Radioactively la-
beled LGN axons were visualized by
autoradiography and are revealed as
bright areas in the dark-field photomi-
crographs. Photographs were taken
from horizontal sections, located im-
mediately below the tip of the cannula,
which is indicated by the asterisk. (A)
NGF (2.4 pg/day) was infused from
P28 to P42. The section shown was
~0.75 mm below the tip of the cannu-
la. (B) NT-4/5 (2.4 ng/day) was infused
from P27 to P42. The section shown
was 1.3 mm below the tip of the can-
nula. (C) BDNF (1.2 ng/day) was in-
fused from P27 to P35. The section
shown contains the hole generated by
the tip of the cannula (D) NT-3 (2.4 png/
day) was infused from P27 to P43. The
section shown was ~0.35 mm below
the tip of the cannula. Scale bar, 1 mm.
A, anterior; P, posterior; M, medial; L,

Fig. 1. After infusion of NGF for 2 weeks,
well-defined ocular dominance patches
were present in layer 4 throughout the
visual cortex (Fig. 1A) (and in all three
other animals treated with NGF), regard-
less of proximity to the tip of the cannula.
In marked contrast, when NT-4/5 was in-
fused, silver grains representing the inject-
ed eye were distributed much more uni-
formly within layer 4 in the area close to
the infusion site (Fig. 1B), without the
patchlike pattern indicative of the pres-

lateral. White arrows denote the approximate borders of the area affected by neurotrophin infusion.
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Fig. 2. Quantitative determination of the effects of neurotrophin infusion on silver grain density in layer 4.
(A) Infusion of NT-4/5. Three sections located at different distances below the tip of the cannula (0.66 mm,
asin Fig. 3B; 1.32 mm, as in Fig. 1B; and 1.98 mm) were analyzed. Profiles are aligned on the basis of the
position of the cannula in the anterior-posterior axis. (B) Infusion of BDNF (as in Fig. 1C). (C) Infusion of NGF
(as in Fig. 1A). (D) Infusion of NT-3 (as in Fig. 1D). (E) Control (noninfused animal) at P42. The arrows point
to the approximate position of the cannula in the anterior-posterior axis. Note that the grain density profiles
inlayer 4 of NT-4/5-and BDNF-treated cortex are almost flat in the regions close to the cannula tip, relative
to the larger oscillations elsewhere in the same section and in the NT-3— and NGF-treated brains.
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ence of normal ocular dominance col-
umns. Relatively uniform labeling within
layer 4 was observed within an area 2 to 3
mm anterior and posterior of the infusion
site, whereas ocular dominance patches
were clearly present in layer 4 beyond
these distances from the infusion site (Fig.
1B). Similar results were obtained in all
four experiments in which NT-4/5 was
infused. Infusion of BDNF, the other li-
gand for TrkB, also prevented the forma-
tion of ocular dominance patches (n = 4)
(Fig. 1C); the effect was even more local-
ized than that seen with NT-4/5 infusion
because uniform labeling was only appar-
ent in primary visual cortex within 1 to 2
mm of the infusion site (see Fig. 2) (19).
Infusion of NT-3 had no effect on the
pattern of ocular dominance patches (n =

Fig. 3. Assessment of A
the diffusion of infused 7

NT-4/5 and NT-3 within
the visual cortex. Hori-
zontal sections obtained
after intracortical infusion
of either NT-4/5 (A and
B) or NT-3 (C and D)
were processed for NT-
4/5(A) or NT-3.(C) immu-
nohistochemistry  (25).
Additional sections were

NT-4/5

2) (Fig. 1D) despite the fact that its re-
ceptor,- TtkC, is known to be present at
comparable times in the developing ferret
visual cortex and LGN (15). Thus, infu-
sion of NT-4/5 and BDNF but not of other
neurotrophins apparently either arrested
or prevented the segregation of LGN ax-
ons into eye-specific patches within corti-
cal layer 4.

To quantify the effects of the neurotro-
phin infusions on ocular dominance col-
umn formation, we performed an analysis of
the distribution of silver grains within cor-
tical layer 4 on representative sections (20)
(Fig. 2). The grain density profiles from
sections of an NT-4/5-infused brain at
three different distances below the cannula
tip (0.66 to 1.98 mm) confirmed our impres-
sion that the columns had failed to form near

C NT-3

processed for autoradiographic analysis of geniculocortical terminals [(B) and (D)). The posmon of the
cannula is indicated by the asterisk in each case. Scale bar, 1 mm.

Fig. 4. Cortical cytoarchitecture is unaf-
fected by NT-4/5 infusion. (A) Autoradio-
graph of a horizontal section shown in
dark-field optics to indicate affected and
unaffected ocular dominance patches in
layer 4. The section shown was located
~1.3 mm below the tip of the cannula. (B)
Bright-field photomicrograph of a section
adjacent to that shown in (A) at identical
magnification, stained with cresyl violet.
Boxed regions corresponding to an area in
which the pattern of ocular dominance col-
umns was disrupted (C) and a distant area
in which columns were unaffected by NT-
4/5 infusion (D) are shown at higher mag-
nification. (E) Region within the visual cor-
tex from the untreated hemisphere corre-
sponding in location to that shown in (C).
The position of the cannula is indicated by
the asterisk. Scale bar, 1 mmin (A) and (B),
0.25 mm in (C) through (E). Cortical layers
are indicated by the number in (C) through
B).
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the infusion site (Fig. 2A). Fluctuations in
grain density in the region close to the infu-
sion site were of very small amplitude, rem-
iniscent of or even smaller than those ob-
served to be present at P28, the time when
the infusions were begun (3). Furthermore,
grain density remained essentially flat over
at least 5 mm in the central region of the
infusion. At further distances, clear oscilla-
tions in grain density, indicative of the pres-
ence of ocular dominance columns in layer
4, are evident. Moreover, at the furthest
distance below the cannula tip, periodic fluc-
tuations of modest amplitude in grain densi-
ty are apparent in the affected region, which
is significantly smaller in size than that closer
to the cannula tip. The grain density profile
was similar in BDNF-infused brains, al-
though the region of diminished oscillations
in grain density was smaller than in the
NT-4/5-treated cortex (Fig. 2B) (21). We
also noted that the average grain density in
the region close to the cannula tip was high-
er than that in surrounding areas (Fig. 2, A
and B), which suggests that an increase in
axonal branching may have occurred. How-

.ever, regional variations in average grain

density were also present in other animals,
including untreated controls (Fig. 2E),
which suggests that nonuniform uptake of
PPHlproline within the retina or other factors
might account for this observation. Finally,
NGF and NT-3 had no effect on fluctuations
in silver grain density in layer 4 at any
distance from the infusion site (Fig. 2, C and
D) and, on average, the grain density profiles
were indistinguishable from those in normal
(Fig. 2E) and control brains in terms of both
distinctness and periodicity (which ranged
from 0.35 to 0.5 mm) of ocular dominance
columns.

The differences found between the var-
ious neurotrophins in their ability to pre-
vent segregation could be due to differences
in their intrinsic biochemical roles in the
developing visual cortex; alternatively, they
could reflect differences in their ability to
diffuse from the site of administration. To
distinguish between these possibilities, we
performed an immunohistochemical analy-
sis. Antibodies specific for recombinant hu-
man NT-4/5 (Fig. 3A) or NT-3 (Fig. 3C)
were used to detect these particular infused
neurotrophins in tissue sections at the com-
pletion of the experiments (22). In each
case, infused neurotrophins were detected
at some distance from the infusion site, and
there was a good correlation between the
area of neurotrophin immunostaining and
the region of layer 4 lacking ocular domi-
nance patches. Diffusion within the white
matter was most extensive (note, for exam-
ple, the spread of NT-4/5 and NT-3 in the
anterior-posterior axis in these horizontal
sections), which suggests that white matter
presented less of a barrier, but diffusion into



the adjacent cortical plate was also ob-
served, apparent as diffuse extracellular
staining at higher magnification in the
same sections. These observations and the
likelihood that the neurotrophins were pro-
vided in considerable excess (23) indicate
that the effect of NT-4/5 and BDNF on the
segregation of LGN axons in layer 4 and the
lack of effect of NT-3 and NGF are likely
due to specific differences in their biochem-
ical roles, rather than to differences in their
bioavailability after infusion.

The absence of clear ocular dominance
patches within layer 4 was not due to any
obvious effect of neurotrophin infusion on
the gross histological organization of the
cortex. Cresyl violet staining of sections
adjacent to those analyzed for the pres-
ence of ocular dominance columns (Fig. 4)
revealed that the cortical layers appeared
essentially normal, regardless of their
proximity to the infusion site (24). More-
over, comparison of adjacent dark-field
(Fig. 4A) and nissl-stained (Fig. 4B) sec-
tions indicated that the restriction of
LGN axon terminals to layer 4 was not
altered by the treatment; only the segre-
gation into eye-specific patches was affect-
ed. In addition, the fact that there was a
high grain density, indicative of robust
innervation by geniculocortical afferents,
in those areas of cortex in which columns
failed to form suggests that the axonal
pathways were not themselves damaged or
disrupted (Fig. 4A).

This study reveals an effect of neuro-
trophins on the anatomical organization
of the system of ocular dominance col-
umns within the mammalian visual cor-
tex. It is important that these effects were
seen at the level of the geniculocortical
connections, because it is the LGN axons
themselves that are involved in the activ-
ity-dependent competition. Moreover, the
experiments reported here contrast in sev-
eral important respects with previous stud-
ies of the effect of neurotrophins on the
ocular dominance of cortical neurons (25,
26). Intraventricular infusion of NGF dur-
ing the analogous critical period in the rat
or the cat can prevent the physiological
shift toward the open eye produced by
monocular eye closure (26). In those ex-
periments, the effects of NGF on the an-
atomical segregation of LGN axons in lay-
er 4 were not assessed. The mechanism of
this effect is not interpretable currently
because neither visual cortical neurons
nor LGN axons are known to express
TrkA, a specific receptor for NGF. How-
ever, it is possible that other neuronal
systems sensitive to NGF (for example,
the basal forebrain cholinergic projections
to the cortex) might be involved in mo-
nocular deprivation plasticity (27). NGF
infusion into visual cortex also can cause a

physiological shift in responsiveness to-
ward the open eye after monocular occlu-
sion in the adult cat, when there is normally
little plasticity (25). As seen here, the lack of
effect of NGF on the segregation of LGN
axons into ocular dominance columns is not
necessarily at odds with the results of these
other studies, given major differences in the
age of infusion and experimental model (ini-
tial formation versus later plasticity of ocular
dominance columns) and the method of as-
say of the effect (anatomical versus electro-
physiological).

These observations demonstrate that
the presence of excess amounts of BDNF
or NT-4/5 in visual cortex disrupt the
formation of ocular dominance columns,
either by arresting or permanently block-
ing segregation of LGN axons. Because
both of these neurotrophins are ligands of
TrkB, it seems likely that TrkB is the
receptor through which the disruption of
ocular dominance columns is mediated. In
the carnivore, TrkB is present in both the
LGN and the visual cortex at develop-
mental times comparable to the period
covered by the experiments described here
(15). These observations suggest that
LGN axons are likely targets of BDNF or
NT-4/5 (28, 29). If so, infused TrkB li-
gands could directly alter the development
of LGN axons through binding to TtkB on
the axon terminals, triggering signal trans-
duction cascades that modulate axon re-
modeling. Moreover, the fact that segre-
gation of LGN axons is prevented by
flooding visual cortex with excess BDNF
or NT-4/5 suggests that neurotrophins are
normally present in limiting amounts,
thereby creating a true competitive situa-
tion. A specific role for endogenous TrkB
ligands in the competitive remodeling of
axon terminals requires a source of these
neurotrophins. Although the presence of
small amounts of BDNF mRNA in layer
4 —subject to regulation by activity—has
been demonstrated in the rat visual system
(12) and we have also detected BDNF
mRNA in the developing cat visual cortex
(13), it is not known whether NT-4/5 is
expressed by layer 4 neurons in any spe-
cies. An important test of whether endo-
genous neurotrophins function during the
normal formation of ocular dominance
columns is a demonstration that blocking
the function of the relevant neurotrophins
prevents segregation in layer 4.
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sions, the tip of the minipump cannula, a 28-gauge
stainless steel needle that was unbeveled, was
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sagittal suture. Neurotrophins (Genentech, South
San Francisco, CA) at a concentration of 0.2 mg/ml
in 10 mM sodium phosphate buffer, pH 7.4, 140
mM NaCl, and 3.7 mM KCI (PBS), containing bo-
vine serum albumin (1 mg/ml), were infused at a
rate of 2.4 wg/day unless otherwise noted. To re-
veal the ocular dominance patches in layer 4, we
labeled geniculocortical afferents with the trans-
neuronal tracer [*Hjproline injected intraocularly,
ipsilateral to the cortical hemisphere receiving the
neurotrohpin infusion. The projection from the ipsi-
lateral eye was studied because it is not confound-
ed by the spillover of radioactive label from fibers of
passage into the LGN layers receiving input from
the uninjected eye (3). Experiments were terminat-
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mal circumstances using the technique of transneu-
ronal transport.
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of the neurotrophin or an inability of neurotrophin
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dominance patches in area 18, which is known to
occeur earlier than in area 17.

20. Dark-field images were directly imported from mi-
croscope slides by means of a video camera with
the use of Metamorph (Universal Imaging). For
each slide, layer 4 was subdivided into a series of
overlapping linear segments. A window was drawn
around each segment and a grain density profile
was generated with Scion 1.55 (National Institutes
of Health). Grain density profile data were spliced to
create the continuous linear profiles shown (Fig. 2).

21. Measurements of grain density in the BDNF- or NT-
4/5-treated brains indicate that the average diame-
ter of the region over which grain density fluctuation
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(n = 4 animals) and 5 + 0.8 mm for NT-4/5 (n = 4
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after preabsorption with antigen (J. Dugich-Djord-
jevic et al., unpublished results). After perfusion,
brains were dissected, postfixed in 4% paraform-
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within the cortical plate were smaller than those in
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infused neurotrophins. Finally, the neurotrophins
maintain at least 80% of their activity upon storage
for 2 weeks at 37°C [L. R. Williams, Neurobiol. Aging
2, 39 (1991); F. Hefti, personal communication].
Thus, it is unlikely that differences in the effective
concentrations, diffusion properties, or stability of
the different neurotrophins could account for the lack
of effect of NGF and NT-3.

24. In several animals, the infusion itself created a large
hole in the white matter. However, in control ani-
mals this did not have any effect on cortical plate
morphology or on the formation of ocular domi-
nance columns, even in close proximity to the infu-
sion site. Furthermore, the presence of a hole at the
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site of infusion did not affect the diffusion of neuro-
trophins into the surrounding white matter and cor-
tex, as determined immunohistochemically. Corti-
cal plate morphology was indistinguishable from
that of controls in two of the four BDNF-infused
brains and in two of the four NT-4/5~infused brains
(as well as in those brains in which NGF or NT-3
had been infused). In the remaining brains (two with
BDNF; two with NT-4/5), some disorganization and
decrease in cell number was observed in cortical
layers 4 and 5, but only in very close proximity to
the site of infusion and over a much smaller area
than that in which ocular dominance patches were
absent.
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28. Asan alternative, it is possible that the effects of the
infused NT-4/5 and BDNF are mediated indirectly,
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neurons. For example, it is known that many pyra-

midal neurons in cortical layers 3 and 5 are also
immunoreactive for TrkB (76). However, given the
absence of direct connections between LGN axons
and layer 3 or layer 5 neurons, we consider it un-
likely that the responses of the neurons to neuro-
trophins would have a direct effect on the behavior
of LGN axons.

29. Subplate neurons have been shown to be required
for the formation of ocular dominance columns [A.
Ghosh and C. J. Shatz, J. Neurosci. 14, 3862
(1994)]. However, it is unlikely that the results pre-
sented here reflect a modulation of subplate neuron
survival, which might in turn have altered column
formation. The major phase of subplate cell death is
already over by P28 [J. J. M. Chun and C. J. Shatz,
J. Comp. Neurol, 282, 555 (1989)], the time at which
these infusions were begun, and preliminary analysis
does not indicate significant changes in subplate
neuron survival that are a result of neurotrophin infu-
sion at this particular age.
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TECHNICAL COMMENTS

The Body Temperature of Tyrannosaurus rex

R. E. Barrick and W. J. Showers (1) pur-
port to show that the oxygen isotope signa-
ture of Tyrannosaurus rex bone phosphate
indicates that this species was homeother-
mic. A statistical analysis of their results
based on our knowledge of bone remodel-
ling processes shows that the data is consis-
tent with a widely varying body tempera-
ture for T. rex.

Living compact bone is remodeled by
the construction of individual Haversian
systems, so that the shortest event that
could possibly be investigated for palaeo-
thermophysiology is the time taken for this
process. The same applies to other tech-
niques including palaeodietary reconstruc-
tion (2). In adult animals this process does
not take place in adjacent Haversians in
sequence, but essentially randomly through-
out the bone. Samples taken across a bone
do not, therefore, “record physiological
conditions over time,” as Barrick and
Showers state, but events randomly scat-
tered through an individual creature’s life.
Moreover, samples which include mineral
from more than one Haversian system will
produce results averaging different times in
the individual’s life. The method used by
Barrick and Showers (3) uses a sample of
some 30 mg of phosphate, which is there-
fore a volume of at least 1 mm? of bone (at
an overestimated density for bone of 3 g
cm™?). Haversian systems are typically cyl-
inders of diameter 200 wm, which if a 1 mm
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length of a system is taken has a volume of
0.031 mm?. I therefore estimate that each
sample of bone taken represented a mini-
mum of 32 Haversian systems, and therefore
that each of the measurements made was
the average of the values for 32 Haversian
systems.

Taking a series of measurements, each of
which is the average of 32 individual events,
will lead to the same mean value, but the
variance of the measurements will be 32
times smaller than the true variance for
those events, and thus the spread of the data
will be V32 = 5.7 times smaller than the
true spread. Using this factor to multiply up
the ranges observed for single skeletal ele-
ments of 1.7° to 3.8°C gives ranges of 9.7° to
21.7°C. These ranges must be regarded as
minimum estimates, because of the small
value taken for the sample volume.

Such large temperature variations pre-
clude the classification of T. rex as a ho-
meotherm, but they are concordant with
Barrick and Showers’ estimate of 20°C as
the annual variation in the core body tem-
perature of a 5000-kg bradymetabolic
hadrosaur. It must be concluded that T. rex
was an ectotherm, not a homeotherm.
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