
with LTP in CAI (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. 

REFERENCES AND NOTES 

I. R. Klein eta/. , Cell 61, 647 (1 990); F. Lamballe et a/. , 
ibid. 66, 967 (1 991); P. Enforrs eta/. , Eur. J. Neuro- 
SCI. 4, 1 140 (1 992). 

2. F. Zafra eta/. , EM60 J. 9, 3545 ( I  990). 
3. S. L. Patterson eta/. , Neuron 9, 1081 (1 992). 
4. B. Lu et a/., Proc. Natl. Acad. SCI. U.S.A. 88, 937 

(1 991 ); P. J. lsackson et a/. , Neuron 6, 937 (1 991 ).  
5. A. M. Lohof et a/. , Nature 363, 350 (1 993). 
6. Hippocampa slices were prepared from young adult 

male Sprague-Dawley rats (mean age = 46.8 t 1.4 
days). Slices were submerged ~n a stream of ACSF 
(flow rate 250 ml/hour) (1 19 mM NaCi, 2.5 mM KCI, 
1.3 mM MgSO,, 2.5 mM CaCl,, I .O mM NaH,PO,, 
26.2 mM NaHCO,, and 11 .O mM glucose) maln- 
ta~ned at room temperature (22" to 25°C) and 
gassed with 95% 0, and 5% CO,. Field EPSPs, 
measured in the stratum rad~atum, were evoked by 
stimulation of the Schaffer collateral-comm~ssural af- 
ferent~ (once every 15 s); the in~tial ( I  to 2 ms) slope 
was measured. Percent basel~ne values are reported 
for 1 hour after neurotroph~n add~t~on or LTP lnduc- 
t~on. Input resistance was monitored before and after 
neurotroph~n application by current inject~on through 
intracelular recording electrodes placed in the stra- 
tum pyramidale of CAI. Ensemble average plots rep- 
resent group means of each EPSP, for all experl- 
rnents, aligned with respect to the time of neurotro- 
phin application or LTP induction (four lndlvidual 100- 
Hz trains delivered for 1 s each at the test intensity; 
intertrain interval = 15 s). To assess statistical signif- 
icance, paired t tests were done on nonnormalized 
data, comparing mean EPSP slope values for the 10 
min preceding the application of the neurotrophin to 
values 50 to 60 min after app~cation. P values great- 
er than 0.05 are designated as NS. 

7. Great care was taken in the application and storage 
of the neurotrophic factors. BDNF and NT-3 were 
kept at 7 0 ° C ;  phosphate buffer stock solutions 
were made every 1 to 3 days and kept at 4°C. NGF 
[R&D Systems, M~nneapolis, MN) was kept at 4°C. 
New supplies of NT-3 and BDNF were obtained on a 
regular basis (every 2 to 4 months), as ~t was ob- 
served that Individual stocks became less potent 
over time. BDNF was prepared in phosphate-buff- 
ered saline (PBS) and NT-3 was prepared ~n 0.5% 
sucrose and 4.5% mannitol. Application of veh~cle 
alone at the appropriate dilutions (1 0-5 to 1 0-6) had 
no effect on synaptic transmission. The perfusion 
apparatus was modified to include chem~cally inert 
materials: silicon tubing and a Teflon beaker. Bovine 
serum albumin was not used as a carrier, because 
prevlous work (79) has suggested that it has inde- 
pendent effects on synaptic transm~ssion and LTP in 
the hippocampus. The K252 compounds (Kamiya 
B~ochemical, Thousand Oaks, CA) were kept as 1 O4 
stock solutions in dimethyl sulfoxide (DMSO) at 4°C. 
The final concentration of DMSO in our experiments 
was 0.01 %, which has no detectable effect on syn- 
apt~c transmission. 

8. M E. Vasquez and T. Ebendal, Neuroreport 2, 593 
(1991). 

9. A. Ghosh, J. Carnahan, M. E. Greenberg, Science 
263, 1618 (1994). 

10. H. Kang and E. M. Schuman, data not shown. 
11. The amplitude of the presynaptic fiber volley did not 

change significantly after treatment with BDNF (20 
ng/ml) (mean percent of baseline: 106.2 + 3.6; n = 
12) or NT-3 (20 ng/ml) (mean percent of baseline: 
107.0 t 4.1 ; n = 11 ). The input resistance of CAI 
neurons did not change significantly after treatment 
w~th BDNF (50 ng/ml) (mean percent of baseline, 
94.0 + 7.2; n = 6) or NT-3 (50 ng/ml) (mean percent 
of baseline: 87.6 + 11.9; n = 5). Although simulta- 
neous measurements of the population spike in the 
CA1 pyramidal cell layer revealed significant increase 
in amplitude on exposure to either BDNF or NT-3 
[mean percent of baseline: BDNF, 2530.0 + 60.5% 
(n = 3); NT-3, 230.7 2 47.0% (n = 311, multiple 
populat~on spikes were never observed as would be 
expected if the slice were exhibiting epileptic activity 
or large increases in neuronal excitability. 

12. At 200 nM, K252a potently inh~bits receptor tyrosine 
k~nases, whereas a fivefold greater concentration of 
K252b is required to achieve similar levels of inhibi- 
tion. B. Knusel and F. Hefti, J. Neurochem. 57, 955 
(1991); M. M. Berg, D. W. Sternberg, L. F. Parada, 
M. V. Chao, J. Biol. Chem. 267, 13 (1 992); P. Tapey, 
F. Lambale, M. Barbac~d, Oncogene 7, 371 (1992). 

13. B. Katz and R. Miledi, J. Physiol. (London) 195, 481 
(1 968). 

14. T. Manabe, D. J. A. Wylie, D. J. Perkel, R. A. Nicoll, 
J. Neurophysiol. 70, 1451 (1 993). 

15. PPF was examined at three interstimulus intervals: 
100, 50, and 25 ms. BDNF decreased PPF to 92.0, 
77.4, and 66 9% of control levels (n = 71, respective- 
ly, without reducing the st~mulus strength, and to 
93.7, 78.0, and 67.8% of control levels (n = 3) when 
the stimulus strength was reduced to match the size 

of the f~eld EPSP to pre-BDNF levels. PPF after NT-3 
application was 103.0, 90.0, and 67.7% of control 
levels (n = 6) w~thout stimulus readjustment, and 
108.6, 89.4, and 74.9% of control levels (n = 2) with 
st~mulus readjustment. PPF measurements were 
made from 30 to 90 mln after neurotrophin washout. 
PPF after LTP was 108.1, 104.4, and 100.3% of 
control levels (n = 4) without stimulus readjustment. 

16. To maximally induce LTP, we delivered two to four 
sets of tetanic stimuatlon (one set = four tralns of 
100-Hz stimulation delivered for 1 s; inter-train inter- 
val = 15 s, inter-set interval = 5 to 20 min) until the 
field EPSP had reached its apparent maximum value 
and no further potentiation could be elic~ted. This 
stimulation protocol resulted ~n LTP of the following 
magnitude: mean percent of baseline -t SEM: 183.6 
+ 23.4% (n = 10). The magnitude of this potentiation 
was not s~gnificanty different from the potentiation 
obtained w~th the use of normal induction protocols 
(one set of tetan~c stimulat~on) [170.5 + 8.4% (n = 

1 6)l. 
17. U. irey, M. Krug, K. G. Reymann, H. Matthies, Brain 

Res. 452, 57 (1 988). 
18. P. V. Nguyen, T. Abel, E. R. Kandel, Science 265, 

1 104 (1 994). 
19. F. P. Belinger, S. Madamba, G. R. Siggins, Brain 

Res. 628, 227 (1 993). 
20. We thank D. Anderson, M. Kennedy, G. Laurent, P. 

Patterson, and members of the Schuman lab for 
helpful discussions and comments and C. Hung for 
wr~ting data acquisition and analysis software. We 
thank Amgenforsupplying BDNF and NT-3. E.S. IS a 
John Merck Scholar and an Alfred P. Sloan Fellow. 

27 October 1994; accepted 10 February 1995 

Inhibition of Ocular Dominance Column 
Formation by lnfusion 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. lnfusion 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. lnfusion 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-415, 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. 

O n e  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 ( I  ). 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- 
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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- 
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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 neurotro~hin familv. which 
is comprised of nerve grokh f a c t o ; ( ~ ~ ~ ) ,  
BDNF, NT-3, and NT-41.5 (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 
neurotro~hins mav also modulate other as- 
pects of neuronal development, including 
synaptic transmission (9) and axonal and 
dendritic arborization (1 0). Moreover, neu- 
rotrophins are expressed in the cortex (7, 
11-1 3), 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 ~ostulated to ~ar t ic i~a te  in activ- 
itydependent 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-41.5, 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 TrkC during the eye- 
specific segregation of LGN axons. If so, we 
reasoned that supplying an excess of one of 
these neurotro~hins would remove the basis 
for competitio; 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 (1 7) into cat visual cortex from 
posmatal 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 [3H]proline 
ipsilateral to the cortical hemisphere re- 
ceiving the neurotrophin infusion (3, 1 7). 
Comparison of normal animals (n = 4) 

with animals infused with the vehicle solu- 
tion (1 7) (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. 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-415 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. lB), without the 
patchlike pattern indicative of the pres- 

Fig. 1. lnfusion 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 (16, 17). Geniculo- 
cortical afferents were labeled with the 
transneuronal transport of rflproline. 
injected intraocularly ipsilateral to the 
infused hemisphere. Radioactively la- 
beled LGN axons were visualbed 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 &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 pglday) was infused 
from P27 to P42. The section shown 
was 1.3 mm below the tip of the can- 
nula. (C) BDNF (1.2 &.day) was in- I 
fused 'from P27 to ~ 3 5 .  The section 
shown contains the hole generated by 
the tip of the cannula (D) NT-3 (2.4 pgl 
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, 
lateral. Whie arrows denote the approximate borders of the area affected by neurotrophin infusion. 

I Co 5 io 1.5 20 2'5d 5 10 15 20 2'5 
Distance (mm) D i ince  (mm) 

Fig. 2. Quantitat'w determination of the effects of neurotrophin infusion on silver grain density in layer 4. 
(A) lnfusion of NT-45. Three sections located at different distances below the tip of the cannula (0.66 mm, 
as in Fig. 38; 1.32 mm, as in Fig. 1 8; and 1.98 mm) were analyzed. Profiles are aligned on the basis ofthe 
position of the cannula in the anterior-posterior axis. (B) lnfusion of BDNF (as in Fig. 1 C). (C) lnfusion of NGF 
(as in Fig. 1A). (D) lnfusion of NT-3 (as in Fig. 1 D). (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 
in layer 4 of NT-45- 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 
laver 4 was obsewed 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-415 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-415 infusion 
because uniform labeling was drily appar- 
ent in primary visual cortex within 1 to 2 
mm of the infusion site (see Fig. 2) (1 9). 
Infusion of NT-3 had no effect on the 
pattern of ocular dominance patches (n = 

2) (Fig. ID) despite the fact that its re- 
ceptor, TrkC, is known to be present at 
comparable times in the developing ferret 
visual cortex and LGN (1 5). Thus, infu- 
sion of NT-415 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-415-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 

Fig. 3. As~e~sment of A - NT-415 - P  NT-3 
the diffusion of infused - - - 
NT-4/5 and NT-3 within I 

the visual cortex. Hori- w I 

zontal sections obtained + I 
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 ~-~ - 

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

Fig. 4. Cortical cytoarchiiecture 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 thepattern of ocular dominance col- 
umns was disrupted (C) and a distant area I 
in which columns were unaffected by NT- k - X ' 

4/5 infusion (D) are shown at higher mag- ' &s-. 
nification. (E) Region within the visual cor- TY'l- tex from the untreated hemisphere corre- , sponding in location to that shown in (C). . 
The position of the cannula is indicated by 2 a '' ~ ;' ;,::f!,; 1 
the asterisk. Scale bar, 1 mm in (A) and (B), :. ' 5 4"'. , . . < .  

0.25 mm in (C) through (E). Cortical layers 2a .. , I I 

are indicated by the number in (C) throuqh 

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- 
sewed 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 sienificantlv smaller in size than that closer 
to &e cannuia 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-415-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 
[3H]proline 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-415 (Fig. 3A) or NT-3 (Fig. 3C) 
were used to detect these particular infused 
neurotro~hins in tissue sections at the com- 
pletion Af 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-415 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 
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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-415 and BDNF on the 
segregation of LGN axons in layer 4 and the 
lack of effect of NT-3 and NGF are likelv 
due to specific differences in their biochem- 
ical roles, rather than to differences in their 
bioavailability after infusion. 

T h e  absence of clear ocular dominance 
patches within layer 4 was not due to  any 
obvious effect of neurotroohin infusion o n  
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 laver 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 o n  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 o n  the an- 
atomical segregation of LGN axons in  lay- 
er 4 were not  assessed. T h e  mechanism of 
this effect is not interpretable currently 
because neither visual cortical neurons 
nor LGN axons are known to express 
TrkA, a soecific receDtor 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). N G F  
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 
necessarilv 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-415 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 uresent in both the 
LGN and the visual k r t e x  at develop- 
mental times com~arab le  to the ~ e r i o d  
covered by the experiments described here 
(15). These observations suggest that 
LGN axons are likely targets of BDNF or 
NT-415 (28,  29). If so, infused TrkB li- 
gands could directly alter the development 
of LGN axons through binding to TrkB 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-415 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 reauires 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 
(1 3) ,  it is not known whether NT-415 is 
expressed by layer 4 neurons in  any spe- 
cies. A n  imuortant 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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WTECHNICAL COMMENTS 

The Body Temperature of Tyrannosaurus rex 

R. E. Barrick and W. J. Showers ( I )  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  lace in adiacent Haversians in 
sequence, but essentially randomly through- 
out the bone. S a m ~ l e s  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 svstem will 
produce results averaging different times in 
the individual's life. The  method used bv 
Barrick and Showers (3) uses a sample of 
some 30 mg of phosphate, which is there- 
fore a volume of at least 1 mm3 of bone (at 
an overestimated density for bone of 3 g 
cmP3). Haversian systems are typically cyl- 
inders of diameter 200 pm, which if a 1 mm 

length of a system is taken has a volume of 
0.031 mm3. 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 
svstems. 

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 a = 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 3.8OC 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 s a m ~ l e  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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