
glycine receptors (Fig. 3D). This design 
accounts for the pre- and postsynaptic ef- 
fects of 5HT (Fig. 3E) observed in our 
studv. 

Various mechanisms-for example, a de- 
crease in K+ conductances (2) or an increase 
in Ca2+ conductances (1 7) and in intracellu- 
lar ca2+ contents (18)--could account for 
these observations. Several lines of evidence, 
from 12 additional experiments, point to- 
ward an involvement of K+ channels. These 
results showed that 5IIT has opposite effects 
on (presumably different) K+ channels in 
the M cell and in the presynaptic terminals. 
Postsynaptically, 5HT opened K+ conduc- 
tances that showed inward rectification (29) 
and were blocked by Cs ions (2 to 5 mM; 
n = 7). At the presynaptic terminal, 5HT, as 
well as K' channel blockers such as Cs (2 to 
5 mM; n = 7) and tetraethylammonium (1  
mM, n = 5), increased synaptic noise. 

Facilitation of excitatory transmitter re- 
lease by 5HT (5 ,  20) has been implicated in 
sensitization in Aplysia (I) ,  whereas in other 
systems this mine may have a net inhibitory 
effect, such as with the restraint inhibition of 
the crayfish escape reflex (21). Our results 
define a structural locus for this type of 
modulation that is restricted to the presyn- 
aptic terminals and distant from the soma of 
the interneuron (7). They thus extend the 
notion of facilitated release to inhibitory 
networks and suggest that a reinforcement 
of glpcine transmission might underlie ha- 
bituation (22) of M cell-mediated escape 
reactions. 
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Neural Connections Between the Lateral Geniculate 
Nucleus and Visual Cortex in Vitro 

NOBUHIKO YAMAMOTO, TOHRU KUROTANI, KEISUKE TOYAMA 

Neural connections were established in cocultures of rat visual cortex (VC) and lateral 
geniculate nucleus (LGN), which were isolated in early infancy. Morphological and 
electrophysiological studies showed that the cortical laminar organization of afferent 
and efferent connections in the coculture preparations was similar to  that in the adult 
VC. The results indicate the existence of intrinsic mechanisms in VC and LGN that 
guide the formation of synaptic connections with the appropriate targets. 

T HE QUESTION OF HOW SPECIFIC 

neural connections in neocortical 
structures are established during de- 

velopment has been one of the central prob- 
lems in neurobiologp. The visual cortex 
(VC), characterized by well-developed lami- 
nar organization of neural connections (1, 
2), is the optimal material for studies that 
address this question. Because the lanlinar 
organization is immature at birth and devel- 
ops in the early postnatal life of the animal, 
there should be mechanisms in infant VC 
that guide axonal extension and synapse 
formation with appropriate targets to pro- 
duce stereotyped laminar structures (3-5). 
We investigated the mechanisms underlying 
the specific neural connections between VC 
and lateral geniculate nucleus (LGN) by 
using a coculture technique (6) .  Our results 
demonstrate that neural connections with 
laminar specificity can be established in 
LGN-VC cocultures, suggesting the exis- 
tence of intrinsic mechanisms that control 
axonal growth and synaptogenesis. 

Whole blocks of LGN (0.8 mrn by 0.6 
mm by 0.3 mm) were dissected from 16- to 
17-dap-old rat fetuses, which were removed 
from the mother (Sprague-Dawley) under 
pentobarbital anesthesia (5, 7). VC slices 
(0.3 to 0.5 mm thick) were dissected from 
1- to 3-day-old rats. A pair of the LGN and 
VC were plated on a culture dish with a 
collagen-coated membrane (Coster, Trans- 
well-Col) in serum-free, hormone-supple- 
mented medium (8). The LGN explant was 
placed in contact with or at a distance of 

<0.5 mm to the ventral surface of the VC 
explant. The cultures were maintained at 
37°C in humidified 95% air and 5% C02. 

Massive neurite connections developed 
between the LGN and VC explants in 37 of 
59 cocultures (Fig. 1A). Morphological and 
electrophysiological studies were usually 
conducted after 2 to 3 weeks in culture. 
Nissl-stained sections of the VC explant 
demonstrated laminar and columnar organi- 
zation composed of pyramidal or granular 
cells (Fig. lB), which resembled that of 
normal rat VC (Fig. 1C). There was not 
much difference in the cell size (10 to 20 
pm) between the VC explant and normal 
VC. However, the entire cortical thickness 
of the VC explant was commonly slightly 
smaller than that of the normal VC (Fig. 1, 
B and C). This seems to be attributable to 
thinner supragranular layers, suggesting re- 
tardation in development of these layers. 

Neuronal connections between the LGN 
and VC explants were studied in 13 cocul- 
tures by antero- and retrograde labeling 
with horseradish peroxidase (HRP) or a 
fluorescent dye (DiI, Molecular Probes) (4, 
9, 10). HRP-anterograde labeling of the 
LGN axons, with very few retrogradely la- 
beled VC cells is shown in Fig. 1D. Most of 
the labeled axons extended along the colum- 
nar structure in the VC and branched in and 
around the granular layer. Anterograde la- 
beling with DiI showed the axonal arboriza- 
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tion and bouton-like swellings (Fig. lE), 
which were analogous to the morphology of 
the normal geniculate axons (1 1). 

In other instances there was preferential 
HRP-reaograde labeling of the VC cells 
(Fig. IF). The labeled cells were most fre- 
quently encountered in the lower half of the 
infiagranular layers, less frequently in the 
upper half, and very rarely in the supragran- 
ular and granular layers. Altogether, the 
major morphological features of the VC 
explant, such as cell size and laminar organi- 
zation of neural connections, were compara- 
ble to those in the adult VC (1). Likewise, 
neuronal size and morphology in the LGN 
explant resembled those in the normal LGN 
(12). 

The neural connectivity between the 
LGN and VC explants was investigated 
electrophysiologically with a method similar 
to that used in the VC slice preparations (5, 
13, 14). Field potentials (FPs) evoked by 
stimulating the LGN explant were promi- 
nent in the granular layer of the VC explant 
in all six cases (traces FP in Fig. 2A). The 
current source-density (CSD) analysis of the 
FPs revealed current sinks (hatched area in 
traces CSD), representing excitatory synap- 
tic transmission (15). The current sinks con- 
tained the early and late components dis- 
criminated according to the critical latency 
(dashed line in traces CSD) for mono- and 
polysynaptic transmission, which was in- 
ferred from the latency-distance relation in 
intracellular responses- (1 6). The early cur- 
rents were distributed around the granular 
layer, whereas the late currents were rather 
dominant in the supragranular layers. This 
distribution resembled that of the normal 
VC (Fig. 2B) and LGN-VC transplant 
preparations (9, except that late currents 
were considerably smaller in the cocultures 
than those in the normal VC (Fig. 2, A and 
B). Furthermore, possible contribution of 
the VC efferent to the LGN-evoked re- 
sponses was investigated in the control ex- 
periments (n = 4), in which LGN-VC con- 
nections were transected and CSD analvsis 
was performed 2 days after the transection 
by stimulating the proximal cut end. It was 
found that the early currents in the granular 
layer almost disappeared, although there 
were current sinks in the supra- and infia- 
granular layers probably mediated by corti- 
cal efferents (Fig. 2C). Therefore, at least the 
early currents occurring in the granular layer 
of the cocultured VC seem to reflea the 
effects mediated by the LGN axons rather 
than those mediated by the VC efferents. 

The mode of the neural connections was 
studied further by intracellular recording 
from 38 cells in nine VC explants. LGN 
stimulation produced three types of post- 
synaptic potentials: (i) a sequence of an 

excitatory postsynaptic potential (EPSP) 
and an inhibitory postsynaptic potential 
(IPSP) in 19 of 34 cells (Fig. 2D), (ii) an 
EPSP alone in 10 of 34 cells (not shown), 
and (iii) an IPSP alone in 5 of 34 cells (not 
shown). In many cells these EPSPs were 
large enough to initiate orthodromic spikes 
(Fig. 2E). 

Latencies of the postsynaptic responses 
varied among individual cells (EPSP laten- 
cies, 3 to 9 ms; IPSP latencies, 4 to 14 ms). 
In layers 11, 111, and lV (17), a clear linear 
relation was found in each layer b e e n  

EPSP latencies and distances between the 
stimulation and recording sites. The slopes (+ 
SE) of the latency-distance relation repre- 
senting the reciprocal of the conduction 
velocity of the LGN axons were roughly the 
same (2.8 + 1.5,3.0 + 0.4, and 3.0 + 0.5 s 
per meter in layers 11, 111, and IV, respec- 
tively), whereas the intersections represent- 
ing the central delays (delay for synaptic 
transmission in VC) were different accord- 
ing to the layers (1.8 + 0.8 ms, 1.1 + 0.4 
ms, and 0.9 + 0.5 ms in layers 11,111, and IV, 
respectively). The cenaal delays suggest that 

;*,. 2,. . -'.-A n. 

~ ; , ,  . . Dark-field picture of LGN 
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Fig. 1. Histological pictures 
of LGN-VC coculture. (A) 

placed at two r&ording 
sites. The arrow indicates 

Nissl-stained d o n '  (25 
m) of the VC explant (2 -. -- - - - 
weeks in vim) in compari- 
son with 3-week-old normal 
VC (C). (D) Dark-field pic- 

- ture of LGN axons antero- 
gradely labeled with HRP. 
(E) Arborization of a DI- 
labeled LGN axon in the 

- in'he VC. Upper and lower 
arrows in (B to D  id-^) indica; the supragranular-granular and granular-infragranular borders; (A) 7 
days and (B and D to F) 14 to 18 days in v~tro; bars: 500 pm in (A), 200 pm in (B to D and F), and 
160 pmin (E). 

represent positivity and cur- 
rent sinks (hatched area), re- 
spectively. The dashed line 
through CSD traces indi- 
cates the critical latency. The 

5 m ~  J 20 m~ 
cortical depth of recording 
and the supragranular-gran- 

10 ms 5 ms ular (upper horizontal ar- 
row) and granular-infia- 

granular borders (lower arrow) are indicated to the left. In (6) the CSDs were similar to (A), but 
evoked in the normal rat (21day-old) VC slice by white matter stimulation. (C) Similar CSDs were 
obtained in the control experiment, where the LGN-VC connections of the C O C U ~ N ~ ~  (16 days in vitro) 
were severed and CSD analysis was conducted 2 days after the severance by stimulation of the proximal 
cut end. The calibration for CSDs was the same in (A) to (C). (D to F) Intracellular responses in VC 
cells after 16 to 18 days in vitro. (D) Postsynaptic potential (trace i) and extracellular field potential 
(trace e). The traces represent an average of four records. (E) Orthodromic spikes. (Ff Antidromic 
spikes. Each (E) and (F) trace represents four superposed records. T i e  and voltage calibrations of 10 
ms and 5 mV apply to (D), and those of 5 ms and 20 mV to (E) and (F). Stimulus intensities and 
durations. 0.5 to 1.5 mA and 0.1 ms. The arrows indicate the moment of stimulation. 
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EPSPs in lavers I11 and IV and those in laver 
I1 represent mono- and polysynaptic trans- 
missions, respectively. A similar relation was 
found in IPSPs of layer I1 to IV cells, but 
with a greater slope (4.2 i 0.7 s per meter) 
and central delay (2.7 rir 1.4 ms), suggest- 
ing the polysynaptic nature of IPSPs. Re- 
sides the orthodromic responses, LGN stim- 
ulation produced antidromic spikes in about 
one-thiid of the infragranular layer cells 
(Fig. 2F). 

The results of the intracellular responses 
were in agreement with those reported for 
adult VC (2) and LGN-VC transplant prep- 
arations (5), except that conduction velocity 
of the LGN axons was much slower (2, 18). 

In summary, morphological and electro- 
physiological studies indicate that neural 
connections are mutually established be- 
tween the cocultured LGN and VC, preserv- 
ing laminar organization of afferent and 
efferent, and excitatory and inhibitory con- 
nectivity. Our finding; indicate the existence 
of intrinsic mechanisms yielding appropriate 
axonal extension and synapse formation in 
LGN and VC. 
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Ultraviolet Levels Under Sea Ice During the 
Antarctic Spring 

J. E. Frederick and H. E. Snell report (1) 
that the extended period of summertime 
ultraviolet (UV) radiation levels in the Ant- 
arctic during the period of ozone depletion 
may be harmhl to indigenous life forms. It 
was pointed out that since the local life 
forms may have developed only the mini- 
mum defenses necessary to tolerate the UV 
levels in which they evolved, it is reasonable 
to consider the fractional increase in the 
local yearly dose as a measure of potential 
damage. It is therefore alarming that the 
presented estimates of the UV radiance dur- 
ing October and November at McMurdo 
Sound were as large as those in mid-surn- 
mer 

The purpose of this comment is to point 
out that the spring UV enhancement will be 
exaggerated under the vast sea ice cover 
surrounding Antarctica, an environment 
rich in life. This conclusion follows from 
experiments (2-5) which clearly show that 
the ice is less turbid in early spring than later 
in the season. The increased turbidity in late 
spring results from the growth of weakly 
scattering brine inclusions as the ice warms 
and from the strongly scattering air channels 
left near the surface as brine drains into the 
bulk of the ice (4).  To date, transmission 
measurements have been made only in the 
visible part of the spectrum, but modeling of 
the difusive transport of light through sea 
ice (3, 5) permits extrapolation into the UV, 

Fig. 1. A plot of the temporal development of the 
UV radiance at 305 nm under sea ice normalized 
to thc surface radiance on 21 December (1). The 
lower curve (A) is for an unperturbed ozone layer 
assuming 315 Dobson units (DU). The upper 
curve (0) demonstrates the 20-fold increase in 
UV transmission during the presence of the 
ozone hole, assuming a changing ozone auno- 
sphere, that is, 110 DU (5 October), 250 DU (5  
November), and 315 DU (21 December) (1). 
The error bars on the point for 21  December 
cover the two turbidity limits discussed in the 
text. The error bars on the other points result 
from variations we have encountered in sea ice 
transmission. 

relying only on the UV absorption coeffi- 
cient of pure ice. This coefficient is not 
accurately known, but estimates based on 
measurements on water (6) suggest a value 
of about 0.2 m-' at 300 nm. For an absorp- 
tion coefficient in this range, we have found 
that the radiance transmitted through the ice 
falls from -0.75% in early November to 
-0.25% 3 weeks later. As a guide to evalu- 
ating the transmission beyond this period, 
we note that the measured (8) under-ice 
solar radiance in early October implies a 5% 
transmission at a wavelength (620 nm) for 
which the absorption coefficient is 0.2 m-'. 
To estimate transmission of the ice after 20 
November, we consider two limits: (i) there 
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