
then with a gradient to 90 percent for 15 
minutes. One of the peaks eluted with 
synthetic octacosa somatostatin after 35 
minutes. The other peak eluted earlier 
and was tentatively identified, by its 
similar molecular size, as somatostatin- 
25 (4-28 octacosa somatostatin), which 
has been recently isolated from ovine 
hypothalamic extracts and also exhibits 
enhanced growth hormone release-inhib- 
iting activity (7). 

The relative concentrations of somato- 
statin-14 and the 3000- and 2 5000-dalton 
species in synaptosomes and those re- 
leased by stimulation with 10 K M  iono- 
phore A23187 or 100 mM KC1 (Table 1) 
show that, relative to somatostatin-14, 
substantial quantities of the 3000-dalton 
species are released from synaptosomes. 
Furthermore, since the cross-reactivity 
of octacosa somatostatin with the antise- 
rums used is low, these values were an 
underestimate of the mass of the re- 
leased 3000-dalton species. On a molar 
basis, approximately 0.8 and 5 times as 
much 3000-dalton somatostatin as soma- 
tostatin-14 is released by stimulation 
with KC1 and ionophore A23187, respec- 
tively (Table 1). Since the growth hor- 
mone release-inhibiting activity of octa- 
cosa somatostatin and somatostatin-25 is 
1 to 14 times that of somatostatin-14 on a 
molar basis (6, 7, 9), the total bioactivity 
released as the 3000-dalton species could 
be even greater than that secreted as 
somatostatin-14, Thus, in vivo, the se- 
creted 3000-dalton species potentially 
exert a greater regulating influence on 
growth hormone secretion than somato- 
statin does. 

Our findings demonstrate that, in addi- 
tion to somatostatin-14, immunoreactive 
species of 3000 daltons (which include 
octacosa somatostatin) and a species of 
5000 daltons or more are present in syn- 
aptosomes isolated from ovine stalk me- 
dian eminences. Moreover, both soma- 
tostatin-14 and the octacosa species are 
released from these synaptosomes by 
100 mM KC1 or by the calcium iono- 
phore A23187, agents known to stimu- 
late somatostatin secretion from synap- 
tosomes in a physiologically meaningful 
manner (8, 11). 

Octacosa somatostatin is thought to be 
a prohormonal form of somatostatin-14 
(5, 6 ) .  It has also been postulated that 
somatostatin-14 is a biologically active 
fragment of a larger molecule of greater 
specific activity, rather than octacosa 
somatostatin being a precursor of the 
tetradecapeptide (7). In all probability, 
octacosa somatostatin has both a hor- 
monal and prohormonal role. Our finding 
that somatostatin-14 and octacosa soma- 
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tostatin occur in and are secreted from 
stalk median eminence nerve endings 
points to a biological function for both 
forms. The existence of at least two 
biologically active secreted forms of so- 
matostatin suggests that there may be 
subtle differences, yet to be elucidated, 
in the regulatory function of the two 
peptides. 
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Single Neostriatal Efferent Axons in the Globus Pallidus: 

A Light and Electron Microscopic Study 

Abstract. Intracellularly labeled rat neostriatal projection neurons were analyzed 
with both light and electron microscopy. The axons of medium spiny neurons were 
traced into the globus pallidus and were found to make synaptic contacts with 
pallidal dendrites. Despite the common somato-dendritic morphology of the neo- 
striatalprojection neurons, two different distribution patterns of efferent axons were 
observed, indicating the presence offunctionally different medium spiny neurons in 
the neostriatum. 

Intracellular labeling techniques com- collaterals (4). Detailed electron micro- 
bined with intracellular recording allow scopic observations of the somata, den- 
direct correlative analysis of structure drites, and intrastriatal connections of 
and function of individual neurons (I). these neurons have also been described 
Traditional classification of neurons, (5). We report that these medium spiny 
based on morphological characteristics, neurons may be further subdivided on 
may now be correlated with physiologi- the basis of differences in extrinsic axon 
cal properties as determined by intracel- distribution patterns. We also analyzed 
lular recording. For example, it has been the synaptic contacts and postsynaptic 
demonstrated that neostriatal projection targets of individually labeled striopalli- 
neurons receive convergent excitatory dal axons by electron microscopy. 
extrinsic inputs and when labeled with Following intracellular recordings, rat 
intracellular horseradish peroxidase neostriatal neurons were labeled by in- 
(HRP), these cells were identified as tracellular iontophoretic injections of 
medium spiny neurons (2). The HRP HRP, fixed, and processed histochemi- 
labeling not only revealed the character- cally. Sections containing neostriatum 
istic somato-dendritic morphology of and globus pallidus (GP) were analyzed 
these neurons, which have been de- by both light and electron microscopy 
scribed in Golgi studies (3), but also (6). 
enable serial reconstruction of the elabo- All of the neostriatal projection neu- 
rate arborizations of their intrinsic axon rons identified in this study were medi- 
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Fig. 1. (A) Reconstruction of the axonal distribution of an identified striopallidal neuron of the 
type exhibiting intrastriatal branching of the main axon and profuse pallidal arborization. The 
dendrites are omitted from the tracing to clarify the distribution of local axon collaterals. Note 
the presence of two discrete terminal fields in the globus pallidus. (B) A higher magnification 
drawing of the rostral terminal field in the GP from the neuron in (A).  The three main axonal 
branches are shown as solid, dashed, and dotted lines so that the extent of overlap of their 
terminal fields is apparent. Scale bars, 50 pm. R ,  rostral; C, caudal; V, ventral; D, dorsal. 

um spiny neurons and were identified on 
the basis of their somato-dendritic mor- 
phology. They had spine-free somata 
and primary dendrites and heavily spine- 
laden secondary and higher order den- 
dritic branches. This result agrees well 
with studies showing that medium spiny 
neurons are neostriatal efferent cells (4, 
7). However, they could be divided into 
two distinct groups according to their 

Electron microscopic analysis re- 
vealed that the main axons of these cells 
were thinly myelinated throughout their 
course in the neostriatum and the GP and 
that collateral fibers within the GP were 
unmyelinated. Some of these neostriatal 
projection neurons responded antidromi- 
cally after stimulation of the substantia 
nigra, a known neostriatal target area 
distal to the GP. These results indicate 

efferent axonal morphology, such as that some striatal neurons project to both 

Globus their pattern of projection to GP. the GP and the substantia nigra. 
pallidus In both groups of neurons, the main In another group of neostriatal projec- 

axon emitted several local collaterals in tion neurons ( N  = 6), the main axons 
the striatum to form a complex arboriza- divided within the neostriatum into two 
tion near the dendritic domain of the or three primary branches that descend- 
neuron of origin. In one group of cells ed in parallel courses toward the GP 
(N = 7), the main efferent axons were (Figs. 1A and 2A). Branching occurred 
unbranched throughout their course in either close to the soma or within the 
the neostriatum and gave rise to either fiber bundles of the internal capsule. 
none or only one or two thin collateral Upon entering the GP, these branches 
fibers along their course in the GP. immediately gave rise to very localized 
These observations are in agreement but highly elaborate and overlapping ax- 
with a light microscopic study of strio- 
pallidal axons (4). The main axons did 
not end in the GP but coursed caudally 
into the internal capsule. Some of the 
collateral fibers in the GP became bead- 
ed, resembling "boutons en passant," 
but no elaborate axonal arborizations 
were seen. The HRP reaction product 
within the thin collateral fibers often 

I 
I faded quickly beyond detection a short 

2 

J distance from the main axons. 

onal arborizations in the rostral GP (Fig. 
1B). Some primary axonal branches end- 
ed at this area, but others continued 
caudally and then formed another sepa- 
rate collateral arborization in the caudal 
GP. These axon arborizations again 
overlapped extensively. In one case 
(Fig. I), a primary branch continued 
caudally beyond the GP into the internal 
capsule, where the HRP labeling became 
too faint to be traced any further. The 
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intrinsic axonal collateral arborization in 
the neostriatum and the terminal axonal 
arborizations in both the rostra1 and the 
caudal GP appeared to be similar in size 
(- 400 pm in diameter). Electron micro- 
scopic analysis revealed that these axons 
were thinly myelinated before branching 
in the neostriatum but were unmyelinat- 
ed after branching. 

Although all neurons of the second 
group had the same basic pattern of 
axonal arborizations, the locations of the 
terminal fields in the GP appeared to 
vary with the location of the neuron of 
origin in the neostriatum. That is, more 
medially placed neostriatal cells gave 
rise to more medially placed fields in the 
GP, and dorsally placed neurons arbo- 
rized more dorsally in the GP. This result 
agrees well with studies of the topo- 
graphical organization of the neostriatal 
efferent system (8). However, no indica- 
tion of a rostrocaudal organization was 
obtained, since all adequately labeled 
neurons of this group showed both ros- 
tral and caudal terminal fields in the GP. 
No apparent differences were observed 
in the spatial distribution of the cell 

bodies of these two groups of medium 
spiny neurons in the neostriatum. 

The neostriatal efferent axonal arbori- 
zation in the GP consisted of thin unmy- 
elinated fibers and boutons of both the 
en passant and terminaux types (Figs. 1B 
and 2B). These boutons, containing large 
and moderately pleomorphic vesicles 
(Fig. 2C), formed symmetrical synaptic 
junctions with pallidal dendrites of all 
sizes, including the occasional dendritic 
spines found on some dendrites (Fig. 3). 
Most of the synapses were formed with 
the small and medium-sized dendrites 
that predominate in the neuropil of the 
GP. The ultrastructure of these HRP- 
labeled boutons in the GP appeared to be 
identical to the labeled intrinsic termi- 
nals of medium spiny neurons in the 
neostriatum (5). They are also similar to 
those that have been described as neo- 
striatal efferent terminals from degenera- 
tion studies in the cat (9) and the monkey 
(10). 

Analysis of serial thin sections through 
individual boutons showed that every 
labeled bouton formed only one synapse 
with one postsynaptic element. Two or 

more labeled boutons, however, arising 
from the same axon collateral often con- 
tacted the same pallidal dendrite, thus 
confirming a degree of the longitudinal 
axodendritic organization of the striopal- 
lidal connections as postulated from light 
microscopic analysis of Golgi impregnat- 
ed material (11). But even in areas of 
their highest density, as shown recon- 
structed from light microscopic drawings 
(Fig. IB), the labeled boutons represent- 
ed only a minute fraction of the total 
number of boutons with similar striopal- 
lidal morphology, thus indicating a high 
degree of convergence of neostriatal ax- 
ons upon pallidal neurons. 

A single neostriatal medium spiny neu- 
ron could also exert divergent influences 
on many GP neurons through its large 
terminal axonal plexus. Since most GP 
neurons have dendrites that are longer 
than the diameter of the terminal axonal 
arborization of any single neostriatal ef- 
ferent neuron (12), it is probable that 
many GP neurons whose somata are 
outside of a particular terminal axonal 
arborization will receive direct axoden- 
dritic synaptic contacts from that neo- 

Dendritic dlemeter bm)  

Fig. 2 (left). (A) Photomicrograph of the first 
branching of the main axon of the neuron 
shown in Fig. 1. Although the branch forms at  
right angles to the parent axon, it immediately 
turns to take a parallel course toward the GP. 
The varicosity near the branch point was not 
presynaptic. Scale bar, 2 pm. (B) Photomicro- 
graph of a portion of a terminal arborization 
formed in the GP by an intracellularly stained 
striopallidal neuron. Arrows indicate the posi- 
tions of electromicroscopically identified pre- 
synaptic boutons such as the one shown in 
(C). Magnification as in (A). (C) Electron 
micrograph of a presynaptic bouton from an 
intracellularly stained axon of a striopallidal 
neuron. The postsynaptic element is a small 
pallidal dendrite that also received several 
unlabeled presynaptic boutons. Some of these 
(open arrow) exhibit morphology similar to 
that of the labeled terminal, while others 
(solid arrow) contain smaller and more uni- 
form synaptic vesicles and form synaptic con- 
tacts with more pronounced postsynaptic 
densities. Scale bar, 0.5 pm. Fig. 3 
(above). Distribution of postsynaptic ele- 
ments involved in a sample of 64 striopallidal 
synapses formed by intracellularly stained 
neurons. Dendritic diameters were measured 
from sinele sections at the site of contact with w 

the labeled axon terminals; for obliquely sectioned dendrites, measurements were taken perpendicular to the axis of elongation as indicated by 
the orientation of microtubules. Most synapses were formed on small dendritic shafts less than 2 pm in diameter, although all areas of somato- 
dendritic membrane of pallidal neurons could receive striopallidal synapses. 
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striatal projection neuron. Therefore, the 
field of influence of any particular effer- 
ent neuron at its target nuclei, as defined 
by the position and the extent of its 
terminal arborizations, must take synap- 
tic contacts on long dendrites into con- 
sideration. Neurons with cell bodies out- 
side of an apparent afferent terminal field 
still could be directly influenced by that 
afferent source. 

Our results also show that even though 
all of the identified neostriatal efferent 
neurons are medium spiny neurons, the 
distribution of their main axons could be 
very different. This demonstrates that 
neurons with similar somato-dendritic 
morphology that receive similar afferent 
inputs can have different projection pat- 
terns and thus differ considerably in 
function. 

H. T. CHANG 
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Electrical Potentials in Human Brain During Cognition: 
New Method Reveals Dynamic Patterns of Correlation 

Abstract. A new technique has been developed for identlfiing, in humans, 
dynamic spatiotemporal electrical patterns of the brain during purposive behaviors. 
In this method, single-trial time-series correlations between brain macropotentials 
recorded from different scalp sites are analyzed by distribution-independent mathe- 
matical pattern recognition. Dynamic patterns of correlation clearly distinguished 
two brief visuomotor tasks dlrering only in type of mental judgment required (spatial 
or numeric). These complex patterns shifted in the anterior-posterior and left-right 
axes between successive 175-millisecond intervals, indicating that many areas in 
both cerebral hemispheres were involved even in these simple judgments. These 
patterns were not obtainable by conventional analysis of averaged evoked potentials 
or by linear analysis of correlations, suggesting that the new technique will advance 
the study of human brain activity related to cognition and goal-directed behaviors. 

The use of correlation measures of 
brain macropotentials, recorded as elec- 
troencephalogram (EEG) time series, for 
studying mass neural processes related 
to purposive behaviors (1-3) is based on 
the hypothesis that during purposive be- 
haviors in humans many cortical and 
subcortical areas are functionally related 
(4). Although the means of communica- 
tion between these areas and the relation 
of such communication to macropoten- 
tials are not well understood (9, there is 
evidence that increasing functional inter- 
relation between neural areas may be 
reflected in increased correlation of their 
low-frequency macropotentials, inde- 
pendent of voltage (6). 

Here we report the existence of ma- 
cropotential correlations in humans re- 
lated to type of mental judgment. Two 
visuomotor tasks requiring two types of 
cognitive judgment were performed 

Fig. 1. Typical stimulus for arrow and number 
tasks. The stimulus subtended less than 2" 
visual angle. The participant was instructed 
either to produce a force which would cause 
the target (vertical line at left) to intersect the 
arrow's projection or to produce a force cor- 
responding to the magnitude of the number, 
by a graded isometric contraction of the index 
finger. Differences in accuracy and response 
time were equalized between tasks by on-line 
computer adjustment of difficulty. Thus the 
two different cognitive tasks had the same 
stimuli, were performed equally well, and had 
the same response. Average response time 
was 1.2 seconds. 
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while a high degree of control over stim- 
ulus-, response-, and performance-relat- 
ed factors was maintained. Small differ- 
ences in patterns of correlation between 
tasks were extracted by applying distri- 
bution-independent mathematical pat- 
tern recognition, without signal averag- 
ing which obscures the individual-trial 
interareal phase relations. The results 
show spatially and temporally differenti- 
ated patterns of correlation delineating 
both the time course of mass neural 
processes associated with each task and 
the essential differences between tasks. 

The challenging, brief (about 1.2 sec- 
onds) visuomotor task presumably es- 
tablished functional relations between 
visual, parietal, motor, frontal, and other 
neural areas. After a task cue was pre- 
sented, a simple visual stimulus (an ar- 
row, a target, and a number) was pre- 
sented (Fig. 1) requiring a judgment of 
magnitude. The response was to exert a 
force on an isometric transducer with a 
ballistic contraction of the right index 
finger, proportional either to the distance 
the target would have to move to inter- 
sect the arrow's projection, or to the 
magnitude of the number (on a scale of 1 
to 100). Arrow and number stimuli were 
always presented together, and the par- 
ticipant was task-cued in randomly or- 
dered blocks of 13 trials (3. Perform- 
ance-related factors were equalized be- 
tween tasks by computer-controlled, on- 
line adjustment of the target size (arrow 
task) and the accuracy tolerance (num- 
ber task) (8). 

Five clinically normal, right-handed 
adults (four males, one female) each per- 
formed a total of about 270 trials. Sixteen 
electrodes were placed according to 
standard skull landmarks in positions 
covering the cranium (9). Vertical and 
horizontal eye movements, flexor mus- 
cle activity of the right index finger, and 
the resultant output of the isometric 
force transducer were recorded. 

For each person, sets of trials of each 
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