
ation of Kt.  Our results com~lement 
experiments in which (i) point mutations at 
several amino acids in a corresponding seg- 
ment of the S5-S6 loop of the Shaker Kt 
channel changed external blockade by TEA 
(8); (ii) several mutations at one amino acid, 
T449, changed both TEA blockade and 
inward single channel conductance (8); and 
(iii) a mutation at T441 greatly reduced 
internal TEA blockade (20). Because of the 
concurrence of the conclusions from point 
mutation experiments and our experiments 
with the chimeric channel, it is unlikely that 
either result is caused bv an unintended 
structural change induced by the mutation. 
The extensive changes induced by the chi- 
meric exchange are, in any case, not easily 
explained by a structural effect because three 
pronounced characteristics of the donor 
phenotype were transferred nearly unal- 
tered. 

Of the 2 1 amino acids in the transplanted 
region, there are nine differences between 
NGK2 and DRKl and five of them (Fig. 
1B) are nonconservative substitutions. Of 
these, the Q at position 409 of NGK2 
corresponding to K382 in DRKl is espe- 
cially interesting because on electrostatic 
grounds it could account for the differences 
between DRKl and NGK2 in external TEA 
blockade and rectification. The neighboring 
Y at position 407 of NGK2 corresponds to 
T449 of Shaker, which is known to be 
important for external TEA blockade and 
single channel conductance (8). 

Functional experiments led to the predic- 
tion that the pore of voltage-gated ion chan- 
nels would have dimensions accornmodat- 
ing one or two ions and a few water 
m6lecules (21). The results with point mu- 
tations (8) and our results with the chimeric 
channel indicate that the pore may be deter- 
mined by a stretch of 21 k i n 0  acids. If this 
region forms an a-helical hairpin it would 
have a length of about 15 A, and the 30 A 
thick membrane would therefore have to be 
constricted in the pore region. Another pos- 
sibility that is more compatible with the 
membrane thickness is that this stretch of 
amino acids forms two antiparallel p-strands 
that could traverse the membrane. 
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Reshaping the Cortical Motor Map by Unmasking 
Latent Intracortical Connections 

KIMBERLE M. JACOBS AND JOHN P. DONOGHUE 

The primary motor cortex (MI) contains a map organized so that contralateral limb or 
facial movements are elicited by electrical stimulation within separate medial to lateral 
MI regions. Within hours of a peripheral nerve transection in adult rats, movements 
represented in neighboring MI areas are evoked from the cortical territory of the 
affected body part. One potential mechanism for reorganization is that adjacent 
cortical regions expand when preexisting lateral excitatory connections are unmasked 
by decreased intracortical inhibition. During pharmacological blockade of cortical 
inhibition in one part of the MI representation, movements of neighboring represen- 
tations were evoked by stimulation in adjacent MI areas. These results suggest that 
intracortical connections form a substrate for reorganization of cortical maps and that 
inhibitory circuits are critically placed to maintain or readjust the form of cortical 
motor representations. 

A LTHOUGH IT HAS BEEN ARGUED possibility that MI continually reorganizes 
that the MI map is basically stable has been recognized since Sherrington's 
over time in adult animals (I), the studies (2). The details of MI maps vary 

considerably in size and shape between ani- 

Center for Neural Sciencq Box 1953, Brown University, mals, but the location of fore- 
Providence, RI 029 12. limb, and hindlimb areas is one consistent 

SCIENCE, VOL. 251 



feature (3 ,  4). It has been shown that new 
MI representation patterns emerge after pe- 
ripheral nerve transections in rats (4, 5 ) .  
Within a few hours after the motor nerve 
innervating the mystacial vibrissa is 
transected, movements of body parts nor- 
mally represented in adjacent motor cortical 
areas can be evoked by stimulation within 
the former MI vibrissa area. Thus, it appears 
that a region of motor cortex modifies its 
output organization so that one set of cor- 
tical neurons influences a new set of muscles. 
The rapid time course of this reorganization 
suggests that, rather than growing new con- 
nections, existing synaptic connections alter 
their effectiveness. 

One substrate for rapid changes in cortical 
organization may be the pattern of inhibito- 
ry and excitatory connections within the 
cortex. Relief of inhibition can facilitate the 
strengthening of synaptic efficacy that oc- 
curs after tetanic stimulation within the hip- 
pocampus and neocortex (6, 7). We propose 
a model of intracortical connectivity in 
which the organization of the cortical motor 
map is regulated by inhibitory local circuit 
neurons. These neurons use the transmitter 
y-aminobutyric acid (GABA) and form the 
principal inhibitory cell class in cortex. The 
expression of intracortical excitatory connec- 
tions between MI output neurons in our 
model (Fig. 1) is normally weak because 
intracortical fibers simultaneously activate 
these GABA neurons. The inhibitory cells 

then project to nearby pyramidal neurons 
and rapidly suppress the effectiveness of any 
excitatory drive from surrounding represen- 
tations. There is considerable evidence to 
support the existence of these types of local 
intracortical connections throughout the 
cortex (8). Although the role of these cir- 
cuits is unknown, this connectivity pauern 
may limit the group of cells activated by 
intracortical stimulation or by natural activ- 
ity and could serve therefore to define the 
topographic pattern in MI. If inhibitory 
circuits are appropriately placed, small ad- 
justments in intracortical inhibition would 
be sufficient to unmask latent connections 
and reorganize the MI map. Stimulation at 
low-current intensities (560  FA) in lateral 
parts of MI in rats typically evokes forelimb 
movement; mystacial vibrissa movements 
are evoked from medially adjacent parts of 
MI (4). We tested the prediction of our 
model that forelimb movements would be 
evoked from the vibrissa area when inhibi- 
tory masking of lateral excitation within the 
forelimb representation of MI was blocked. 

We assessed the effect of inhibition on 
motor cortical organization in 15 adult rats 
by monitoring the electromyographic activ- 
ity (EMG) and movements evoked by intra- 
cortical electrical stimulation at sites within 
MI while inhibition at a remote MI site was 
locally adjusted. Initial electrical stimulation 
mapping was used to identify the general 
pattern of topography in MI and the bound- 
ary between the forelimb and vibrissa areas 
(9) .  The effectiveness of local inhibitory 
circuits was reduced by iontophoretically 
releasing the GABA antagonist, (-)bicucul- 
line methobromide (bic), at a site within the 
MI forelimb area (Fig. 1). One site within 
the vibrissa representation from which stim- 
ulation before bic application elicited 
vibrissa, but not forelimb movements, was 

A 81C006 

Bicuculline site 

chosen as the site to be tested (vib test site) 
at regular intervals before and after bic re- 
lease. After 5 to 65 min (mean +. SEM, 26.6 
k 4.5; n = 15) of bic ejection within the 
forelimb representation, forelimb EMG was 

1.0+- 
0.5 1.0 1.5 2.0 2.5 3.0 3.5 

AP coordinate (mm) 
B 

Fig. 1. Cortical surface map of MI from case 
BIC006, illustrating (A) the location of stimulat- 
ing and bic electrodes and (B) arrangement of 
hypothetical extant connections. (A) Each square 
represents a site from which movement of either 
the forelimb (shaded region) or vibrissa (diagonal 
hatching) was evoked at the lowest current inten- 
sities. Dashed lines represent sites from which 
stimulation did not evoke movements at currents 
5 6 0  FA. (B) Schema of intracortical connections 
in which excitatory effects are limited to the MI 
vibrissa area. Excitation from vibrissa area 
(dashed line) activates neurons in the forelimb 
area, but nearly simultaneous disynaptic inhibi- 
tion (black cell and line) reduces the effectiveness 
of the vibrissa area input to the forelimb area. 
ML, medial-lateral; AP, anterior-posterior. 
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Fig. 2. Forelimb EMG evoked by stimulation in 
the MI vibrissa area during remote bic applica- 
tion. (A) Biceps EMG (rectified, ten-trial average) 
elicited by stimulation at a normal vibrissa site 
(vib test site). Stimulus train occurs during time 
indicated by horizontal bar. (B) Forelimb EMG 
(FL EMG) elicited by stimulation at same vib test 
site as in (A) after 65 min of bic application. (C) 
Forelimb EMG elicited by stimulation at same site 
as in (A) and (B) 125 min after termination of bic 
application. All values normalized to largest nor- 
mal forelimb EMG obtained in this case. 

evoked by stimulation at the vib test site 
(Fig. 2B). Thus, after bic application, fore- 
limb as well as vibrissa musculature was 
activated by electrical stimulation at the vib 
test site, now a "modified" vib site. The 
ability of the vib test site to shift from 
activating only vibrissa movements to elicit- 
ing both fordlimb and vibrissa movements 
could be repeatedly demonstrated within 
the same animal (10) (Fig. 3). After termi- 
nation of the bic ejection (15 to 195 min, 
mean k SEM, 68.8 k 14.2), stimulation at 
the vib test site no longer elicited forelimb 
movements (Figs. 2 and 3). We do not 
know if the ~ersistence of the shift is a result 
of the slow clearance of bic from the fore- 
limb application site, or is due to a long- 
lasting change in the strength of excitatory 
conn&tions, as has been described for other 
pathways within neocortex (7, 11). 

One explanation of our results is that bic 
generally increased cortical excitability. We 
do not believe this to be true for two 
reasons. First, bic spread only to a restricted 
part of the MI. W; estimated the extent of 
inhibitory blockade by measuring the spread 
of iontophoretically applied [3H]bicuculline 
methyl chloride (12) in one case. Autorad- 
iograms of unfixed coronal sections through 
the applications site showed a radial spread 
of radioactive label. The results suggested 
that there was very little, if any, direct effect 
of bic beyond 660 pm from the application 
site (13). The second reason that we believe 
that there was not an overall increase in 
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cortical exatabilitv is that thrrsholds to bic application, kl irnb EMG could be 
evoke vibrissa mo&ment at the vib test site 
were not lowered by bic application (14). 

Our experiments show that reductions in 
local inhibition can temporarily rearrange 
the relation between an area of MI and the 
musdes. In other experiments, we excluded 
the possibility that agents that increase exci- 
tation would be similarly eflkctive in pro- 
ducing reorganization. We tested this in 
three cases in which we substituted bic with 
either acetylcholine chloride (ACh) or sodi- 
um glutamate while using the same ionto- 
phoretic application and stimulation map 
ping procedures (15). Neither ACh nor 
glutamate application for up to 95 min 
altered the movements evoked by stimula- 
tion at the vib test site (Fig. 3); in these cases 
an average of 19.2 min of bic application 
(range, 5 to 45 min) was sdicient to modii 
the movements evoked at this same vib test 
site. These amounts of glummate or ACh 
applications excite layer V neurons (dG19). 
Thus, this expansion of one representation 
into another is much more sensitive to ad- 
justments in inhibition &an to a gen- 
increase in excitation. 

The dfccts of reduced inhibiion wem ex- 
amined over a broader extent of MI by stim- 
ulating scvaal of the same MI sites behre and 
afta bic application in 6 of the 15 rats. After 

&-at many sites within the vibrissa rep- 
resentation (Fig. 4). At some ofthe d e d  
sites in the vibrissa region (strongly d e d  
sites). forelimb musde aaivitv was evoked at 
low& cwrent intensities than' those required 
to evoke vibrissa movement. The location of 
these S& w ~ S  not sim~h' W t C d  to the 
dhance b e e n  tht bii &plication and test 
stimulation sites. Afkr the bic application, 
some vib test sites up to 3 mrn away were 

licuculline sit, 

snonglymodi6edby& bic, butatodrersites 
closer to the bii application, vibrissa move- 
ment was still evoked at the lowest stimulat- 
ing currrm~. This irquhity in the pattern 
o f d e d  sites may reflect an underlying 
p t e m  of nonunihm co- within 
MI. 

The modifications that occur after relief of 
inhibition suggest that an intracortical con- 
nectional substrate is appropriately placed to 
permit flexible associations b e e n  MI and 
the somatic musculanue. This role fbr inhib- 
itory circuits should generalize a m  wmz, 

A P Coordinate (n 

Fig. 4. Pattern of reorganization a k r  bic appli- 
cation. (A) Map of movements evoked b e f h  bic 
application. FL., forelimb area; HL, hindlimb; 
Vib, v i k  area; FL & Vib, both movements 
evoked at threshold stimulation. (B) Efbxs ob- 
tained at several sites during bic application suf- 
ficient to yield forelimb EMG fiwn the initial vib 
test siw. Outlines mark original borders; modified 
sites arc shaded. The total amount of potential 
crpanse appears.to be commiried,. since at no 
nme &d nonconaguous representatlolls expand 
into each other. These limits are presumably set 
by the conmxivity patterns within MI. 

since the comectivi~ patterns that underlie 
this phenomenon are not peculiar to MI; 
similar circuits may participate in reorgani- 
zation of cortical maps in other parts of 
neowrtex. Evidence for the implementation 
of this mechanism would require changes in 
intrawmcal inhibition under circumstances 
where cortical reorganization is observed. 
Several repom have shown that GABA 
markers are changed within the neocortex 
afkr peripheral lesions or sensory depriva- 
tion (20). Modification of the strength of 
inhibition after electrical stimulation also 

changes in GABA activity may lead to tem- 
porary assodions between adjacent cell 
groups, enabling reorganhh.  These re- 
sults suggest that the archit- ofinhibito- 
rycircuitsiscrucialtodynamicpmesesand 
map organization within the cortex. 

occurs in the hippocampus (21, 22), which 
wntains similar excitatory and inhibitory 
ammgements. That these changes can per- 
sist (22) suggests that inhibitory synapses 
may undergo long-term alterations in &- 
cacy. Temporary alterations in the strength 
of inhibition wuld also serve as a gate, 
allowing the enhancement of excitatory syn- 
aptic strmgth during conditions of lowered 
inhibition (7, 23). 
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D l  Dopamine Receptors 
Involvement in Working 

in Prefkontal Cortex: 
- Memory 

The prefrontal cortex is involved in the cognitive process of working memory. Local 
injections of SCH23390 and SCH39166, selective antagonists of the D l  dopamine 
receptor, into the prefrontal cortex of rhesus monkeys induced errors and increased 
latency in performance on an oculomotor task that required memory-guided saccades. 
The deficit was dose-dependent and sensitive to the duration of the delay period. These 
D l  antagonists had no effect on performance in a control task requiring visually guided 
saccades, indicating that sensory and motor functions were unaltered. Thus, D l  
dopamine receptors play a selective role in the mnemonic, predictive functions of the 
primate prefrontal cortex. 

I N NONHUMAN PRIMATES, THE PRE- 

frontal cortex (PFC), in particular its 
dorsolateral region, is critical for the 

cognitive process of working memory (1). 
Several lines of research suggest that dopa- 
mine (DA) may influence this process. The 
concentration of DA in the PFC is among 
the highest in all cortical areas in monkeys 
(21, and both DA-containing fibers and DA 
receptors are prominent in the primate PFC 
(3, 4). Local depletion of DA in the PFC of 
monkeys induces impairment in tasks that 
require delayed response ( j) ,  and neuronal 
activity related to delayed response perfor- 
mance is augmented by iontophoretically 
applied DA (6). These findings suggest that 
DA receptors may be involved in the m e -  
monic processes of the PFC. 

There are two types of DA receptors in 
the central nervous system, D l  and D2 
receptors (7); the PFC of primates, i n c l ~ l -  
ing humans, contains a high level of D, 
receptors (4, 8, 9) and a relatively low or 
negligible level of D2 receptors (4, 9, 10). 
These findings imply that the D l  receptors 
are likely to be involved in the mnemonic 
process mediated by the PFC, but direct 
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evidence is lacking. This hypothesis can now 
be directly tested by the use of potent D l  
antagonists, SCH23390 (11) and 
SCH39166 (12), in combination with sen- 
sitive behavioral paradigms for assessing 
worlung memory. 

We used an oculomotor delayed-response 
(ODR) task in which animals were trained 
to fixate a central spot on a cathode-ray tube 
while a visual cue was presented briefly in 
one of several (6 to 22) locations in the 
visual field. The cue then disappeared, and 
after a 1.5- to 6-s delay the animal was 

required to make a memory-guided saccade 
to where the target had been presented 
seconds before. Therefore, to achieve crite- 
rion performance on the ODR task the 
animal had to remember visuospatial data in 
order to make the correct response at the 
end of the delay. To distinguish a deficit in 
mnemonic function from- deficits in eye 
movements or sensory perception, we used a 
control procedure in which the target re- 
mained on during the delay period aid the 
subject made a sensory-guided saccade to 
the target. Neuronal activity in the dorsolat- 
eral PFC of monkeys is involved in the 
ODR task (131, and lesions of the dorsolat- 
eral PFC induce deficits in the memory- 
guided saccades required by the task (14). 
However. to examine the role of neurotrans- 
mitters or receptors on specified cortical 
functions, a method of targeting specific 
brain regions was required. Therefore, we 
combined the ODR paradigm with the in- 
tracerebral injection of SCH23390 and 
SCH39166 and now report that the activa- 
tion of D l  receptors plays a critical role in 
the mnemonic process mediated by the pri- 
mate PFC. 

Three rhesus monkeys (T, J, and N) were 
trained in the ODR and control tasks (15). 

Fig. 1. Injection sites of SCH23390 and 
SCH39166 in two of the monkeys illustrated on 
a lateral view of the left PFC. The sites were 
reconstructed in reference to  cortical sulci. Data 
on  injection sites in one monkey, N, that has not 
pet been killed are not included. However, the 
effective sites in this monkey are distributed in the 
same region on  the basis of the position of the 
cylinder and the coordinates of the micromanip- 
ulator used for injections; 0, effective sites of 
SCH23390 on O D R  performance; 0, effective 
sites of SCH39166 on O D R  performance; H, 
ineffective sites with either drug. The number of 
the injection site in Fig. 1 corresponds to  the 
injection site shown in Table 1. PS, principal 
sulcus; AS, arcuate sulcus. Injections were placed 
2 to 4 mm deep to  the dural surface; no sites were 
located within the banks of the principal sulcus. 
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