
sented with 100 trials of randomly ordered stimuli (1, 2,
3, or 4), then 40 repetitions of the sequence 4-2-3-1-3-2-
4-3-2-1, followed by another 100 trials of random stimuli.
In order to compare the GP output to previously re-
ported reaction times, the GP output was linearly trans-
formed by

R(t) = 1  
1
N  å 
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N

Gi(t) (9)

where N was the number of GP units (4 in this case).
R(t) represented a normalized reaction time at time step
t and ranged from 0 to 1. This linearly scaled the match
between the direct and indirect pathways, with the bet-
ter the match, the lower the reaction time. As shown in
Figure 8A, the reaction time initially declined even with
a random sequence and then rapidly reached a stable
level with the introduction of the repeating sequence. It
stabilized at the value 0.25 because the inherent struc-
ture of the sequence allowed for maximal activation of
all GP units except the one being selected. When the
random sequence was reintroduced, the normalized re-
action time became slightly longer.

We also used this paradigm to model the effects of
Parkinson’s disease and the subsequent improvement of
symptoms from pallidotomy (Figure 8, parts B and C).
Parkinson’s disease was modeled by decreasing the
learning rate (r in Equation 6) from 0.025 to 0.005,
re!ecting the overall decline in dopamine that is found

in Parkinson’s disease. This resulted in substantially
slower learning, as evidenced by the lower slope in
Figure 8B, but because the GP activations were generally
lower, the effect of noise was also more prominent. The
effects of the decreased learning rate could largely be
ameliorated by increasing the gain of both the GP and
STN units from 4 to 8. As the gain was increased, units
that were previously marginally active became maxi-
mally active, and thus the "rst term in Equation 6 in-
creased, partially offsetting the decreased learning rate.
This suggests that a potential mechanism for the ef"cacy
of pallidotomy is in the alteration of the gain of pools of
neurons in both the STN and GP. One prediction is that
even though the rate of learning is partially restored, the
effect of noise still remains.

Figure�5. Changes in connection strengths, wij, from learning the se-
quence 1, 2, 3, 4, 2, 5. The "ve weights from the "ve STN units with
short time constants to GP unit 2 are shown. The three weights that
increased to saturation levels were from STN units 2, 3, and 5 (i.e.,
those STN units that were not active prior to GP unit 2 being ac-
tive). Conversely, the weights from STN units 1 and 4 did not in-
crease signi"cantly because when these units were active, GP unit 2
was inhibited by the striatum.

Figure�6. Levels of the “reward” (A) from the GP and the error sig-
nal from the SNc/VTA (B) during learning the sequence 1, 2, 3, 4, 2,
5. The reward was computed as the sum of the GP activities and
was proportional to how well the GP activity vector matched the in-
verse of the striatal activity vector. As the system learned to produce
the sequence, the match, and hence the reward, increased. The error
signal, which was computed by Equation 7, represented the differ-
ence between a weighted sum of the striatal activity and the sum of
the GP activity. The weights on the striatal activities were modi"ed
by the error signal, and thus the difference ultimately converged to
zero. Note that the variance also decreased.
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