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Abstract

During the critical period of activity-dependent plasticity in rat striatum (30–37 days after birth) physiological circling behavior induces

delayed modifications in GAP-43/B-50 phosphorylation by PKC. Postexercise, ipsi- and contralateral striatum to the circling direction show

a similar temporal pattern of GAP-43/B-50 phosphorylation, with an initial decrease followed by a subsequent increase. However, there is a

lag between initiation of the phosphorylation response in this asymmetrical task which does not occur when animals are subjected to exercise

under conditions of symmetrical motor activity.

D 2003 Elsevier B.V. All rights reserved.
Theme: Motor systems and sensorimotor integration

Topic: Basal ganglia

Keywords: Striatum; Development; Plasticity; GAP-43/B-50; Circling training; Motor activity
The caudate–putamen (striatum in rodents) exerts a key

role in extrapyramidal motor behavior control [12], and its

function impairment is associated with motor and cognitive

disturbances [5,18,23]. A striatal critical period of activity-

dependent synaptic plasticity during rat postnatal develop-

ment was described between postnatal days (PND) 30–37.

During this period, but not before or after, motor activity on

a circular path (circling behavior) induces a bilateral reduc-

tion in the striatal expression of muscarinic cholinergic

(mAChR) and dopaminergic subtype D2 (D2R) receptors

in adult life [15,16]. As in the case of the visual model of

activity-dependent plasticity, the length of this critical

period can be modified by local perfusion of nerve growth

factor (NGF) [28,29]. Although cellular and molecular

events underlying the permanent reduction of the expres-

sion in the receptors of the striatum are still unknown, we

found endogenous GAP-43/B-50 phosphorylation by pro-

tein kinase C (PKC) in synaptic plasma membranes only

when exercise took place during the critical period [22].
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GAP-43 (also called B-50, pp46, F1, neuromodulin) is

found in growth cones, axons and presynaptic nerve end-

ings [1], and has been linked to functional and morpholog-

ical neuroplasticity as well as to plasticity mechanisms of

learning and memory [2,3,13,24]. At 30 min of post-

circling behavior (but not immediately), the contralateral

striatum to the circling direction shows a decrease in PKC

activity and GAP-43 phosphorylation level. Moreover, a

correlation between GAP-43 changes and the running speed

developed during CT was found, in the presence [22] or

absence [21] of associative learning inducements. These

results suggest a possible intervening role of GAP-43

phosphorylation in the plasticity events which lead to adult

reduction in the expression of the striatal receptors. How-

ever, the GAP-43 and PKC Postexercise modifications are

exclusive to the contralateral striatum; conversely, adult

neuroreceptor reduction is bilateral. To clarify this point,

we carried out an extended evaluation of the GAP-43

phosphorylation delayed temporal pattern after circling

behavior developed during the critical period in rat striatum.

Male Sprague–Dawley rats at PND30 were used in all

cases. Circling Training (CT) tests was performed as previ-

ously described [4]. The exercise in a circular gyratory

platform (GP) turning at 15 rpm was performed as men-



Fig. 1. Temporal pattern of endogenous GAP-43/B-50 phosphorylation

level (0, 30, 60, and 90 min) after asymmetrical motor activity performed

during the striatal critical period. Animals were subjected to the CT or GP

paradigm and then were grouped all striata as contra- or ipsilateral striata.

GAP-43/B-50 phosphorylation levels from contralateral (A) or ipsilateral

(B) striata are shown. Data are expressed as percentages of the control value

and represent the meanF S.D. of three independent determinations (n= 6)

measured by triplicate. **p< 0.01 and *p< 0.05 vs. its respective control

values by Student’s t-test for unpaired samples.
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tioned previously [21]. Each rat was required to complete

150 turns (150 m) per session for two sessions, and the

circling direction for each animal was randomly selected in

both paradigms. The symmetrical exercise was performed

on the 1-m-circumference free running wheel (RW) appa-

ratus. Each rat was required to complete 150 turns (150 m)

per session for two sessions. Rats were terminated by

decapitation at 0, 30, 60, and 90 min postexercise at the

end of the second day of training. The brain was quickly

removed, and left and right striata were dissected separately

at 4jC and weighed. In animals subjected to asymmetrical

motor activity (CT and GP), each striatum was pooled

according to the circling direction during exercise according

to whether it was ipsilateral or contralateral. For animals

subjected to symmetrical motor activity (RW), each striatum

was pooled as left or right. The tissue was then processed to

obtain synaptic plasma membranes (SPM) preparations as

previously detailed [21,22]. Protein concentration was

assessed by the method of Lowry et al. [19], using bovine

serum albumin as standard. In vitro GAP-43/B-50 endoge-

nous phosphorylation was evaluated as previously described

in detail [21,22]. PKC activity was determined by an in vitro

phosphorylation assay using as substrate histone III-S

[21,22]. Differences between groups were assessed by

Student’s t-test for unpaired samples or by Dunnett’s test

for unpaired or paired samples according to what was

appropriate in each case.

The phosphorylation level of GAP-43 in striatal SPM

was assessed up to 90 min after the end of the running

activity performed during the critical period. As GAP-43

phosphorylation has been reported to be associated with

plastic processes of learning [2,26], we employed two

paradigms with an identical circular path but including

(CT) or not (GP) an associative learning task to discriminate

motor from purely cognitive components. The results

obtained in both paradigms used were notably similar

(Fig. 1A and B). Fig. 1 shows the phosphorylation level

of GAP-43 in striatal SPM up to 90 min postexercise with

respect to non-running controls, differentiating the contra-

lateral (Fig. 1A) and ipsilateral (Fig. 1B) striatum according

to the circling direction, independently of which had been

selected (clockwise or anticlockwise). Control animals from

both paradigms did not show significant differences either

between both striata at each tested time or between each

striatum at different experimental times ( p > 0.6). For the

contralateral striatum, the endogenous GAP-43 phosphory-

lation levels did not show significant differences immedi-

ately following exercise (0 min) with respect to control

values. At 30 min, we detected a significant decrease of

30% for CT and GP exercised animals, as previously

reported [21,22]. In contrast, 60 min after running, a

significant increase of GAP-43 phosphorylation (67% and

70% CT and GP, respectively) was observed, which de-

creased at 90 min postexercise approaching control values.

For the ipsilateral striatum (Fig. 1B), a significant differ-

ence was not found in the GAP-43 phosphorylation levels at
0 and 30 min postexercise, when compared to its respective

control values. However, at 60 min, a significant decrease of

28% was observed in both paradigms. As in the case of

contralateral striatum, a significant increase of GAP-43

phosphorylation was equally present in the ipsilateral stria-

tum, but at 90 min post-running (40% and 10% CT and GP,

respectively). However, the percentage of increase is less,

when compared to contralateral striatum. At this point in

time, we cannot determine whether this difference is due to

experimental conditions, as we are not sure if times selected

for the measurements are concurrent with the peak of the

phosphorylation response for each of the two striata.

The comparison between Fig. 1A and B indicates that

both striata follow a similar two-phase pattern in the delayed

GAP-43 phosphorylation response after asymmetrical motor

activity during the critical period. However, the lag in the



Table 1

The PKC activity temporal pattern after circling motor activity performed in

the gyratory platform during the striatal critical period

Ipsilateral striatum

(pmol min� 1 mgprot
� 1)

Contralateral striatum

(pmol min� 1 mgprot
� 1)

Control 66.95F 8.07 62.04F 7.90

0 min 70.41F 9.02 63.51F10.62

30 min 76.59F 5.77 50.07F 5.68*

60 min 59.37F 7.84 83.78F 10.66**,#

90 min 79.55F 6.34# 65.28F 8.53*

Data were obtained from controls and trained animals sacrificed at 0, 30,

60, or 90 min postexercise and expressed as pmol min� 1 mg protein
� 1 of SPM

F S.D. of three independent determinations measured by quadruplicate

(n= 5–6).

*p< 0.05 vs. ipsilateral by Student’s t-test for paired samples.

**p< 0.01 vs. ipsilateral by Student’s t-test for paired samples.
# p< 0.05 vs. control by Dunnett’s test for unpaired samples.

Fig. 2. Phosphorylation of the endogenous GAP-43/B-50, 30 min after

symmetrical motor activity performed during the striatal critical period.

Animals were subjected to the RW paradigm and then were grouped all

striata as left (LS) or right (RS) striata. Upper panel shows representative

autoradiogram of the GAP-43 phosphorylation in synaptic plasma

membrane for control and exercised animals sacrificed 30 min after

symmetrical motor activity. Lateral lines indicate the position of molecular

weight markers: 95.5, 55, 43, 36, and 29 kDa. The arrow indicates the band

corresponding to GAP-43/B-50. Lower panel shows a quantification of

GAP-43/B-50 phosphorylation level on the upper panel. Data are expressed

as percentages of the control value and represent the mean + S.D. of four

independent experiments (n= 5–6) measured by triplicate. *p< 0.01 vs. its

respective control values by Student’s t-test for unpaired samples.
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initiation of that response is more extended in the ipsilateral

striatum.

To test whether changes in GAP-43 phosphorylation

levels in the ipsi- and contralateral striatum were also

associated with changes in PKC activity, we measured the

enzyme activity in SPM from animals exercised in CT (see

Table 1). Significant differences were not found on striatal

PKC activity levels at 0 min after exercise between ipsi- and

contralateral striatum with respect to their control values. On

the other hand, contralateral striatal values showed a signi-

ficant decrease (35%) in PKC activity at 30 min postexer-

cise compared to ipsilateral ones, but PKC activity in

ipsilateral striatum was unaffected as previously shown

[21,22]. At 60 min after motor activity, a significant increase

(41%) in PKC activity was found in the contralateral

striatum. Ipsilateral striatum showed the lowest level of

PKC activity at this time, although this was not statistically

significant with respect to control values. At 90 min, a

significant increase (24.5%) in PKC activity was shown in

the ipsilateral striatum, while enzyme activity in the contra-

lateral striatum went down to control values.

The onset of different GAP-43 phosphorylation events

between ipsi- and contralateral striatum may be related to the

asymmetrical motor activity developed while running in a

circular path. To test this possibility, the striatal GAP-43

phosphorylation level was assessed in animals subjected to

spontaneous symmetrical motor activity on a running wheel

(Fig. 2). As in the case of circling motor activity, significant

differences were not found in striatal GAP-43 phosphoryla-

tion levels between right and left striatum and their respec-

tive control values immediately after exercise (0 min).

However, animals measured 30 min postexercise showed a

simultaneous decrease of GAP-43 phosphorylation level in

both striata. Thus, these results and those shown in Fig. 1A

and B indicate that the difference in the initiation of GAP-43

phosphorylation events between both striata depends on the

asymmetric posture conditions during the running activity.

Several studies report delayed changes in GAP-43 phos-

phorylation by PKC after physiologic stimulation with
molecular events associated with plasticity mechanisms in

synaptic function [13,14,24], and we were tempted to follow

this interpretation in the adult bilateral reduction in receptor

number in striatum after motor activity during the critical

period [21].

The similar temporal pattern obtained in both paradigms

led us to think that as in the case of the initial decrease, the

subsequent increase in GAP-43 phosphorylation also

depends on motor activity. Previously, we have shown that

in our experimental conditions, GAP-43 phosphorylation

level at 30 min post-running is not due to other GAP-43

phosphorylase but to PKC [21]. Although in the above

experiments, we have not excluded the possibility of other

phosphorylase participation at longer time lapses, the PKC

activity increase is coincidental with the increase of the

protein phosphorylation (Table 1), suggesting that PKC

participates in the rebound of GAP-43 phosphorylation after

running. If GAP-43 phosphorylation reflects presynaptic
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activity related to vesicle release [9], the patterns of Fig. 1A

and B indicate at least two phases of neuronal activity in the

striatum. This pattern may be originated by activity of the

same or different neuronal groups. As it is known that

distinct PKC isoenzymes are expressed by different neuro-

nal types in striatum [27], the total PKC activity measured

(Table 1) preclude us from clarifying this point.

GAP-43 phosphorylation events have been linked to LTP

in vivo and in vitro [13,20]. In addition, for cortical

plasticity, maximum susceptibility to LTP and LTD are

coincidental with critical periods [8,10,17]. Therefore, it

seems likely that reported changes in striatal GAP-43

phosphorylation may be related to LTD or LTP induced by

motor activity. On the other hand, in the striatum, at least two

different types of interneurons are present in the processing

of information flow after corticostriatal fiber stimulation

leading to LTP or LTD [6].

As striatal LTD and LTP respectively require PKG and

PKA activation [7], the changes we have shown in GAP-43

phosphorylation activity in synaptic membranes may not be

located in the direct chain of molecular signaling events that

lead to permanent reduction in the receptor expression, but

do participate in complex and necessary cellular and/or

circuitry processes.

Fig. 2 shows that the difference for the onset of delayed

changes in phosphorylation of GAP-43, between ipsilateral

and contralateral striatum in our experimental conditions, is

not apparent when motor training is performed under

symmetrical postural conditions (running wheel). Physio-

logical asymmetries in biochemical markers of striatum

have been reported in adult rats after circling behavior

[11], while in other reports, these findings have failed to

be confirmed [25]. Although the initial post-running fall of

GAP-43 phosphorylation occurs under both symmetrical

and asymmetrical running conditions, the follow-up dy-

namics of GAP-43 phosphorylation events in both striata

after symmetrical running is an open question, since

differential neuronal involvement can be presumed in both

postural conditions. Taken together, above results show

that the response of GAP-43 phosphorylation after motor

stimulation in the critical period is present in each striatum,

but independently regulated. The independence of each

striatum in the permanent modification in the number of

receptors after motor stimulation in the critical period has

previously been shown [29].
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