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Learning-Induced LTP in 

Neocortex 


Mengia-S. Rioult-Pedotti,* Daniel Friedman, John P. Donoghue 

The hypothesis that learning occurs through long-term potentiation (LTP)- and 
long-term depression (LTD)-like mechanisms is widely held but unproven. This 
hypothesis makes three assumptions: Synapses are modifiable, they modify 
with learning, and they strengthen through an LTP-like mechanism. We pre- 
viously established the ability for synaptic modification and a synaptic 
strengthening with motor skill learning in horizontal connections of the rat 
motor cortex (MI). Here we investigated whether learning strengthened these 
connections through LTP. We demonstrated that synapses in the trained MI 
were near the ceiling of their modification range, compared with the untrained 
MI, but the range of synaptic modification was not affected by learning. In the 
trained MI, LTP was markedly reduced and LTD was enhanced. These results are 
consistent with the use of LTP to strengthen synapses during learning. 

Most cortical excitatory synaptic connections 
appear to be capable of persistent bidirection- 
al modification. The ability for LTP or LTD 
to modify individual synapses has made LTP 
or LTD the most widely held candidate 
mechanism for learning. Experimental evi- 
dence supports this view but has not demon- 
strated that synaptic modifications that occur 
during learning use LTP or LTD (I). Satura- 
tion of synaptic efficacy before learning, us- 
ing LTP-inducing stimuli in vivo, interferes 
with hippocampally mediated spatial learning 
(2-5). This result suggests that saturating 
synapses impairs learning but does not dem- 
onstrate that this same modification mecha- 
nism is used when natural learning occurs. In 
addition, it has been shown that synapses 
likely to be activated during learning change 
their efficacy after learning occurs. In the 
amygdala (6. 7) and the motor cortex (8), 
candidate pathways capable of LTP are stron- 
ger after learning, but it has not been tested 
explicitly whether LTP strengthened these 
pathways. 

We have previously demonstrated that layer 
IMII horizontal connections in rat primary mo- 
tor cortex (MI) are capable of LTP and LTD (9, 
10) and are strengthened with forelimb motor 
skill learning (8). Strengthening is present in MI 
opposite to the trained forelimb ("trained MI") 
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but not in the hindlimb area of MI or in the 
same rats' ipsilateral "untrained MI" (8). If LTP 
was used to achieve synaptic enhancement dur- 
ing learning and this process is saturable, then 
subsequent attempts at electrically induced LTP 
after learning should produce less LTP. Critical 
measures necessary to test this prediction are 
the identification of baseline synaptic strength, 
measured as field potential amplitude (ll),  and 
the upper and lower limits of modification, 
termed the "synaptic modification range," in 
trained and untrained pathways. 

We defined the synaptic modification 
range using repeated LTP or LTD induction 
until saturation was reached. We used this 
synaptic modification range model to test 
whether LTP is a mechanism engaged in 
learning and to examine whether learning 
affects this range. Theoretically, the range 
could remain unchanged, shift, or expand as a 
result of learning. We know that learning 
increases the strength of horizontal connec- 
tions because there is an absolute change in 
field potential amplitude in these pathways 
after learning (8). An unchanged synaptic 
modification range predicts less LTP but 
more LTD in trained pathways compared 
with controls. Thus, synapses closer to the 
ceiling of their modification range cannot 
express much additional LTP, and this would 
be consistent with the use of LTP in learning. 

Rats were trained for five successive days 
to reach with their preferred forelimb into a 
box and retrieve small food pellets (12). 
Grasp attempts began during the first session, 
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and success rate improved during the first 
three training days, when it became asymp- 
totic (Fig. 1A). After training, field potentials 
evoked across layer II/III horizontal connec- 
tions in the MI forelimb region were recorded 
simultaneously from both hemispheres (13) 
in slice preparations (14). Field potential am- 
plitudes were 1.59 2 0.10 times larger (N = 

32) in the trained MI compared with the 
control, untrained MI forelimb region. There 
was no interhemisphere difference in paired 
control animals and in the hindlimb MI of 
trained animals (Fig. 1B) (15). Stimulation 
intensities producing half maximal response 
amplitudes were not significantly different in 
the trained and untrained MI (22.0 t 1.24 
pA and 21.1 2 1.22 pA, respectively; N = 
21; P = 0.44), indicating that the differences 
in field potential amplitude could not be ex- 
plained by the use of different stimulating 
intensities. 

After 5 days of training, repeated theta 
burst stimulation (TBS) (16) produced less 
LTP in the trained MI than in the opposite, 
untrained MI. In a striking example shown in 
Fig. 2A (top), no LTP could be produced in 
the trained MI horizontal connections despite 
repeated induction attempts. Simultaneous 
recordings in the untrained MI of the same 
slice resulted in normal amounts of LTP, with 
complete saturation at 163% of baseline (Fig. 
2A, bottom). We examined whether these 
apparently saturated synapses in the trained 
MI retained the capability to undergo poten- 
tiation by first bringing them to lower 
strength using low-frequency stimulation 
(LFS) (17) (66% of baseline, Fig. 2A, top). 
Subsequent TBS potentiated these synapses, 
demonstrating their capacity for LTP (124% 
of renormalized baseline). These data suggest 
that the large field potential amplitude that 
appears in MI horizontal connections after 
learning reflects a population of strengthened 
synapses that retains the mechanism for LTP. 

Both the amount of LTP and the number 
of attempts to reach saturation were lower in 
the trained MI. Considered as a group, LTP in 
animals trained for 5 days was saturated at 
114.5 t 3.6% of baseline in the trained MI. 
By comparison, the untrained MI was satu- 
rated at 152.1 2 9.9% of baseline (Ar = 11, 
P < 0.001), comparable to levels seen in 
control rats (Fig. 2B). In 3 of these 11 cases, 
no LTP could be induced in the trained MI 
(Fig. 2A, top). In these cases, LTP was nev- 
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Fig. 1. Learning a new motor skill potentiates syn- 
aptic responses in MI horizontal connections. (A) 

A 

  earning was defined as the success rate over time, 
which is the ratio of the number of consumed 
pellets and the number of retrieved pellets (P,,,J 
Ptot 2 SEM). Numbers above data points represent 
the number of animals trained for various numbers 
of days. A randomly chosen subset of animals 
trained for 5 days was used for subsequent electro- 
physiological recordings of the present project. (6) 
Learning specifically strengthened extracellular field 
potentials (FP) in the MI forelimb region (FL). There 
were no interhemispheric differences in the hind- 
limb region (HL) or in paired controls (PC) (72). Means 
or right (ri) hemisphere. ampl., amplitude; tr, trained; 

from four times threshold intensity (42) and were normalized to  the untrained (untr) 2 SEM are 
le, lett. 

A Trained Hemisphere 

P, 200, t! ? 

ertheless possible after depotentiation, dem- 
onstiating the intactness of LTP mechanisms. 
The number of attempts to reach maximum 
synaptic strength across all 11 cases was 
significantly lower (P < 0.05) in the trained 
(1.18 * 0.12) compared with the untrained 
MI (2.9 + 0.26). Results from six paired 
control animals revealed no interhemisphere 
difference in the number of steps required to 
reach saturation (left 3.1 + 0.14, right: 3.0 ? 
0.26; P > 0.5). Also, LTP saturation levels 
were not different in the two hemispheres 
(leftlright ratio = 0.99 * 0.03; N = 6), which 

50 min 
trained MI untrained MI 

Untrained Hemisphere 

is in contrast to trained animals (trained/~- 
trained ratio = 0.27 % 0.1; N = 6; P = 
0.001) (Fig. 2C) (18). 

If LTP invoked during learning moved 

50 ! 
50 min 

synaptic efficacy toward higher values within 
an unchanged synaptic modification range, a 
larger amount of LTD would also be predict- 
ed in the trained MI compared with the un- 
trained MI or paired controls. Minimum syn- 
aptic strength, as determined with repeated 
LTD induction (17), was 49.4 ? 5.4% of 
baseline in the trained MI, whereas the un- 
trained MI was saturated at 7 1.1 + 4.2% of 
baseline (P = 0.007; N = 5) (Fig. 2D). The 
number of LTD attempts to reach minimum 
synaptic strength was significantly larger in 
the trained (2.5 + 0.29; N = 5) compared 
with the untrained MI (1.20 + 0.20; N = 5; 
P < 0.05). In paired controls, LTD saturation 
levels did not differ in the two hemispheres 
(leftlright ratio = 1.04 * 0.15; N = 5) com- 

" PCSd - 
10 min 

pared with significant difference in trained 
rats (trainedluntrained ratio = 1.84 * 0.31; 
N = 5; P < 0.05) (Fig. 2E) (18). To ensure 
that depressed pathways retain plasticity, we 
attempted LTP' induction with a single TBS 
in all experiments after LTD saturation. Re- 

PCSd TRSd 
N=5 N-5 10 rnin 

Fig. 2. Learning has complementary effects on LTP and LTD. (A) Simultaneous LTP saturation 
in the trained and untrained MI in the same slice. Stimulation (stim) and recording (rec) 
conditions as illustrated in  the inset (wm, white matter; MI-FL, forelimb region of the primary 
motor cortex). Field potential waveforms (averages of five traces) were taken at times 
indicated by numbers. Up arrows, LTP induction; down arrow, LTD induction. (6) Group data 
demonstrate reduced LTP in  the trained MI. The five arrows represent the use of a number of 
LTP inductions. Averages were taken from the final LTP attempt (at saturation as compared 
with pre-TBS baseline), which confirmed that no further increase of the field potential peak 
amplitude occurred. (C) Less LTP was possible in the trained MI compared with the untrained 
MI and either hemisphere of paired control animals (PC). Mean values were normalized t o  the 
right or untrained MI. TR 5d, animals trained for 5 days. (D) Group data (N = 5) show more 
LTD in the trained MI. The five arrows represent multiple LTD inductions. Averages were taken 
from the LTD saturation levels. (E) LTD saturation of five trained (TR) and five paired control 
rats (PC). The trained MI showed more LTD than the untrained MI and both hemispheres of 
paired controls. Values were normalized t o  the right or untrained MI. 

potentiation was possible in 5 of 11 animals, 
which were therefore included in the LTD 
group analysis. The remaining six animals 
could not be repotentiated (as sometimes seen 
in prolonged slice experiments) and were 
therefore excluded from group analysis. In 
summary, learning enhanced the .relative 
amount of LTD in the trained MI, consistent 
with the hypothesis of a shift of baseline 
synaptic strength away from its floor and 
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Untrained Hemisphere Trained Hemisphere 
e 8 

L ceiling 

baseline 

floor - control I unchanged shifted 
Fig. 3. Saturation data most closely fit a model in which strengthening 
occurs without a shift in the population overall modification range. Steps 
reflect each induction of LTP or LTD until saturation was achieved. Group 
data from LTP and LTD saturation experiments in the untrained MI 
(control, open circles) were superimposed and served as the basis for 
defining the synaptic modification range. On the right side (trained 
hemisphere), average results from LTP and LTD saturation (filled circles) 
of trained Mls (Fig. 2, B and D) are superimposed on the alternate models 

toward the upper modification range limits. 
Although LTP and LTD levels were mod- 

ified 'with training, the overall synaptic mod- 
ification range was the same in trained and 
untrained pathways as summarized in Fig. 2, 
B and D. Figure 3 presents the combined 
results from LTP and LTD experiments and 
compares it with outcomes predicted in our 
initial model. Each individual step in the 
solid line depicts the result of a single con- 
ditioning stimulation. In the untrained MI 
(control), the model reflects the baseline mea- 
surements with its experimentally identified 
upper and lower limits of synaptic efficacy 
under control conditions. Skill learning in- 
creased the strength of horizontal connections 
in the trained MI (8), which is shown by 'the 
upward shift of the baseline relative to the 
untrained condition (Fig. 3, upward arrows in 
the trained MI). The model of an "un- 
changed" and "shifted" synaptic modification 
range has been superimposed on our LTP and 
LTD saturation data from the trained MI. The 
"shifted" model, as well as any expanded 
range model, can be rejected because much 
less LTP occurred experimentally than pre- 
dicted by those models. The "unchanged" 
model, in which synapses retain their normal 
operating range, is most consistent with our 
finding of less LTP and more LTD after 
learning. 

The reduction in LTP and increase in LTD 
in MI layer 111111 horizontal connections as- 
sociated with learning provide strong evi- 
dence that synaptic strengthening engages 
LTP during skill learning and that potentia- 
tion during learning moves the overall popu- 
lation synaptic weight closer to the maximum 
of its operating range. Previous work has 
pointed out close ties between pathways that 
are capable of LTP and that also support 
learning. In the amygdala, fear conditioning 

of an unchanged and a shifted range of synapticmodification. Models 
with altered range are not compatible with the data and support the 
conclusion that the synaptic modification range remains fixed. Our 
results could also suggest that learning results in a shift in synaptic 
modification threshold. Larger LTD and smaller LTP could occur with a 
rightward shift in theta according to the Bienenstock-Cooper-Munro 
(BCM) theory of synaptic modification, as has been reported in devel- 
oping neocortex (43). 

increases synaptic strength in vivo (6) and in 
vitro (7), and the same pathways appear to be 
capable of LTP. However, LTP occlusion in 
the amygdala has not been tested (19). Hip- 
pocampal circuits are capable of LTP and 
support various forms of learning, but the 
connection between LTP and learning has 
been controversial (2-5, 20-26), partly be- 
cause attempts to block learning by first sat- 
urating synapses using LTP has been difficult 
to achieve. Our approach differed because we 
attempted to saturate LTP after learning had 
modified synapses. 

One reasonable prediction of our finding 
is that near saturation of LTP would prevent 
further learning. If true, the cortex would 
seem to have a limited capacity to contribute 
to learning. However, recent work in the 
hippocampus has shown that spatial learning 
is not impaired until pathways are >90% 
saturated (5). If this result extends to MI, 
small residual LTP could be sufficient to 
support further learning. Why do we see such 
large effects of reach and grasp learning in 
MI synapses? Exceptionally large modifica- 
tions may appear only in rats nayve to any 
complex motor skills; subsequent learning 
might lead to more subtle, but highly mean- 
ingful enhancements and decrements beyond 
the sensitivity of the current methodology. 
Thus, one cannot equate the amount of LTP 
with the amount of learning because the re- 
lation may depend on prior history. It is 
noteworthy that learning motor skills does 
transiently interfere with learning other motor 
skills in humans (27); if such interference 
occurs in rats, the learning capacity may be 
restored by changes in synaptic modification 
range after prolonged task training. This re- 
mains to be examined. 

The most reasonable explanation for an 
increase in field potential amplitude associat- 

ed with motor skill learning is that synapses 
were potentiated by an LTP-like mechanism. 
Other mechanisms have been suggested to act 
during learning but are less plausible. A gen- 
eralized increase in excitability has been rec- 
ognized at early phases of classical condition- 
ing in the'hippocampus and MI (28-30). Our 
data are not consistent with excitability 
changes because absolute stimulation inten- 
sities were not altered by training. In addi- 
tion, increased excitability would be expected 
to produce more LTP in the trained MI be- 
cause stimulation would more effectively 
drive postsynaptic cells. Rather than using 
LTP, increases in synaptic efficacy could also 
occur if learning induced the formation of 
new synapses, as has been reported after le- 
sions in the visual and somatosensory cortex 
(31,32), and learning in the motor cortex (33). 
These effects appear to require more than 5 
days to develop, although new synapses can be 
formed rapidly subsequent to LTP induction 
[(34-36), but compare (37)l. However, if syn- 
apses were newly formed or preexisting silent 
synapses were revealed (38) after motor skill 
training, and they were functional, larger than 
normal LTP would be expected from the larger 
complement of synapses, and the synaptic mod- 
ification range would appear to expand because 
the stimulated and recorded population of syn- 
apses would be greater. This is in marked con- 
trast to our findings of less LTP and an un- 
changed synaptic modification range subse- 
quent to learning. Adding new receptors to 
existing synapses (39,40) would lead to larger 
field potentials and would not change the syn- 
aptic modification range and therefore is one 
favored mechanism to explain the present data. 
Whatever cellular mechanism enhances synap- 
tic efficacy, the data presented here establish a 
strong link between LTP and learhing-induced 
synaptic plasticity. 
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