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An Essential Role for Protein Phosphatases in 
Hippocampal Long-Term Depression 

Rosel M. Mulkey, Caroline E. Herron, Robert C. Malenka* 
The effectiveness of long-term potentiation (LTP) as a mechanism for information storage 
would be severely limited if processes that decrease synaptic strength did not also exist. 
In area CAI of the rat hippocampus, prolonged periods of low-frequency afferent stimu- 

*lation elicit a long-term depression (LTD) that is specific to the stimulated input. The 
induction of LTD was blocked by the extracellular application of okadaic acid or calyculin 
A, two inhibitors of protein phosphatases 1 and 2A. The loading of CAI cells with micro- 
cystin LR, a membrane-impermeable protein phosphatase inhibitor, or calmodulin antag- 
onists also blocked or attenuated LTD. The application of calyculin A after the induction 
of LTD reversed the synaptic depression, suggesting that phosphatase activity is required 
for the maintenance of LTD. These findings indicate that the synaptic activation of protein 
phosphatases plays an important role in the regulation of synaptic transmission. 

A c  tivity-dependent long- term changes in 
synaptic efficacy are of fundamental impor- 
tance for the development of neural circuits 
and for information storage in the nervous 
system. Long-term potentiation in area 
CAI of the hippocampus has been an in- 
tensively. studied form of activity-depen- 
dent synaptic plasticity primarily because it 
can be elicited reliablv in vitro in isolated 
slices of the hippocampus. Consequently, 
some of the biochemical stem res~onsible 
for its induction and maintenance are well 
characterized (1). 

Several different forms of LTD in the 
hippocampus have ' been observed (2), al- 
though the underlying biochemical mecha- 
nisms are not known. Recently a form of LTD 
that, like LTP, is restricted to activated syn- 
apses has been described (3, 4). This homo- 
synaptic LTD requires activation of postsyn- 
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aptic N-methyl-D-aspartate (NMDA) recep- 
tors (3, 4) and a change in the postsynaptic 
Ca2+ concentration (4). We have examined 
biochemical processes underlying this form of 
LTD and find that LTD requires serine-thre- 
onine protein phosphatase activity. 

Synaptic transmission between Schaffer 
collateral-commissural afferent fibers and 
CAI pyramidal cells in rat hippocampal 
slices was studied with scapdard extracellu- 
lar and whole-cell recording - ~chniques 
(5) .  After LTD was saturated. with repeti- 
tive periods (2 to 6 min) of 1-Hz stimula- 
tion ( 4 ,  LTP-inducing high-frequency tet- 
anuses (100 Hz, 1 s) increased synaptic 
strength beyond the original baseline value 
(Fig. 1). If the induction of LTP had not 
caused a reversal of the processes responsi- 
ble for LTD, it would not have been possi- 
ble to re-elicit LTD. Instead, additional 
episodes of 1 -Hz stimulation reduced synap- 
tic strength to its original minimal saturated 
level (10 of 12 experiments) (Fig. 1). Con- 
sistent with this finding, previous work has 
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demonstrated that prolonged periods of (I) ,  an attractive hypothesis is that LTD 
l-Hz stimulation may cause a "de-potenti- results from a relative increase in protein 
ation" of LTP (6). phosphatase activity compared with protein 

Given that a network of protein kinases kinase activity (7). Therefore we examined 
appears to play an important role in LTP the effects of specific serine-threonine pro- 

b 1 

30 60 90 120 150 180 21 0 240 270 
Time (min) 

B 

Fig. 1. Long-term depression and LTP are reversible modifications of synaptic mechanisms. (A) Plot 
of a typical experiment in which a 1-Hz stimulation (2 to 5 min) was applied repetitively (arrows) to 
saturate LTD. At 100 and 120 min LTP was induced by tetanic stimulation (100 Hz for 1 s, 
arrowheads), increasing synaptic strength above the baseline value. At 140 min, episodes of I -Hz 
stimulation (2 to 5 min) depressed synaptic strength to the value preceding the induction of LTP. (B) 
Field EPSPs (average of three successive sweeps) were taken at the indicated times. 

Fig. 2. Effects of the protein phosphatase inhib- 
itors okadaic acid and calyculin A on the induc- 
tion of LTD. Low-frequency stimulation (1 Hz for , 
5 min) was applied to hippocampal slices. (A) 
Control (-27 2 4%; n = 16). The insets (aver- 
age of three successive sweeps) were taken 
from a control experiment before and 30 min 
after LTD induction. (B) Slices incubated in 

tein phosphatase inhibitors on LTD (8) 
(Fig. 2). Okadaic acid (1 FM), a specific 
inhibitor of protein phosphatases 1 and 2A 
(PP1 and PP2A) (9), completely blocked 
LTD [4 2 5% (mean percent change from 
baseline + SEM); n = 101. In contrast, the 
application of l-nor-okadaone (1 pM), a 
compound with physical and chemical 
properties similar to those of okadaic acid 
but lacking any phosphatase inhibitory ac- 
tivity ( 9 ) ,  had no effect on the ability to 
generate LTD (-27 2 3%; n = 3 )  (Fig. 
2B). Calyculin A (1 pM), which is struc- 
turally distinct from okadaic acid and a 
more potent inhibitor of PP1 and PP2A 
(1 O), also blocked the generation of LTD 
completely (12 ? 6%; n = 12) (Fig. 2C) 
(1 1, 12). As a final control we tested the 
effects of the impermeant protein phospha- 
tase inhibitor, microcystin LR (13). Con- 
sistent with its inability to cross cell mem- 
branes (1 3), LTD was elicited in all slices 
treated with microcystin LR (n = 6) (14). 

Long-term potentiation may be main- 
tained, at least in part, by a persistent 
increase in kinase activity (1, 15). To 
investigate whether, similarly, LTD is ex- 
pressed when critical phosphoproteins are 
maintained in the dephosphorylated state, 
we monitored simultaneously synaptic 
transmission in response to stimulation of 
two independent afferent fiber bundles and 
compared the effects of calyculin A (1 FM) 
application on a control path and a path in 
which LTD had been elicited previously. 

(circles) okadaic acid '(1 p M ;  n = 10) or 
(squares) 1-nor-okadaone (1 ILM; n = 3). (C) 50 L 
Slices incubated in calyculin A (1 p M ;  n = 12). B 

Okadaic acid 

V1 
P m . . . m . m m . 4 m  ~ = . m m ~ m , . ~ ~ @ m ~ I r $  
W I 1 -non-okadone 
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The application of calyculin A had no 
effect on synaptic transmission monitored 
in the control path (- 1 + 4%) but caused 
an increase in synaptic strength in the path 
in which LTD had been induced (24 -+ 5%) 
(Fig. 3, A and C). A shift to the left in the 
input-output curve after calyculin A appli- 
cation in the depressed but not the control 
path (Fig. 3B) demonstrated that the ob- 
served increase in synaptic strength in the 
depressed path did not result from an effect 
on fiber excitability (11).  Consistent with 
previous experiments (Fig. ZC), in all slices 
tested (n = 6) bath application of calyculin 
A for 40 min was effective in preventing the 
subsequent induction of LTD by l-Hz stim- 
ulation in either the control (Fig. 3A) or test 
path (16). 

Both LTP (1) and homosynaptic LTD 
(4) are dependent on a change in the 
postsynaptic Ca2+ concentration elicited 
by the activation of NMDA receptors. 
Therefore, a change in the magnitude of 
the synaptic current mediated by NMDA 
receptors might significantly affect the di- 
rection of change in synaptic efficacy caused 
by a fixed pattern of afferent activity. Bath 
application of calyculin A (1 pM; n = 4) 
had no discernible effect on the magnitude 
of the excitatory postsynaptic potential 
(EPSP) mediated by NMDA receptors that 
was recorded in the presence of the non- 
NMDA receptor antagonist 6-cyano-7-ni- 
troquinoxaline-2,3-dione (CNQX; 10 pM) 
and low extracellular magnesium (0.1 
mM) . Moreover, whole cell voltage-clamp 
recordings revealed that the voltage depen- 
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Fig. 3. Effects of calyculin A on existing LTD. (A) Field EPSPs were recorded from a single site 
in response to the alternating stimulation of two independent afferent-fiber bundles. Long-term 
depression was induced in one pathway by stimulation at 1 Hz for 5 min (arrows). Calyculin A (1 
FM) was then applied to the slice (solid bar). Sample traces (average of three successive 
Sweeps) were taken at the indicated times. (6) Input-output curves generated immediately before 
(circles) and after (squares) calyculin application. The curves were generated during the gaps in 
the plots of the complete experiment (A). (C) Summary graph (n = 6) of the depressed (squares) 
and control (circles) paths. For each experiment, the control path was normalized to the original 
baseline and the depressed path was normalized to the baseline obtained 10 min before 
calyculin A application. 

A Fig. 4. Long-term depression is dependent on 
postsynaptic protein phosphatase activity and 
postsynaptic Ca2+-CaM. (A) Control experi- - ments (n = 24) in which EPSPs were monitored 

25 rns in (circles) a single cell and (squares) a popu- 
lation of cells in the same slice, with simultane- 

2 ous whole cell and extracellular field recording. 
~ ~ : ~ ; ~ % $ ~ ~ ~ % S ~ S ? ~ * ~ ~ * ~ I I ~ ~ F * *  Long-term depression was induced by stimula- 

50 tion (1 Hz for 6 min). Sample traces (averages 
of three successive sweeps) were taken at the 

Microcystin LR indicated times. (6) Experiments (n = 12) in 
150r which CAI cells were loaded with microcystin 

LR (10 FM in patch pipette). (C) Experiments (n 
= 12) in which CAI cells were loaded with 
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dence of the excitatory postsynaptic current 
(EPSC) mediated by NMDA receptors also 
appeared normal in cells treated with ca- 
lyculin A (1 7). 

A critical question is whether the phos- 
phatase inhibitors act pre- or postsynapti- 
cally to block LTD. We examined whether 
loading CAI pyramidal cells with microcys- 
tin LR could block LTD (18). There was a 
strong correspondence between the magni- 
tude of LTD elicited in the control cells (n 
= 24) and that measured in the simultane- 
ously recorded field EPSP (cells: - 29 + 4%; 
fields: -28 k 3%) (Fig. 4A). Long-term 
depression was blocked in cells that were 
loaded with microcystin LR (-2 + 7%; n = 
12) (Fig. 4B), although the 1-Hz stimulation 
induced LTD in surrounding cells, as evi- 
denced by the decrease in the field EPSP 
(-28 + 3%). Thus, the activity of a 
postsynaptic protein phosphatase appears to 
be critical for the induction of LTD. 

How might protein phosphatase activity 
in the postsynaptic cell be regulated by 
synaptic activity? Because homosynaptic 
LTD depends on a change in the postsyn- 
aptic Ca2+ concentration (4), one possibil- 
ity is that the Ca2+ complexes with calmod- 
ulin (CaM) , leading to a change in protein 
phosphatase activity (7, 19). To test 
whether Ca2+-CaM in the postsynaptic cell 
is required to generate LTD, we loaded 
CAI cells with either a CaM-binding pep- 
tide (CBP-,; 20 p,M) (20) or calmid- 
azolium (2 p,M), both of which have been 
shown to block LTP (21). These agents 
significantly reduced the magnitude of LTD 
(-14 k 5%; n = 12) compared with that 
observed in the field EPSP (-33 + 3%; P 
< 0.005) (Fig. 4C) or in the control cells 
(-29 + 4%; P < 0.05) (22). 

Our results demonstrate that serine- 
threonine protein phosphatase activity in 
the postsynaptic cell is required for the 
generation of homosynaptic LTD in CAI 
pyramidal cells. Several lines of evidence 
suggest that PP1 is more likely than PP2A 
to affect LTD. Protein phosphatase 1 is 
found in high concentrations in isolated 
synaptic junctions (1 9, 23) and can dephos- 
phorylate several phosphoproteins found at 
the synapse, including CaMKII (1 9, 23), a 
kinase thought to be important for LTP (I, 
24). The activity of PP1 also can be indi- 
rectly regulated by the postsynaptic Ca2+ 
concentration, whereas there are no known 
mechanisms to regulate the activity of 
PP2A (1 9). 

A model that is consistent with several 
of our results and with the known regula- 
tion of PP1 has been proposed by Lisman 
(7). Protein phosphatase 1 is inhibited by 
the phosphorylated form of inhibitor I (I- 
I) ,  which is dephosphorylated by the Ca2+- 
CaMdependent protein phosphatase cal- 
cineurin (PP2B) (1 9). Therefore, the acti- 

vation of PP2B by Ca2+-CaM would de- 
phosphorylate 1-1, resulting in the acti- 
vation (by way of disinhibition) of PP1. 
The Ca2+-CaM complex is also required for 
LTP (1) but perhaps at a higher threshold 
concentration than is required for LTD (7). 
This difference might explain why loading 
cells with CaM inhibitors significantly re- 
duced but did not completely block LTD, 
whereas these same inhibitors blocked LTP 
in a previous study (2 1). 

Our data, combined with previous work 
on LTP (I), provide evidence that activity- 
dependent modulation of synaptic strength 
in CAI pyramidal cells is at least partially 
controlled by the balance between the activ- 
ities of critical protein kinases and serine- 
threonine protein phosphatases in the 
postsynaptic cell. A potential substrate for 
this biochemical competition is the synaptic 
glutamate receptor. The adenosine 3 '3 ' -  
monophosphatedependent protein kinase 
(PKA) phosphorylates the glutamate recep- 
tor subunit GluR6, resulting in an enhance- 
ment of agonist-induced responses (25). 
However, it seems unlikely that this mech- 
anism is important in mediating LTD or 
LTP in CAI cells in situ because GluR6 is 
preferentially expressed in CA3 cells in the 
hippocampus (26) and strong activation of 
PKA did not block LTD (27). In isolated 
postsynaptic densities, endogenous CaMKII 
phosphorylates a GluRl subunit that is part 
of the native synaptic glutamate receptor 
(28). This protein kinase ' also enhances 
responses to kainate in hippocampal neurons 
(28), as do phosphatase inhibitors (28, 29). 
Thus, a change in the phosphorylation state 
of GluRl or related subunits could provide 
ari efficient mechanism to control synaptic 
strength. 

Our results by no means rule out an 
important role for presynaptic phosphatase 
activity in LTD. However, like LTP, homo- 
synaptic LTD is induced postsynaptically 
(4), indicating that if presynaptic modifica- 
tions occur during LTD, a "retrograde" mes- 
senger (1) must exist. The examination of 
LTP and LTD in parallel should facilitate 
the identification of phosphoproteins that 
are critical for the control of synaptic efficacy 
and whose phosphorylation states are regu- 
lated by synaptic activity. 
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T h e hippocampal formation is the highest 
level of association cortex (I) and is an 
essential component in memory encoding. 
Its role in the internal representation of 
space (2) is indicated by both neuropsycho­
logical studies (3) and the observation that 
its pyramidal cells ("place" cells) are selec­
tively active in particular locations (4). At 
the computational level, the matrix-like 
organization of hippocampal circuitry has 
inspired the theory that it serves as a rapid 
autoassociative memory (5, 6). Finally, its 
neurons exhibit potential substrates of 
learning in the form of cooperative, long-
term synaptic enhancement (7). Thus, the 
hippocampus represents a key to under­
standing biological and computational 
mechanisms of associative memory and the 
structure of cognitive representations. 

The spatial and mnemonic dependence 
of hippocampal neuronal activity has been 
well characterized at the level of single cells 
(8); however, complete understanding of 
hippocampal function will require knowl­
edge of the dynamics of ensemble encoding 
(9) of information across many neurons dur­
ing relevant behavioral tasks, particularly in 
view of both the involvement of the hippo­
campus in memories that are unique to a 
trial and the low firing rates and intrinsic 
variability of single hippocampal cells. In 
the only published study to address whether 
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experience is required for the initial estab­
lishment of hippocampal spatial representa­
tions, single-unit recordings failed to detect 
differences in the firing of most place cells 
between the first and subsequent entries of a 
rat into a specific location (10). Here, we 
provide evidence to the contrary and de­
scribe the dynamics of ensemble encoding of 
space in the hippocampus during a single 
episode of exploration in a novel environ­
ment. 

Three rats were implanted with micro-
drive arrays (11) containing 12 four-chan­
nel recording electrodes (tetrodes), each 
capable of resolving activity from 5 to 20 
single hippocampal neurons (12). The rats 
were trained over 10 days to forage for 
small, chocolate pellets in half of a rectan­
gular apparatus (box A) (13). The other 
half of the apparatus (box B) was obscured 
from view by a partition. 

While the rat sat quietly or .slept out­
side the apparatus, the electrodes were 
lowered until stable recordings of well-
isolated cells in the pyramidal layer of 
CA1 were obtained on all tetrodes. Most 
hippocampal cells become active during 
these conditions, even if they exhibit 
little or no activity during the particular 
behavioral task under study (I4f 15). 
Eighty-two single units were identified in 
rat 1, 73 in rat 2, and 148 in rat 3 . Of 
these, the numbers of pyramidal [complex 
spike (CS)] cells were 76, 71, and 141 for 
rats 1, 2, and 3, respectively. The remain-
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Dynamics of the Hippocampal 
Ensemble Code for Space 

Matthew A. Wilson and Bruce L. McNaughton 
Ensemble recordings of 73 to 148 rat hippocampal neurons were used to predict accurately 
the animals' movement through their environment, which confirms that the hippocampus 
transmits an ensemble code for location. In a novel space, the ensemble code was initially 
less robust but improved rapidly with exploration. During this period, the activity of many 
inhibitory cells was suppressed, which suggests that new spatial information creates 
conditions in the hippocampal circuitry that are conducive to the synaptic modification 
presumed to be involved in learning. Development of a new population code for a novel 
environment did not substantially alter the code for a familiar one, which suggests that the 
interference between the two spatial representations was very- small. The parallel recording 
methods outlined here make possible the study of the dynamics of neuronal interactions 
during unique behavioral events. 


