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Abstract
At excitatory synapses onto hippocampal CA1 pyramidal cells, activation of cyclic AMP-dependent
protein kinase and subsequent down-regulation of protein phosphatases has a crucial role in the
induction of long-term potentiation by low-frequency patterns of synaptic stimulation. Because the
second messenger cyclic guanosine 3′,5′monophosphate can regulate the activity of different forms
of the cyclic AMP degrading enzyme phosphodiesterase, we examined whether increases in cyclic
guanosine 3′,5′monophosphate can modulate long-term potentiation induction in the mouse
hippocampal CA1 region through effects on cyclic AMP signaling. Using the cyclic guanosine 3′,5′
monophosphate-specific phosphodiesterase inhibitor zaprinast or the nitric oxide donor S-nitroso-
D,L-penicillamine to elevate cyclic guanosine 3′,5′monophosphate levels we found that increases in
cyclic guanosine 3′,5′monophosphate strongly inhibit the induction of long-term potentiation by low-
frequency patterns of synaptic stimulation where protein kinase A activation is required for long-
term potentiation induction. In contrast, zaprinast and S-nitroso-D,L-penicillamine had no effect on
the induction of long-term potentiation by high-frequency patterns of synaptic stimulation that induce
long-term potentiation in a protein kinase A-independent manner. Directly activating protein kinase
A with the phosphodiesterase-resistant cyclic AMP analog 8-Br-cAMP, blocking all
phosphodiesterases with 3-isobutyl-1-methylxanthine, or inhibiting protein phosphatases rescued
long-term potentiation induction in zaprinast-treated slices. Together, these results suggest that
increases in cyclic guanosine 3′,5′monophosphate inhibit long-term potentiation by activating
phosphodiesterases that interfere with the protein kinase A-mediated suppression of protein
phosphatases needed for long-term potentiation induction. Consistent with the notion that this cyclic
guanosine 3′,5′mono-phosphate-mediated inhibitory pathway is recruited by some patterns of
synaptic activity, blocking cyclic guanosine 3′,5′monophosphate production strongly facilitated the
induction of long-term potentiation by long trains of theta-frequency synaptic stimulation. Together,
our results indicate that increases in cyclic guanosine 3′,5′monophosphate can act as a long-term
potentiation suppressor mechanism that selectively constrains the induction of protein kinase A-
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dependent forms of long-term potentiation induced by low-frequency patterns of synaptic
stimulation.
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The cyclic AMP (cAMP)/protein kinase A (PKA) signaling pathway has a crucial role in
learning in animals as diverse as Aplysia, Drosophila, and mammals (Bailey et al., 1996;
Burrell and Sahley, 2001; Selcher et al., 2002) and is importantly involved in activity-
dependent forms of synaptic plasticity, such as long-term potentiation (LTP) (Nguyen and
Woo, 2003). At excitatory synapses onto hippocampal CA1 pyramidal cells PKA has multiple
roles in LTP. For instance, PKA activation is not only involved in the transcription-dependent
processes responsible for the later stages of LTP maintenance but, for certain patterns of
synaptic activity, also enables the induction of LTP by suppressing protein phosphatases that
would otherwise oppose the protein kinase mediated processes underlying LTP induction
(Blitzer et al., 1995, 1998; Thomas et al., 1996; Makhinson et al., 1999). Moreover, activation
of PKA by neurotransmitters acting through G protein-coupled receptors can strongly facilitate
LTP induction (Thomas et al., 1996; Otmakhova and Lisman, 1996; Katsuki et al., 1997;
Winder et al., 1999; Brown et al., 2000; Lin et al., 2003). Thus, the cAMP/PKA pathway also
provides a mechanism through which modulatory neurotransmitters can regulate LTP
induction.

The cAMP/PKA pathway is not only activated by G protein-coupled receptors but is also
regulated by a variety of second messengers acting through different isoforms of adenylyl
cyclase and phosphodiesterase, the enzymes responsible for cAMP production and degradation
respectively (Hanoune and Defer, 2001; Mehats et al., 2002). An important example of this is
the second messenger cyclic guanosine 3′,5′monophosphate (cGMP) which, by regulating
different forms of the enzyme phosphodiesterase, can either facilitate or inhibit cAMP
signaling by attenuating or enhancing cAMP degradation (Mehats et al., 2002). One
phosphodiesterase expressed by hippocampal neurons, PDE3 (Reinhardt and Bondy, 1996), is
inhibited by cGMP (Mehats et al., 2002). This suggests that increases in cGMP might facilitate
LTP induction by inhibiting cAMP degradation. However, hippocampal neurons also express
PDE2, a phosphodiesterase that is strongly stimulated by cGMP (Repaske et al., 1993; Van
Staveren et al., 2003). Thus, cGMP production also has the potential to suppress LTP induction
by facilitating cAMP degradation and inhibiting PKA activation. Although previous findings
suggest that activation of protein kinase G (PKG) by cGMP has an important role in
hippocampal LTP and long-term depression (LTD) (Zhuo et al., 1994a; Wu et al., 1998;
Santschi et al., 1999; Arancio et al., 2001; Monfort et al., 2002), the possibility that cGMP
regulates LTP induction through phosphodiesterase-mediated alterations in cAMP signaling
has not been examined.

Here we investigated how the induction of LTP in the hippocampal CA1 region might be
regulated by interactions between the cAMP and cGMP signaling pathways. We find that
activation of cGMP-stimulated phosphodiesterases strongly inhibits the induction of LTP in a
protein phosphatase-dependent manner. Our results thus indicate that cGMP can act as a potent
suppressor of LTP induction by opposing the PKA-dependent inhibition of protein
phosphatases required for LTP induction.
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EXPERIMENTAL PROCEDURES
Slice preparation and extracellular recordings

Standard techniques approved by the UCLA Institutional Animal Care and Use Committee
were used to prepare 400 μm thick hippocampal slices from tissue obtained from halothane
anesthetized, 6–8 week-old male C57BL/6 mice (Charles River Laboratories, Wilmington,
MA, USA). Slices were maintained (at 30 °C) in an interface-type chamber perfused (2–3 ml/
min) with an oxygenated (95% O2/5% CO2) artificial cerebrospinal fluid (ACSF) containing
124 mM NaCl, 4.4 mM KCl, 25 mM NaHCO3, 1 mM NaH2PO4, 2 mM CaCl2, 1.2 mM
MgSO4, and 10 mM glucose. A biopolar, nichrome wire stimulating electrode placed in stratum
radiatum of the CA1 region of the slice was used to stimulate Schaffer collateral/commissural
fibers (stimulation rate=0.02 Hz) and a low resistance glass microelectrode filled with ACSF
(resistance=5–10 Mohm) was used to record field excitatory postsynaptic potentials (fEPSPs)
in stratum radiatum. At the start of each experiment the maximal fEPSP that could be evoked
in each slice was determined by gradually increasing the stimulation intensity until the evoked
fEPSP amplitude reached a saturating level. The stimulation intensity was then adjusted to
elicit fEPSPs that were approximately 50% of the maximal fEPSP amplitude. In some
experiments an extracellular recording electrode was placed in stratum pyramidale to record
population spikes evoked by Schaffer collateral/commissural fiber stimulation. In these
experiments the stimulation intensity was adjusted to evoke baseline population spike
amplitudes of approximately 2 mV (measured from the midpoint of a tangent connecting the
two positive peaks of the fEPSP to the peak negativity of the population spike). All extra-
cellular recordings were performed in slices maintained under interface conditions except those
shown in Fig. 1A and B and Fig. 2, which were done using slices maintained in a submerged-
slice recording chamber. In most experiments LTP was induced using a theta-pulse stimulation
(TPS) protocol consisting of 150 pulses of presynaptic stimulation delivered at 5 Hz. High-
frequency stimulation (HFS)-induced LTP was elicited using two trains of 100 Hz stimulation
(100 pulses each, inter-train interval=10 s). The average slopes of fEPSPs evoked 40–45 min
post-TPS or 55–60 min-post HFS were used for statistical comparisons (paired and unpaired
t-tests or, where appropriate, one-way ANOVAs followed by Student-Newman-Keuls tests for
multiple pairwise comparisons).

Whole-cell current-clamp recordings
Low resistance electrodes (Relectrode=3–7 Mohm, Rseries=10–30 Mohm) filled with a solution
containing 122.5 cesium gluconate, 17.4 CsCl, 2 mM MgCl2, 10 mM TEA-Cl, 0.2 mM EGTA,
2 mM ATP, 0.3 mM GTP, and 10 mM HEPES (pH=7.2, osmolarity=290–300 mOsm, adjusted
with cesium gluconate) were used to perform whole-cell current-clamp recordings. In these
experiments slices were maintained in a submerged-slice recording chamber and 100 μM
picrotoxin was added to the ACSF to block inhibitory synaptic transmission. To prevent the
spontaneous bursting that can occur when inhibition is blocked the hippocampal CA3 region
was removed and slices were bathed in a modified ACSF containing 2.4 mM KCl, 4 mM
CaCl2 and 4 mM MgSO4. The intensity of presynaptic fiber stimulation was adjusted to evoke
5–10 mV EPSPs and constant current injection through the recording electrode was used to
hyperpolarize membrane potentials to −80 to −85 mV throughout the experiment. A brief (40–
50 ms) hyperpolarizing pulse of current (50–100 pA) injected through the recording electrode
either 90 ms before or 150 ms after each presynaptic fiber stimulation pulse was used to monitor
input and series resistance throughout the experiment. In these experiments LTP was induced
by pairing 100 pulses of presynaptic fiber stimulation (at 2 Hz) with tonic depolarization of
the postsynaptic cell’s membrane potential to approximately −10 mV. This pairing protocol
was delivered after 17–20 min of whole-cell recording to avoid the potential loss of LTP
induction associated with prolonged whole-cell recordings yet allow as much time as possible
for compounds in the electrode solution to diffuse into the cell. Unless indicated otherwise, the
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average slope of EPSPs evoked between 25 and 30 min post-pairing was used for statistical
comparisons.

Rp-cAMPS (Alexis Biochemicals, San Diego, CA, USA) and PKI(6–22)amide (Biomol,
Plymouth Meeting, PA, USA) were dissolved directly into the electrode-filling solution. H89
(N-[2-(p-bromo-cinnamylamino)ethyl]-5-isoquinoline sulfonamide) (Biomol), calyculin A,
microcystin LR, and nodularin (Alexis Biochemicals) were prepared as a concentrated stock
solutions in dimethyl-sulfoxide (DMSO) and stored at −20 °C. S-nitroso-D,L-penicillamine
(SNAP) was synthesized according to the reaction developed by Field et al. (1978) or purchased
from Tocris Cookson (Ellisville, MO, USA) and co-applied with 2 μM CuSO4 to facilitate
nitric oxide release. DPCPX (1,3-dipropyl-8-cyclopentyl xanthine) was obtained from Tocris
and prepared as a concentration stock solution in DMSO. All other compounds were obtained
from Sigma (St. Louis, MO, USA).

RESULTS
Increases in cGMP inhibit TPS-induced LTP

In the hippocampal CA1 region the induction of LTP by TPS is strongly suppressed by PKA
inhibitors and enhanced by pharmacological manipulations that increase intracellular levels of
cAMP (Thomas et al., 1996; Winder et al., 1999; Brown et al., 2000). Thus, to determine
whether cGMP signaling can regulate the induction of PKA-dependent forms of LTP we
examined whether TPS-induced LTP was altered in slices bathed in ACSF containing the
cGMP-specific phosphodiesterase inhibitor zaprinast (ZAP), a compound previously shown
to elevate cGMP levels in hippocampal slices (Boulton et al., 1994). Because hippocampal
pyramidal cells express two distinct cGMP-specific phosphodiesterases (PDE5 and PDE9)
(Andreeva et al., 2001; Van Staveren et al., 2003) with different sensitivities to ZAP (IC50s
of 0.76 and 29 μM, respectively) (Soderling et al., 1998), ZAP was bath applied at a
concentration of 50 μM to effectively inhibit both isoforms.

Consistent with previous reports (Boulton et al., 1994; Broome et al., 1994; Wu et al., 1998;
Santschi et al., 1999), ZAP induced a significant depression of basal synaptic transmission that
persisted for as long as ZAP was present in the bath (Fig. 1A, 60 min after the start of ZAP
application fEPSPs were reduced to 63±3% of baseline, n=5, P<0.001 compared with baseline).
Importantly, this effect of ZAP on basal synaptic transmission could inhibit LTP induction by
decreasing the postsynaptic depolarization needed for NMDA receptor activation. To control
for this we continuously bathed slices in ACSF containing ZAP and, after the ZAP-induced
depression reached steady state, increased the intensity of presynaptic stimulation to restore
fEPSPs to pre-ZAP baseline levels. A new 20 min baseline in the presence of ZAP was then
recorded prior to attempting to induce LTP with TPS (Fig. 1B). As shown in Fig. 1C, TPS-
induced LTP was strongly inhibited in ZAP-treated slices (post-TPS fEPSPs were just 109±8%
of baseline n=6, compared with 171±8% of baseline in interleaved vehicle control experiments,
0.2% DMSO, n=5, P<0.001). Consistent with the notion that the effects of ZAP on LTP
induction are due to increases in intracellular cGMP, the nitric oxide donor SNAP, which
elevates cGMP levels in hippocampal slices via stimulation of soluble guanylyl cyclases
(Boulton et al., 1994), also inhibited basal synaptic transmission and TPS-induced LTP (Fig.
1D).

Increases in cGMP enhance adenosine release in hippocampal slices (Fallahi et al., 1996;
Saransaari and Oja, 2004) and activation of presynaptic adenosine receptors are thought to be
responsible for the inhibitory effects of ZAP and SNAP on basal synaptic transmission
(Boulton et al., 1994; Broome et al., 1994). Thus, as an additional control for the possibility
that the effects of ZAP on TPS-induced LTP might be due to changes in basal synaptic
transmission we examined the effects of ZAP on basal synaptic transmission and LTP induction
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in slices where A1 type adenosine receptors were blocked with the antagonist DPCPX. As
shown in Fig. 2, bath application of 200 nM DPCPX completely blocked the inhibition of basal
synaptic transmission by both adenosine (100 μM) and ZAP (Fig. 2A and 2B) but had no effect
on the inhibition of TPS-induced LTP in ZAP-treated slices (Fig. 2C). These results, which
demonstrate that TPS-induced LTP is strongly suppressed by ZAP even under experimental
conditions where the effects of ZAP on basal synaptic transmission are prevented, indicate that
the inhibition of LTP in ZAP-treated slices cannot be attributed to the effects of ZAP on basal
synaptic transmission.

While brief trains of TPS reliably induce LTP in the hippocampal CA1 region, longer trains
of TPS consisting of 900 stimulation pulses have little lasting effect on synaptic strength
(Thomas et al., 1996, 1998; Winder et al., 1999). Long trains of TPS can induce a PKA-
dependent form of LTP, however, when delivered in the presence of reagents that elevate
intracellular cAMP levels, such as the adenylyl cyclase activator forskolin or β-adrenergic
receptor agonists (Thomas et al., 1996; Winder et al., 1999 Brown et al., 2000). Thus, as an
additional test of the effects of cGMP on PKA-dependent forms of LTP we examined whether
ZAP and SNAP inhibit the induction of LTP by a long train of TPS delivered in the presence
of the β-adrenergic receptor agonist isoproterenol (ISO). As shown in Fig. 3A, 900 pulses of
TPS delivered at the end of a 10 min bath application of 1.0 μM ISO induced a two-fold
potentiation of synaptic transmission in control slices but had relatively little persistent effect
on synaptic transmission in slices continuously bathed in ACSF containing 50 μM ZAP or 1
mM SNAP. In these experiments we also observed that the small, PKA-mediated increase in
basal synaptic transmission induced by β-adrenergic receptor activation (Thomas et al.,
1996) was completely blocked by ZAP and SNAP (7 min after the start of ISO application
fEPSPs were 119±4% of baseline in control slices, n=5, but were just 99±3% and 101±3% of
baseline in slices bathed in ZAP or SNAP, respectively, n=5 for each, P<0.05 compared with
control). In other experiments we found that ZAP also strongly suppressed the cAMP-
dependent, persistent facilitation of EPSP-evoked population spikes induced by β-adrenergic
receptor activation (Heginbotham and Dunwiddie, 1991; Dunwiddie et al., 1992) (Fig. 3B).
Thus, increases in cGMP not only inhibit the induction of PKA-dependent forms of LTP but
also strongly suppress the cAMP and PKA-mediated effects of β-adrenergic receptor activation
on excitatory synaptic transmission and neuronal excitability.

ZAP-induced increases in cGMP suppress LTP induction by inhibiting cAMP/PKA signaling
Based on our observations that ZAP and SNAP inhibit both PKA-dependent forms of LTP and
the PKA-mediated effects of β-adrenergic receptor activation on synaptic strength and neuronal
excitability we investigated whether the effects of ZAP and SNAP on LTP might be due to a
cGMP-induced inhibition of cAMP signaling. Hippocampal neurons strongly express the
cGMP-stimulated phosphodiesterase PDE2 (Repaske et al., 1993; Van Staveren et al., 2003)
and cGMP stimulation of phosphodiesterases has been shown to inhibit cAMP-dependent
modulation of voltage-activated calcium channels in hippocampal neurons (Doerner and Alger,
1988). Thus, one way that increases in cGMP could inhibit cAMP signaling is by activating
PDE2 and enhancing cAMP degradation. Importantly, the hypothesis that increases in cGMP
disrupt LTP induction through a phosphodiesterase-mediated inhibition of cAMP signaling
makes a number of readily testable predictions. First, if the inhibitory effects of ZAP and SNAP
on TPS-induced LTP are due to alterations in cAMP and PKA signaling then the induction of
LTP by patterns of synaptic stimulation that induce LTP in a PKA-independent manner should
not be affected by either compound. Consistent with this, ZAP and SNAP had no effect on the
induction of LTP by two trains of 100 Hz stimulation (Fig. 4A), a stimulation protocol that
induces a PKA-independent early phase of LTP (Frey et al., 1993; Weisskopf et al., 1994;
Blitzer et al., 1995; Thomas et al., 1996). Second, if increases in cGMP inhibit cAMP signaling
by activating phosphodiesterases, then application of phosphodiesterase-resistant cAMP
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analogues should rescue TPS-induced LTP in ZAP-treated slices. To test this prediction we
bath applied the hydrolysis-resistant cAMP analog 8-Br-cAMP (1 mM) for 20 min prior to
TPS in control and ZAP-treated slices. As shown in Fig. 4B and 4C, 8-Br-cAMP had no effect
on LTP induction in slices bathed in normal ACSF (fEPSPs were potentiated to 170±7% of
baseline) but completely rescued LTP in slices continuously bathed in ACSF containing 50
μM ZAP (fEPSPs were potentiated to 181±10% of baseline, n=11). In other experiments we
found that a 20 min bath application of 1 mM 8-Br-cAMP by itself had no significant lasting
effect on synaptic transmission (n=3, data not shown). This indicates that the ability of 8-Br-
cAMP to rescue LTP in ZAP-treated slices is not due to an 8-Br-cAMP-induced potentiation
of synaptic transmission that masks the inhibitory effects of ZAP. Finally, the hypothesis that
increases in cGMP inhibit LTP induction by facilitating cAMP degradation predicts that
inhibiting all phosphodiesterases should rescue LTP in ZAP-treated slices by inhibiting cAMP
degradation even when cGMP levels are elevated. Consistent with this, bath application of the
nonselective phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine (IBMX, 100 μM) by
itself had no effect on TPS-induced LTP (fEPSPs were potentiated to 160±11% of baseline in
IBMX-treated slices, n=6) but completely prevented the suppression of LTP by ZAP (fEPSPs
were potentiated to 158±5% of baseline in slices exposed to both IBMX and ZAP, n=6) (Fig.
4D).

PKA inhibitors suppress pairing-induced LTP
Because the PKA-dependent processes important for the induction of LTP are thought to be
postsynaptic (for review see Nguyen and Woo, 2003), our results suggest that increases in
postsynaptic cGMP are primarily responsible for the inhibitory effects of ZAP on TPS-induced
LTP. Previous studies have found, however, that presynaptic cGMP signaling has an important
role in both LTP (Arancio et al., 1995, 2001; Blitzer et al., 1995) and LTD (Santschi et al.,
1999; Stanton et al., 2003). Thus, to determine whether ZAP-induced increases in cGMP inhibit
LTP through effects on postsynaptic cAMP signaling we examined the effects of introducing
ZAP and other compounds into CA1 pyramidal cells on the induction of LTP by a pairing
protocol where a brief train of low-frequency pre-synaptic fiber stimulation was paired with
postsynaptic depolarization to −10 mV.

As noted above, the induction of LTP by some patterns of synaptic stimulation is PKA-
independent. Thus, we first examined whether PKA activation is required for pairing-induced
LTP under our experimental conditions by introducing various PKA inhibitors into the
postsynaptic CA1 pyramidal cells via the recording electrode. As can be seen in Fig. 5A,
pairing-induced LTP was strongly suppressed in cells where the PKA inhibitor Rp-cAMPs (1
mM) was present in the recording electrode solution (post-pairing EPSPs were 116±11% of
baseline, n=11 compared with 277±16% of baseline in interleaved control experiments, n=13,
P<0.001). Importantly, some cAMP analogues, including Rp-cAMPs, may inhibit LTP through
PKA-independent mechanisms (Otmakhova and Lisman, 2002). Thus, we also examined the
effects of two additional PKA inhibitors on pairing-induced LTP. As shown in Fig. 5B and
5C, postsynaptic infusion of the PKA inhibitors PKI(6–22) amide and H89 also significantly
suppressed, but unlike Rp-cAMPs did not completely block, pairing-induced LTP. In a series
of control experiments we introduced PKA inhibitors into CA1 pyramidal cells via the
recording electrode and, after an amount of time in the whole-cell recording mode equivalent
to that used in our LTP experiments, depolarized the postsynaptic cell to −10 mV for 50 s in
the absence of presynaptic fiber stimulation. This protocol is identical to that used in our LTP
experiments except that no LTP is induced due to the absence of presynaptic activity. Thirty
minutes after postsynaptic depolarization alone EPSPs were not significantly different from
baseline, (Rp-cAMPS: EPSPs were 110±9% of baseline, n=3; PKI(6–22)amide: EPSPs were
107±4% of baseline, n=4; H89: EPSPs were 93±5% of baseline, n=3). This indicates that the
effects of PKA inhibitors on LTP induction cannot be attributed to nonselective, inhibitory
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effects on basal synaptic transmission. Thus, under our experimental conditions pairing-
induced LTP is at least partially dependent on PKA activity (also see Otmakhova et al.,
2000).

Increases in intracellular cGMP suppress pairing-induced LTP by inhibiting cAMP signaling
To determine whether cGMP modulates pairing-induced LTP we first examined the effects of
blocking cGMP-specific phosphodiesterases with ZAP on LTP induction (Fig. 6A). Compared
with control experiments, where synaptic transmission was potentiated to 268±20% of baseline
(n=13), pairing-induced LTP was completely blocked in cells where ZAP (50 μM) was present
in the bath (EPSPs were 94±10% of baseline, n=6, P<0.001 compared with control). Pairing-
induced LTP was also strongly inhibited when ZAP was introduced into postsynaptic CA1
pyramidal cells via the recording electrode (EPSPs were 126±10% of baseline, n=6, P<0.001
compared with control). Pairing-induced LTP was also significantly inhibited in cells were 8-
Br-cGMP (1 mM) was present in the recording electrode (EPSPs were 152±14% of baseline,
n=15, compared with 259±18% of baseline in interleaved control experiments, n=14, P<0.001).

To test whether the ZAP inhibition of pairing-induced LTP, like TPS-induced LTP, involves
cGMP-mediated alterations in cAMP signaling we examined whether IBMX could rescue LTP
induction in cells where ZAP was present in the bath. As shown in Fig. 6B, bath application
of IBMX (100 μM) by itself had no effect on pairing induced-LTP (EPSPs were 252±16% of
baseline, n=10), but almost completely rescued LTP induction in ZAP-treated cells. (EPSPs
were 194±17% of control in cells treated with both IBMX and ZAP, P<0.001 compared with
bath applied ZAP alone, P<0.05 compared with control). Similarly, postsynaptic delivery of
8-Br-cAMP via the recording electrode had no effect on pairing-induced LTP (EPSPs were
286±19% of baseline, n=7) but enabled the induction of nearly normal levels of LTP when co-
applied with ZAP via the recording electrode (EPSPs were 210±18% of baseline, n=8, P<0.001
compared with intracellular ZAP alone, P<0.02 compared with control) (Fig. 6C). Together,
the results shown in Fig. 6 suggest that ZAP-induced increases in cGMP inhibit pairing-induced
LTP via phosphodiesterase-mediated inhibition of cAMP signaling. Moreover, our
observations that postsynaptic infusion of ZAP inhibits LTP and that LTP is largely rescued
by postsynaptic delivery of 8-Br-cAMP suggest that ZAP-induced increases in cGMP inhibit
LTP via effects on postsynaptic cAMP signaling. However, because both ZAP and 8-Br-cAMP
are membrane permeable these results do not rule out the possibility that presynaptic effects
are also involved.

Protein phosphatase inhibitors rescue LTP induction in the presence of ZAP
Activation of PKA is thought to have a crucial role in LTP of excitatory synapses onto
hippocampal CA1 pyramidal cells because it provides a mechanism for suppressing the activity
of protein phosphatases that would otherwise oppose LTP induction (Winder and Sweatt,
2001). Indeed, several studies have found that the effects of PKA inhibitors on LTP induction
can be overcome by inhibitors of protein phosphatase 1 and 2A such as okadaic acid (Blitzer
et al., 1995) and calyculin A (Thomas et al., 1996) (also see Brown et al., 2000). In addition,
inhibitors of protein phosphatases rescue LTP in hippocampal slices from PKA mutant mice
(Woo et al., 2002). These findings suggest that protein phosphatase inhibitors should rescue
LTP in ZAP-treated slices if ZAP-induced increases in cGMP inhibit LTP by opposing PKA
activation. To test this idea we pretreated slices for at least 45 min in ACSF containing 750
nM calyculin A, a concentration that by itself has no effect on TPS-induced LTP (Thomas et
al., 1996) and determined whether ZAP still blocked LTP induction. Consistent with the
hypothesis that ZAP-induced increases in cGMP inhibit LTP induction by interfering with
cAMP signaling, blocking protein phosphatases with calyculin A completely prevented the
effects of ZAP on TPS-induced LTP (Fig. 7A).
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To examine whether blocking postsynaptic protein phosphatases is sufficient to rescue LTP
induction in the presence of elevated cGMP levels, we examined the effects of ZAP on pairing-
induced LTP in experiments where the membrane impermeant protein phosphatase inhibitors
microcystin-LR or nodularin were introduced into the postsynaptic cell via the recording
electrode. The effects of microcystin-LR and nodularin on LTP induction in these experiments
were the same and the results were therefore combined. As shown in Fig. 7B and C,
postsynaptic delivery of protein phosphatase inhibitors had no effect on LTP under control
conditions (EPSPs were potentiated to 222±17% of baseline, n=11) but facilitated LTP
induction in cells bathed in ACSF containing 50 μM ZAP (EPSPs were potentiated to 163±16%
of baseline, n=7, compared with 98±6% of baseline in interleaved experiments where whole-
cell recordings from ZAP-treated slices were done using normal electrode-filling solution,
n=11, P<0.01). The amount of potentiation induced in the presence of ZAP when postsynaptic
protein phosphatases were inhibited was, however, still significantly less than that seen in
control cells (postsynaptic protein phosphatase inhibitors alone, P<0.01). Thus, although it
does not completely rescue LTP, inhibiting postsynaptic protein phosphatases does enable the
induction of significant pairing-induced LTP in ZAP-treated slices.

The induction of LTP by TPS is PKA-independent and ZAP-insensitive in PSD-95 mutant mice
The NMDA receptor scaffolding protein PSD-95 appears to have a crucial role in coupling
synaptic NMDA receptors to signaling pathways involved in LTP (Migaud et al., 1998;
Komiyama et al., 2002; Beique and Andrade, 2003; Kim et al., 2003; Opazo et al., 2003; Stein
et al., 2003; for review see Kim and Sheng, 2004). Previously, we found that the induction of
LTP by TPS, which is normally PKA-dependent, is dramatically facilitated in the hippocampal
CA1 region of PSD-95 mutant mice (Migaud et al., 1998; Opazo et al., 2003). Thus, we
examined whether the role of PKA in LTP might be altered in the hippocampal CA1 region of
PSD-95 mutant mice and, if so, whether these changes might be associated with alterations in
the ability of increases in cGMP to suppress LTP. In these experiments we first compared the
effects of the PKA inhibitor H89 on TPS-induced LTP in hippocampal slices obtained from
PSD-95 mutants and wild type littermates. Consistent with previous findings showing that
TPS-induced LTP is PKA-dependent (Thomas et al., 1996; Winder et al., 1999), H89 strongly
suppressed TPS-induced LTP in wild type slices (Fig. 8A). As expected from previous work
(Migaud et al., 1998; Opazo et al., 2003), TPS induced a larger potentiation of synaptic
transmission from PSD-95 mutant mice. Remarkably, H89 had no effect on TPS-induced LTP
in slices from PSD-95 mutants (Fig. 8B), suggesting that in the absence of PSD-95 TPS induces
a PKA-independent form of LTP. Although the molecular basis for this change in PSD-95
mutants is unclear, the fact that TPS-induced LTP is PKA-independent in PSD-95 mutants
provides an additional way to test our hypothesis that increases in cGMP inhibit LTP induction
by interfering with PKA activation. Specifically, this hypothesis predicts that ZAP-induced
increases in cGMP should have no effect on TPS-induced LTP slices obtained from PSD-95
mutant mice. Consistent with this prediction, we found that while bath application of ZAP
strongly impaired the induction of LTP in slices from wild type littermates (Fig. 8C) it had no
effect on TPS-induced LTP in slices from PSD-95 mutant mice (Fig. 8D).

Increases in cGMP inhibit the induction of LTP by long trains of TPS
An unusual feature of TPS stimulation-induced LTP is that little or no LTP is induced by long
trains of TPS containing 300 or more stimulation pulses even though robust LTP can be induce
by brief trains containing 75–150 pulses (Thomas et al., 1996, 1998). Interestingly, activation
of protein phosphatases appears to be responsible for the failure of long trains of TPS to induce
significant LTP (Thomas et al., 1996) and our results suggest that increases in cGMP can inhibit
LTP induction by opposing the PKA-dependent down-regulation of protein phosphatase
activity needed for TPS-induced LTP. Thus, we examined whether increases in cGMP might
have an important role in protein phosphatase-mediated suppression of LTP induction during

MAKHINSON et al. Page 8

Neuroscience. Author manuscript; available in PMC 2007 March 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



longer trains of TPS. To test this idea we examined the effects of inhibiting cGMP production
with the guanylyl cyclase inhibitor 1H-[1,2,4] oxadiazolo [4,3-a] quinoxalin-1-one (ODQ) on
the induction of LTP by TPS. As shown in Fig. 9, bath application of ODQ for 20 min prior
to TPS had no effect on the induction of LTP by a short train of TPS (150 pulses). In contrast,
while a long train of TPS had little lasting effect on synaptic strength under control conditions
(45 min post-TPS fEPSPs were 105±6% of baseline, n=10), it induced significant LTP in slices
bathed in ACSF containing ODQ (fEPSPs were potentiated to 166±7% of baseline, n=10,
P<0.01 compared with control). Thus, unlike HFS-induced LTP (Boulton et al., 1994; Son et
al., 1998; Lu et al., 1999; Monfort et al., 2002, but see Kleppisch et al., 1999), cGMP production
is not required for the induction of LTP by TPS. Instead, the results shown in Fig. 9 indicate
that activity-dependent increases in cGMP inhibit the induction of LTP by long trains of TPS.

DISCUSSION
Early studies investigating the role of cGMP signaling in LTP provided evidence for an
appealingly simple mechanism through which cGMP might be involved in LTP. Specifically,
results from several studies suggested that increases in transmitter release associated with LTP
induction were due to a nitric oxide-dependent increase in presynaptic cGMP levels and
subsequent activation of PKG (Zhuo et al., 1994a; Arancio et al., 2001). More recent findings,
however, indicate that the role of cGMP in hippocampal synaptic plasticity is much more
complex. For instance, under some experimental conditions guanylyl cyclase and PKG
inhibitors have no effect on LTP (Gage et al., 1997; Kleppisch et al., 1999), suggesting that
cGMP signaling through PKG is not required for LTP induction but instead has a modulatory
role. Moreover, in addition to its presynaptic effects, PKG may also be involved in postsynaptic
signaling events important for LTP, such as membrane insertion of AMPA-type glutamate
receptors (Wang et al., 2005) and phosphorylation of the transcriptional regulator CREB (Lu
et al., 1999; Lu and Hawkins, 2002). In contrast to these findings, our results indicate that
cGMP signaling has a very different role in the induction of LTP by low-frequency patterns
of synaptic stimulation. Specifically, we find that increases in cGMP are not required for the
induction of LTP by TPS but instead act as an inhibitory constraint on the induction of PKA-
dependent forms of LTP by low-frequency trains of synaptic stimulation.

How might increases in cellular levels of cGMP inhibit LTP induction? The effects of SNAP
and ZAP on the induction of LTP by the four different stimulation protocols used in our
experiments provide a number of important clues regarding the underlying mechanisms. First,
the suppression of pairing-induced LTP in ZAP-treated slices indicates that the inhibition of
LTP by increases in cGMP is not due to changes in postsynaptic excitability and/or inhibitory
synaptic transmission because in these experiments inhibitory synaptic transmission was
blocked with picrotoxin and postsynaptic depolarization was directly induced by injecting
depolarizing current through the recording electrode. Second, the fact that HFS-induced LTP
is not inhibited by ZAP or SNAP suggests that increases in cGMP do not directly alter signaling
processes, such as NMDA receptor activation or calcium/calmodulin-dependent kinase II
activity, that are required for the induction of LTP by all patterns of synaptic stimulation.
Finally, our observation that ZAP and SNAP only inhibit the induction of LTP by patterns of
synaptic activation that induce a PKA-dependent early phase of LTP suggests that cGMP may
inhibit LTP induction by disrupting cAMP signaling. Consistent with this notion, ZAP has no
effect on TPS-induced LTP in hippocampal slices from PSD-95 mutant mice where LTP
induction is PKA-independent.

In most cells cGMP signaling involves three main downstream targets: PKG, cyclic nucleotide-
gated ion channels, and cGMP-regulated phosphodiesterases (Lucas et al., 2000). It seems
unlikely that activation of PKG is responsible for the inhibition of TPS-induced LTP by ZAP-
induced increases in cGMP because, as discussed above, PKG activation is thought be a
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positive modulator of LTP induction. Similarly, activation of cyclic nucleotide-gated ion
channels is thought to facilitate, rather than inhibit, LTP induction (Parent et al., 1998) and it
is thus unlikely that activation of these channels can account for the inhibition of LTP by ZAP
and SNAP. In contrast, activation of the cGMP-stimulated phosphodiesterase PDE2 could
readily account for the inhibitory effects of ZAP and SNAP on both LTP and β-adrenergic
receptor signaling.

Importantly, the hypothesis that increases in cGMP suppress LTP induction by stimulating
phosphodiesterases and inhibiting PKA activation predicts that manipulations that facilitate
cAMP signaling should rescue LTP in the presence of ZAP and SNAP. In agreement with this
prediction, we found that pharmacological activation of PKA with the phosphodiesterase-
resistant cAMP analog 8-Br-cAMP or blocking all phosphodiesterases with IBMX completely
rescued TPS-induced LTP in ZAP-treated slices. This hypothesis can also be tested by
examining the effects of pharmacological manipulations that act downstream of PKA
activation. In the hippocampal CA1 region, PKA activation has a crucial role in LTP induction
because it provides a mechanism for inhibiting the activity of protein phosphatases that would
otherwise inhibit LTP induction. Thus, pharmacological inhibition of protein phosphatases
should obviate the need for PKA activation and render LTP induction insensitive to inhibitors
that act via the cAMP/PKA pathway. Consistent with this prediction we found that three
different inhibitors of protein phosphatases 1 and 2A significantly rescued LTP in ZAP-treated
slices. These findings indicate that increases in cGMP inhibit LTP by opposing activation of
the PKA-dependent, gate-like mechanism that normally enables LTP induction by inhibiting
protein phosphatases. Moreover, the rescue of pairing-induced LTP by postsynaptic infusion
of membrane-impermeant protein phosphatase inhibitors suggests that the inhibition of LTP
by increases in cGMP is due, at least in part, to effects on postsynaptic PKA signaling pathways.
Although our results are consistent with the notion that increases in cGMP inhibit LTP by
stimulating the activity of phosphodiesterases, we have not directly tested whether PKG and/
or cyclic nucleotide-gated ion channels might also be involved. Thus, additional experiments
will be required to determine whether activation of PKG or cyclic-nucleotide-gated ion
channels might also contribute to inhibitory effects of cGMP on low-frequency stimulation-
induced LTP.

In our experiments we observed that 8-Br-cAMP, IBMX, and protein phosphatase inhibitors
completely rescued TPS-induced LTP in ZAP-treated slices but only partially rescued the
induction of LTP by low-frequency presynaptic fiber stimulation paired with postsynaptic
depolarization. One possible explanation for this difference is that the potentiation induced by
the pairing protocol used in our experiments is due to both PKA-dependent and independent
mechanisms. If both components are inhibited by increases in cGMP, then manipulations that
restore cAMP signaling would be expected to only rescue the PKA-dependent component and
thus only partially rescue LTP. Consistent with the idea that the pairing protocol used in our
experiments induces LTP through both PKA-dependent and independent mechanisms we
found that the PKA inhibitors H89 and PKI(6–22)-amide only partially inhibit pairing-induced
LTP. It is difficult, however, to reconcile the notion that increases in cGMP can inhibit LTP
through PKA-independent mechanisms with the fact that ZAP and SNAP have no effect on
HFS-induced LTP. Another possibility is that increases in cGMP not only inhibit the PKA-
dependent component of pairing-induced LTP but also facilitate the induction of a
phosphodiesterase-independent, presynaptic form of LTD that partially masks LTP. If so, then
neither bath application of IBMX nor postsynaptic infusion of 8-Br-cAMP or membrane
impermeant protein phosphatase inhibitors would be able to prevent this depression and thus
completely rescue pairing-induced LTP. Consistent with this notion, increases in cGMP can
induce a PKG-dependent, presynaptic form of LTD in the hippocampal CA1 region (Santschi
et al., 1999; Reyes-Harde et al., 1999; Stanton et al., 2003) and can facilitate the induction of
LTD by low-frequency presynaptic fiber stimulation (Zhuo et al., 1994b; Gage et al., 1997).
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Numerous findings support the notion that PKA activation acts as a kind of biochemical gate
that enables LTP induction by suppressing protein phosphatase activity (see Winder and
Sweatt, 2001 for review). Although activation of the PKA gate has a pivotal role in the induction
of LTP by some patterns of synaptic stimulation, it also provides a means by which modulatory
neurotransmitters that increase cAMP production can facilitate LTP induction (Thomas et al.,
1996; Winder et al., 1999; Brown et al., 2000). Our results demonstrate, however, that the PKA
gate is not a unidirectional mechanism only engaged to facilitate LTP induction. Instead, by
opposing cAMP signaling, increases in cGMP can close the PKA gate, thereby allowing protein
phosphatases to remain active and inhibit LTP induction (Fig. 10). Activation of cGMP-
stimulated phosphodiesterases may thus act as a kind of “plasticity filter” that strongly
suppresses the ability of low-frequency patterns of synaptic activity to induce LTP while
allowing stronger, high-frequency bursts of presynaptic activity to induce LTP through PKA-
independent mechanisms. Indeed, along with the facilitatory, PKG-mediated effects of cGMP
on HFS-induced LTP (Zhuo et al., 1994a; Lu et al., 1999; Arancio et al., 2001; Monfort et al.,
2002; Wang et al., 2005), the suppression of low-frequency stimulation-induced LTP by
cGMP-activated phosphodiesterases indicates that cGMP can engage multiple downstream
mechanisms that convert synapses into an altered state where LTP induction is strongly biased
toward higher frequency patterns of synaptic activity.

A limitation of our experiments is that direct effects of SNAP and ZAP on basal synaptic
transmission necessitated the use of prolonged applications of these compounds. Moreover,
the magnitude of the increase in cGMP produced by SNAP and ZAP under out experimental
conditions is unknown. Because of this we cannot rule out the possibility that the cGMP-
induced closing of the PKA gate occurs only in response to prolonged, and perhaps
unphysiological, elevations in cGMP. We found, however, that while blocking cGMP
production with the guanylyl cyclase inhibitor ODQ had no effect on the induction of LTP by
short trains of TPS it strongly enhanced the induction of LTP by long trains of TPS. Thus,
activity-dependent increases in cGMP levels appear to have a potent, inhibitory effect on the
induction of LTP by some patterns of synaptic activity. Indeed, a recent study has found that
selective inhibition of the cGMP-activated phosphodiesterase PDE2 enhances learning on a
number of different behavioral tasks (Boess et al., 2004), suggesting that cGMP-activated
phosphodiesterases have an important, inhibitory role in the neuronal mechanisms underlying
memory formation. Our results reveal a molecular mechanism that could underlie this role of
cGMP in memory formation and suggest that cross-talk between cAMP and cGMP signaling
pathways mediated by cGMP-stimulated phosphodiesterases is a key, modulatory component
of the network of postsynaptic signaling pathways regulating LTP induction.
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ACSF  

artificial cerebrospinal fluid

cAMP  
cyclic AMP

cGMP  
cyclic guanosine 3′, 5′monophosphate

MAKHINSON et al. Page 14

Neuroscience. Author manuscript; available in PMC 2007 March 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



DMSO  
dimethyl-sulfoxide

DPCPX  
1, 3-dipropyl-8-cyclopentyl xanthine

fEPSP  
field excitatory postsynaptic potential

HFS  
high-frequency stimulation

H89  
N-[2-(p-bromocinnamylamino)ethyl]-5-isoquinoline sulfonamide

IBMX  
3-isobutyl-1-methylxanthine

LTD  
long-term depression

LTP  
long-term potentiation

ODQ  
1H-[1, 2, 4] oxadiazolo [4, 3-a] quinoxalin-1-one

PKA  
protein kinase A

PKG  
protein kinase G

SNAP  
S-nitroso-D, L-penicillamine

TPS  
theta-pulse stimulation

ZAP  
zaprinast
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Fig. 1.
Increases in cGMP inhibit TPS-induced LTP. (A) Bath application of the cGMP-specific
phosphodiesterase inhibitor ZAP (50 μM, indicated by the bar) induces a persistent inhibition
of basal synaptic transmission (n=5). The inset shows fEPSPs recorded during baseline and 60
min after ZAP application in a representative experiment. Scale bars=5 ms and 1 mV. (B) A
representative experiment illustrating the experimental protocol used to examine the effect of
ZAP on TPS-induced LTP. After a stable 20 min period of baseline recording, 50 μM ZAP
was applied for the remainder of the experiment (indicated by the bar). Once the ZAP-induced
inhibition of synaptic transmission reached steadystate the intensity of presynaptic fiber
stimulation was increased to restore fEPSPs to the pre-ZAP baseline level (reset). Following
a second 20 min baseline, TPS was delivered at the indicated time in an attempt to induce LTP.
(C) Summary of five experiments like those shown in (B) Note that TPS fails to induce LTP
in ZAP-treated slices (filled symbols) while robust LTP is induced in interleaved vehicle
control experiments (0.2% DMSO, open symbols, n=5). The inset shows fEPSPs recorded
before and 45 min post-TPS in a control experiment (left set of traces) and in a ZAP-treated
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slice (right set of traces). Scale bars=5 ms and 1 mV. (D) The nitric oxide donor SNAP inhibits
TPS-induced LTP. In vehicle control experiments (open symbols, slices bathed in 1 mM
acetylpenicillamine+2 μM CuSO4), fEPSPs were potentiated to 171± 7% of baseline, n=5). In
contrast, TPS had little lasting effect on synaptic strength in slices continuously bathed in ACSF
containing 1 mM SNAP (filled symbols, post-TPS fEPSPs were 110±4% of baseline, n=6,
P<0.001 compared with control). Like ZAP, SNAP inhibited basal synaptic transmission and
experiments were performed using the protocol shown in B.
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Fig. 2.
ZAP does not inhibit LTP via indirect effects mediated by A1 adenosine receptors. (A) The
A1 receptor antagonist DPCPX (200 nM) completely blocks the inhibition of synaptic
transmission caused by bath application of adenosine. Bath application of 100 μM adenosine
for 10 min strongly inhibited synaptic transmission in control experiments (open symbols, at
the end of the adenosine application fEPSPs were reduced to 11±4% of baseline, n=5) but had
no effect on synaptic transmission in slices continuously bathed in ACSF containing 200 nM
DPCPX (filled symbols, n=6). (B) Blocking A1 receptors inhibits the effects of ZAP on basal
synaptic transmission. Following at 30 min bath application of ZAP (50 μM, indicated by the
bar) fEPSPs were depressed to 60±4% of baseline in control experiments (open symbols, n=4).
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Field EPSPs recovered to near baseline levels following ZAP washout (fEPSPs recovered to
95±5% of baseline 30 min after ZAP washout). As shown by the filled symbols, ZAP had no
effect on synaptic transmission in slices continuously bathed in ACSF containing 200 nM
DPCPX (fEPSPs were 100±2% of baseline at the end of the ZAP application, n=4). (C)
Blocking A1 receptors with DPCPX does not rescue LTP in ZAP-treated slices. Continuous
bath application of DPCPX (200 nM) by itself had no apparent effect on TPS-induced LTP
(triangles, fEPSPs were potentiated to 153±9% of baseline, n=6). As shown by the filled circles,
LTP was still inhibited by 50 μM ZAP applied in the presence of DPCPX (fEPSPs were 115
±5% of baseline, n=5, P<0.02 compared with TPS in DPCPX alone). Results from interleaved
experiments testing the effects of TPS on synaptic transmission in slices bathed in normal
ACSF containing 50μM ZAP are shown for comparison (open circles, fEPSPs were 116±5%
of baseline, n=5). TPS was delivered at time=0.
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Fig. 3.
ZAP inhibits the effects of β-adrenergic receptor activation on synaptic transmission, LTP
induction, and neuronal excitability. (A) The induction of LTP by a long-train of TPS in the
presence of the β-adrenergic receptor agonist ISO is inhibited in ZAP and SNAP-treated slices.
In control experiments (open symbols, n=5), EPSPs were potentiated to 206±17% of baseline
following TPS (900 pulses) delivered at the end of a 10 min bath application of ISO (1 μM,
application indicated by the bar). TPS in the presence of ISO induced significantly less LTP
in slices continuously bathed in ACSF containing 50 μM ZAP (filled circles, fEPSPs were 128
±8% of baseline, n=5) or 1.0 mM SNAP (triangles, fEPSPs were 122±8% of baseline, n=5,
P<0.001 for both). Note that the ISO-induced enhancement of synaptic transmission seen prior

MAKHINSON et al. Page 20

Neuroscience. Author manuscript; available in PMC 2007 March 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



to TPS in control slices (indicated by the arrow) was blocked in ZAP and SNAP-treated slices.
(B) ZAP inhibits the persistent enhancement of EPSP-evoked population spikes induced by
β-adrenergic receptor activation. In control experiments (open symbols) a 10 min bath
application of 1.0 μM ISO (indicated by the bar) induced a nearly two-fold, persistent increase
in the amplitude of population spikes elicited by presynaptic fiber stimulation (40 min after
ISO washout population spike amplitudes were increased to 183±17% of baseline, n=7). β-
Adrenergic receptor activation had no lasting effect on EPSP-evoked population spikes in slices
continuously bathed in ACSF containing ZAP (50 μM, filled circles, 40 min after ISO washout
population spike amplitudes were 106±12% of baseline, n=7, P<0.005 compared with control).
The inset shows population spikes recorded before and 40 min after ISO application in a control
experiment (left set of traces) and in a ZAP-treated slice (right set of traces). Scale bars=5 ms
and 2 mV.
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Fig. 4.
Increases in cGMP inhibit TPS-induced LTP by opposing cAMP/PKA signaling. (A) HFS-
induced LTP is not inhibited in slices continuously bathed in ACSF containing 50 μM ZAP or
1 mM SNAP. HFS was delivered at time=0. Sixty minutes post-100 Hz stimulation fEPSPs
were potentiated to 190±11% of baseline in ZAP-treated slices (filled circles, n=5) and were
potentiated to 197±26% of baseline in SNAP-treated slices (triangles, n=5). The open circles
show results from interleaved control experiments (fEPSPs were potentiated to 192±12% of
baseline, n=10). (B) The induction of LTP by TPS is strongly inhibited in slices maintained in
interface-slice type recording chambers and continuously bathed in ACSF containing 50 μM
ZAP (filled symbols, fEPSPs were 113±5% of baseline, n=9). The open symbols show results
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from interleaved control experiments (0.2% DMSO, fEPSPs were potentiated to 168±9% of
baseline, n=6). These experiments are the untreated and ZAP-treated controls for experiments
shown in panels C and D. (C) The hydrolysis-resistant cAMP analog 8-Br-cAMP rescues LTP
in ZAP-treated slices. A 20 min bath application of 1 mM 8-Br-cAMP (indicated by the bar)
prior to TPS by itself had no effect on LTP induction (open symbols, n=6) but completely
rescued LTP in slices exposed to 50 μM ZAP (filled symbols, n=11). In both experiments the
A1 adenosine receptor antagonist 8-cyclopentyltheophylline (200 nM) was applied throughout
the experiment to block the adenosine receptor-mediated inhibitory effects of 8-Br-cAMP on
synaptic transmission. (D) Blocking phosphodiesterases with the non-selective inhibitor IBMX
rescues TPS-induced LTP in ZAP-treated slices. Slices were continuously bathed in ACSF
containing either 100 μM IBMX alone or IBMX plus 50 μM ZAP. IBMX alone had no effect
on TPS-induced LTP (open symbols, n=6) but completely restored TPS-induced LTP in ZAP-
treated slices (filled symbols, n=6). In panels B–D TPS was delivered at time=0.
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Fig. 5.
Postsynaptic delivery of PKA inhibitors suppresses pairing-induced LTP. (A) Pairing 100
pulses of 2 Hz presynaptic fiber stimulation (delivered at time=0) with postsynaptic
depolarization to −10 mV induced more than two-fold LTP in control cells (open symbols,
n=13) but had no lasting effect on synaptic transmission in cells where the recording electrode
solution contained 1 mM Rp-cAMPs (filled symbols, n=11, EPSPs were not significantly
different from baseline, P=0.27). (B) Postsynaptic delivery of the PKA inhibitory peptide PKI
(6–22)amide (PKI, 500 μM) strongly suppresses, but does not completely block, pairing-
induced LTP (filled symbols, EPSPs were potentiated to 144±19% of baseline, n=10, P<0.05
compared with baseline, P<0.001 compared with interleaved control experiments). The open
symbols show interleaved control experiments (normal recording electrode-filling solution,
EPSPs were potentiated to 272±19% of baseline, n=8). (C) Postsynaptic infusion of the PKA
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inhibitor H89 suppresses pairing-induced LTP. Post-pairing, EPSPs were potentiated to 143
±12% of baseline in cells where the recording electrode contained 100 μM H89 (filled symbols,
n=11, P<0.01 compared with baseline, P<0.001 compared with interleaved control
experiments). In control experiments (open symbols, electrode-filling solution contained 0.2%
DMSO) EPSPs were potentiated to 276±14% of baseline (n=10). (D) Cumulative probability
distribution plot of results shown in panels A–C. Filled symbols correspond to recordings
performed with PKA inhibitors in the electrode solution (Rp-cAMPS: circles; PKI(6–22)
amide: squares; H89: triangles) while the open symbols correspond to interleaved control
experiments (normal electrode-filling solution: squares; 0.2% DMSO: circles).
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Fig. 6.
ZAP-induced increases in cGMP inhibit pairing-induced LTP by interfering with cAMP
signaling. (A) Pairing-induced LTP was strongly inhibited when ZAP was applied in the bath
(50 μM, filled circles, n=6) or when it was delivered postsynaptically via the recording
electrode (500 μM, diamonds, n=6). Interleaved vehicle control experiments (0.2% DMSO,
n=13) are shown for comparison. The inset shows EPSPs recorded during baseline and 30 min
post-pairing in a control cell (left set of traces) and in a cell where ZAP was present in the bath
(right set of traces). Scale bars=20 ms and 5 mV. (B) Blocking phosphodiesterases with IBMX
rescues pairing-induced LTP in ZAP-treated slices. Slices were continuously bathed in ACSF
containing either 100 μM IBMX (open symbols, n=10) or IBMX+50 μM ZAP (filled symbols,
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n=8). While IBMX alone had no effect on LTP it significantly reversed the inhibition of LTP
in ZAP-treated slices (P<0.001 compared with bath applied ZAP results shown in panel A).
The amount of LTP present 30 min post-pairing in the presence of ZAP+IBMX was still
significantly less than that seen in cells recorded from slices bathed in IBMX alone (P<0.05).
The inset shows EPSPs recorded during baseline or 30 min post-pairing in the presence of
IBMX alone (left set of traces) or in the presence of IBMX+ZAP (right set of traces). Scale
bars=5 mV and 20 ms. (C) Postsynaptic infusion of the hydrolysis-resistant cAMP analog 8-
Br-cAMP rescues pairing-induced LTP in ZAP-treated cells. By itself, the presence of 8-Br-
cAMP in the recording electrode filling solution (1.0 mM) had no effect on LTP (open symbols,
n=7) but enabled the induction of LTP in cells were the recoding electrode also contained 500
μM ZAP (filled symbols, n=8). The amount of LTP present 30 min post-pairing in cells where
8-Br-cAMP and ZAP were present in the recording electrode was significantly larger than that
seen in cells where the recording electrode solution contained ZAP alone (P<0.001 compared
with intracellular ZAP results shown in panel A) but still significantly less than that seen in
cells where the recording electrode solution contained 8-Br-cAMP alone (P<0.02). (D)
Cumulative probability plot of the results shown in panels A–C. The results from control
experiments were the same and are plotted together (open symbols correspond to those in panels
A–C). The filled circles and diamonds correspond to the ZAP alone experiments shown in
panel A while the filled squares and triangles correspond to the experiments shown in panels
B and C where IBMX and 8-Br-cAMP were co-applied with ZAP (rescue experiments).
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Fig. 7.
Protein phosphatase inhibitors rescue LTP induction in ZAP-treated slices. (A) Blocking
protein phosphatases with calyculin A rescues TPS-induced LTP in ZAP-treated slices. Forty-
five minutes post-TPS (delivered at time=0) fEPSPs were potentiated to 159±12% of baseline
in slices continuously bathed in ACSF containing 50 μM ZAP plus 750 nM calyculin A
(triangles, n=6) compared with 119±7% of baseline in ZAP-treated slices (filled circles, n=5,
P<0.02). The open circles show results from interleaved, vehicle control experiments (0.36%
DMSO, fEPSPs were potentiated to 168±11% of baseline, n=6). (B) Protein phosphatase
inhibitors (PPi) partially rescue pairing-induced LTP induction in ZAP-treated slices.
Intracellular delivery (via the recording electrode) of either microcystin LR (10 μM, n=4) or

MAKHINSON et al. Page 28

Neuroscience. Author manuscript; available in PMC 2007 March 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



nodularin (50 μM, n=7) had no effect on pairing-induced LTP (open circles, similar results
were obtained with both compounds and the results were combined). While LTP induction was
completely blocked in cells continuously bathed in ACSF containing 50 μM ZAP (filled circles,
n=11), significant LTP was induced in ZAP-treated cells when the recording electrode
contained microcystin (n=3) or nodularin (n=4) (triangles, similar results were obtained with
both compounds and the results were combined, n=7, P<0.01 compared with ZAP alone). The
amount of LTP induced in ZAP-treated cells where postsynaptic protein phosphatases were
blocked was, however, still significantly less that that seen in control cells (postsynaptic protein
phosphatase inhibitors alone, P<0.01). The inset shows EPSPs recorded during baseline and
30 min post-pairing in a control cell (postsynaptic phosphatase inhibitors alone, left set of
traces), a ZAP-treated cell recorded with normal electrode solution (middle set of traces), and
a ZAP-treated cell where protein phosphatase inhibitors were present in the recording electrode
(right set of traces). Scale bars=10 ms and 5 mV. (C) Cumulative probability plot of the results
shown in (B) The open symbols show results from control experiments (PPi alone) performed
in slices bathed in normal ACSF where the electrode-filling solution contained either
microcystin-LR (squares) or nodularin (circles). The filled circles show results from ZAP alone
experiments (normal electrode-filling solution) while the filled squares and triangles
correspond to experiments where microcystin-LR (squares) or nodularin (triangles) was used
to inhibit postsynaptic protein phosphatases in ZAP-treated slices (rescue experiments).
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Fig. 8.
TPS induces a PKA-independent and ZAP-insensitive form of LTP in the CA1 region of
hippocampal slices from PSD-95 mutant mice. (A) The PKA inhibitor H89 suppresses the
induction of LTP by 150 pulses of TPS in hippocampal slices from wild type mice. In vehicle
control experiments (0.1% DMSO) fEPSPs were potentiated to 176±11% of baseline 45 min
post-TPS (open symbols, n=7). Significantly less LTP was induced in slices continuously
bathed in ACSF containing 10 μM H89 (filled symbols, 45 min post-TPS fEPSPs were 117
±8% of baseline, n=9, P<0.02 compared with vehicle controls). (B) H89 has no effect on TPS-
induced LTP in slices from PSD-95 mutant mice. Forty-five minute post-TPS fEPSPs were
potentiated to 238±22% in vehicle control slices (open symbols, n=8) and were potentiated to
237±17% of baseline in slices continuously bathed in ACSF containing 10 μM H89 (filled
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symbols, n=9). (C) In slices obtained from wild type littermates ZAP strongly inhibited TPS-
induced LTP. Forty-five minute post-TPS fEPSPs were potentiated to 157±11% of baseline in
vehicle control experiments (open symbols, n=8) but were 121±6% of baseline in ZAP-treated
slices (filled symbols, n=8, P<0.05 compared with vehicle control). (D) ZAP has no effect on
TPS-induced LTP in slices obtained from PSD-95 mutant mice. Forty-five minute post-TPS
fEPSPs were potentiated to 200±12% of baseline in vehicle control experiments (open
symbols, n=7) and were potentiated to 196±11% of baseline in ZAP-treated slices (filled
symbols, n=8).
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Fig. 9.
cGMP production inhibits the induction of LTP during long trains of TPS. (A) The guanylyl
cyclase inhibitor ODQ enables the induction of LTP by a long train of TPS (900 pulses). While
TPS had little lasting effect on synaptic strength in vehicle control experiments (open symbols,
n=10), it induced significant LTP in slices pretreated in ACSF containing 10 μM ODQ for 20
min prior to TPS (filled symbols, n=10). (B) Summary of the effects of ODQ on TPS-induced
LTP. Blocking guanylyl cyclase had no effect on the induction of LTP by brief trains of TPS
(150 pulses, fEPSPs were potentiated to 155±14% of baseline in control experiments and were
potentiated to 159±9% of baseline in slices bathed in ACSF containing 10 μM ODQ, n=5 for
both) but significantly enhanced the induction of LTP by a long train of TPS (900 pulses, *
P<0.01 compared with control).
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Fig. 10.
Increases in cGMP inhibit LTP by closing the PKA gate. As depicted by the signaling pathways
outlined in the box, increases in intracellular Ca2+ due to influx through NMDA type glutamate
receptors (NMDAR) induce LTP by not only activating calcium/calmodulin-dependent kinase
II (CamKII) but also by activating calcium/calmodulin-dependent forms of the enzyme
adenylyl cyclase (AC), such as AC I and AC VIII. The subsequent increase in cAMP and
activation of PKA lead to phosphorylation of inhibitor 1 which, when phosphorylated, inhibits
protein phosphatase 1 (PP1) and prevents it from opposing the activity of CamKII and other
protein kinases needed for LTP induction. Neurotransmitters acting through receptors coupled
to Gs type G proteins, such as β-adrenergic receptors (βAR), can facilitate LTP induction by
stimulating AC and opening the PKA gate. Activation of soluble guanylyl cyclases (sGC) and
subsequent increases in cGMP can inhibit LTP induction by activating the cGMP-stimulated
phosphodiesterase PDE2, facilitating cAMP degradation, and thus inhibiting PKA activation.
As shown on the right side of the figure, possible upstream signals that might lead to sGC
activation and closing of the PKA gate include nitric oxide synthase (NOS) activation by
increases in intracellular Ca2+ due to activation of NMDARs, voltage-gated calcium channels
(VGCC) and/or metabotropic glutamate receptors (mGluRs).
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