1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

"% NIH Public Access

O
H%

Author Manuscript

Published in final edited form as:
Neuropharmacol ogy. 2008 October ; 55(5): 871-877. doi:10.1016/j.neuropharm.2008.06.053.

D, receptor-mediated enhancement of LTP requires PKA, Src
family kinases, and NR2B-containing NMDARs

Michael Stramiello®P and John J. Wagner@&.p*

aDepartment of Physiology & Pharmacology, University of Georgia, 501 D.W. Brooks Drive, Athens, GA
30602-7389, USA

bInterdisciplinary Neuroscience Program, University of Georgia, Athens, GA 30602, USA

Summary

The efficacy of the D15 agonist SKF38393 (100 nM-60 uM) to increase long-term potentiation (LTP)
in the CA1 region was investigated in the rat hippocampal slice preparation. The receptor specificity
of this enhancing effect was confirmed using the D15 antagonist SKF83566 (2 uM). Although the
ability of D5 receptors to increase both the persistence and the early magnitude of LTP has
previously been linked to activation of the cCAMP/PKA pathway, the subsequent molecular events
leading to the enhancement of LTP have not been characterized. In experiments using SKF38393
(20 uM), a requirement for the activation of both protein kinase A (PKA) and Src family tyrosine
kinase pathways was demonstrated, as pretreatment with either H89 (10 uM) or PP2 (10 uM) kinase
inhibitors prevented the Dy;5-mediated enhancement of LTP. In addition, NMDA receptors
containing the NR2B subunit were identified as a potential downstream target for this signaling
pathway, as pretreatment with the selective antagonist Ro 25-6981 (1 uM) also prevented the Dy/5-
mediated enhancement of LTP. The results identify a crucial role for NR2B-containing NMDA
receptors in the modulation of LTP by Dy5-receptors in the CA1, suggesting that endogenously
released dopamine may act through this mechanism as a modulator of hippocampal-dependent
learning and memory tasks.
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1. Introduction

Dopamine is recognized as an important modulator of synaptic plasticity in the CA1 region of
the hippocampus (Frey et al., 1990; Lisman and Grace, 2005) and dopamine-dependent
alterations in synaptic plasticity in this region are involved in hippocampal-dependent learning
(Lemon and Manahan-Vaughan, 2006). Although a role for the D45 subtype of dopamine
receptor in enhancing both the duration (Frey et al., 1991) and the initial magnitude
(Otmakhova and Lisman, 1996) of long-term potentiation (LTP) has been established, it
remains unclear how these effects are mediated. In the case of both the enhanced persistence
of LTP (Frey et al., 1993), and the facilitating effects of dopamine agonists on the magnitude
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of early LTP (Otmakhova and Lisman, 1996), the activation of D45 receptors has been linked
to an increase in CAMP levels. Subsequent steps in this signaling pathway have not been
described.

A major portion of the LTP evoked following activation of the Schaffer collateral input to CA1
is dependent upon the activation of N-methyl-D-aspartate receptors (NMDARsS, (Collingridge
etal., 1983). The contribution of specific NMDAR subunits to the induction of LTP and long-
term depression (LTD) has recently been a topic of great interest and ongoing controversy
(MacDonald et al., 2006). It has been suggested that the NR2A subunit plays a significant role
in the generation of NMDAR-dependent LTP whereas the NR2B subunit may be of primary
importance to the induction of NMDAR-dependent LTD (Liu et al., 2004). In this report, we
address the question of how the actions of dopamine can alter functional participation of
different NMDAR subtypes in the induction of LTP. Aside from any effects on LTP/LTD, it
is clear that the activation of D45 dopamine receptors could impact the activity of NMDARS
through a variety of mechanisms encompassing both changes in channel function (Cepeda et
al., 1993; Chen and Roche, 2007; Lee et al., 2002; Levine et al., 1996; Snyder et al., 1998) and/
or channel distribution (Dunah and Standaert, 2001; Hallett et al., 2006; Kopp et al., 2007).

In these experiments we have utilized a compressed train, high-frequency stimulation (HFS)
protocol that results in the induction of an NMDAR-dependent LTP which is not dependent
on the activity of PKA (Woo et al., 2003). This has allowed us to determine, without altering
the initial “baseline” level of potentiation observed in the absence of D15 receptor activation,
whether a D1/5-mediated increase in PKA activity is involved in the ability of the Dy5-selective
agonist SKF38393 to enhance the magnitude of LTP. Our findings indicate that dopaminergic
activation of PKA promotes the participation of NR2B-containing NMDARsS in the induction
of LTP in a manner also dependent upon the activation of Src family kinases (SFKs). These
results demonstrate a potential link between the gating function of PKA (Blitzer et al., 1995)
and a SFK-dependent enhancement of LTP via NR2B-containing NMDARs that can be
initiated by Dy/5 receptor activation in the CA1 region of the hippocampus.

2. Methods

2.1. Extracellular electrophysiology

Hippocampal slices were prepared from male Sprague-Dawley rats (40-90 days old) using an
experimental protocol performed in compliance with the University of Georgia Animal Care
and Use guidelines. All rats were anesthetized with halothane prior to decapitation. The brain
was removed and submerged in ice-cold, oxygenated (95% O,/ 5% CO,) dissection artificial
cerebrospinal fluid (ACSF) containing (mM): NaCl (120), KCI (3), MgCl, (4), NaH,PO4 (1),
NaHCO3 (26), and glucose (10). Horizontal brain slices were cut at a thickness of 500 uM, the
hippocampus dissected, and the CA3 region removed. Slices were then perfused with room-
temperature, oxygenated (95% O,/5% CO,) standard ACSF containing (mM): NaCl (120),
KCI (3), MgCl, (1.5), NaH,PO, (1), CaCl, (2.5), NaHCOg3 (26), and glucose (10) at
approximately 1 ml/min. Slices recovered in the recording chamber for one hour at room
temperature, and then a second hour at 30°C, the temperature at which recordings were
obtained. A bipolar stimulating electrode (Kopf Instruments) was placed on the CA3-side of
the CAlregion inthe stratum radiatum and a 1.0 MQ tungsten recording microelectrode (World
Precision Instruments) was then positioned in the same layer in CAL.

2.2. Quantification of synaptic plasticity

Data were digitized at 10 kHz, low-pass filtered at 1 kHz, and analyzed with pPCLAMP 9.2
software (Axon Instruments). The initial slope of the population fEPSP was measured by fitting
astraight line to a 1 msec window immediately following the fiber volley. A stimulus-response
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2.3. Drugs

3. Results

curve was obtained at the beginning of each experiment, with stimulus pulses consisting of a
single square wave of 270 ps duration delivered at 40-160 pA. The stimulation intensity was
adjusted to obtain a field EPSP amplitude of 1.0-1.5mV to begin baseline recording, and
fEPSPs were elicited by stimulation of the Schaffer collateral-commissural pathway in stratum
radiatum once every 60 s (.0167 Hz) for the duration of the experiment. Synaptic responses
were normalized by dividing all slopes by the average of the 5 fEPSP slopes obtained from the
5 min prior to tetanization. The tetanization protocol used to induce LTP in all experiments
was a standard HFS protocol consisting of 3 trains of 100 Hz/1s administered at 20 s intertrain
intervals. Control LTP values were collected periodically throughout the study. Planned
comparisons with control were made using unpaired t-tests. In reporting our results, n-values
indicate first the number of slices, and then the number of animals.

None of the drugs applied in these experiments significantly altered the baseline fEPSP
response at the indicated doses. For all experiments in which either SKF38393 or SKF81297
was tested, application of the D15 agonist began 30 min prior to induction of LTP, and fEPSP
responses were monitored for an additional 30 min post HFS in the continued presence of the
drug (Fig 1&Fig 5). When antagonists or inhibitors were tested, they were applied for at least
20 min prior to initiating the D45 agonist co-application, from which point all drugs continued
to be applied for the duration of recording (Fig 2-Fig 7). 8-Bromo-2,3,4,5-tetrahydro-3-
methyl-5-phenyl-1H-3-benzazepin-7-ol hydrobromide (SKF83566), 3-(4-chlorophenyl) 1-
(1,1-dimethylethyl)-1H-pyrazolo[3,4-d]pyrimidin-4-amine (PP2), (aR,BS)-0-(4-
Hydroxyphenyl)-B-methyl-4-(phenylmethyl)-1 -piperidinepropanol maleate (R025-6981), 6-
Chloro-2,3,4,5-tetrahydro-1-phenyl-1H-3-benzazepine hydrobromide (SKF81297), and 3-(4-
[4-Chlorophenyl]piperazin-1-yl)-methyl-1H-pyrrolo[2,3-b]pyridine trihydrochloride
(L745870) were obtained from Tocris. N-[2-(p-Bromocinnamylamino)ethyl]-5-
isoquinolinesulfonamide dihydrochloride (H89) was obtained from Sigma. (x)-1-
Phenyl-2,3,4,5-tetrahydro-(1H)-3-benzazepine-7,8-diol hydrochloride (SKF38393) was
obtained from both Sigma and Tocris over the course of the study. Drugs were applied by
addition to the perfusion reservoir; stocks for both PP2 and SKF81297 were initially dissolved
in DMSO, with the final concentrations of this solvent being 0.04% and 0.08%, respectively.

3.1. The dopaminergic agonist SKF38393 dose-dependently facilitates LTP

Field EPSP (fEPSP) responses were monitored in s. radiatum layer of the CA1 region and LTP
was evoked with HFS using 3 x 100 Hz/1 s trains administered at 20 s intertrain intervals. For
acumulative control set of slices collected throughout the study, the fEPSP slope was increased
70 = 2% (n = 60 slices, 20 animals) 30 min following LTP induction (Fig 1A). In groups of
slices treated with the dopamine agonist SKF38393, a dose-dependent modulation of LTP was
evident (Fig 1B). At a concentration of 100 nM SKF38393 the magnitude of LTP was 80 +
4%; n = 9, 3. Higher concentrations of SKF38393 significantly enhanced LTP [2 uM: (95
5%;n=9,3;p<0.01), 6 uM: (104 £ 3%; n =9, 3; p <0.01), 20 uM: (112 £+ 7%; n = 20, 7;
p <0.01), 30 uM: (107 £ 1%; n =9, 3; p <0.01)]. In contrast, application of 60 pM SKF38393
resulted in an LTP magnitude (72 £ 9%; n = 9, 3) which was not significantly different from
the control group.

3.2. D5 receptor antagonism prevents enhancement of LTP by SKF38393

Previous studies have indicated that activation of Dy5 receptors in the CA1 can enhance the
magnitude of LTP measured 30 min post-HFS in both slices (Otmakhova and Lisman, 1996)
and in vivo (Lemon and Manahan-Vaughan, 2006). Consistent with these reports, when the

D15 receptor selective antagonist SKF83566 (2 uM) was applied prior to the agonist
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SKF38393 (20 uM), LTP was no longer enhanced in the presence of the dopaminergic agonist
(75 £7;n=12, 4; Fig 2B). Applied alone, the antagonist did not significantly affect LTP
magnitude (74 + 8%; n = 18, 6) when compared to the control group, suggesting that basal
activation of Dy5 receptors by endogenously released dopamine was not required for
expression of the early component of LTP induced using our HFS protocol.

3.3. Involvement of cAMP-dependent protein kinase

As it has been reported that CAMP and protein kinase A activity can affect the magnitude of
early LTP (Blitzer etal., 1995; Otmakhova et al., 2000), and since D15 receptors are positively
coupled to cAMP/PKA, we tested the selective PKA inhibitor H89 in our experiments. When
H89 (10 uM) was applied prior to SKF38393 (20 uM), LTP was no longer enhanced in the
presence of the dopaminergic agonist (71 + 5%; n =9, 3; Fig 3B). Applied alone, the PKA
inhibitor did not significantly affect LTP magnitude (69 + 6%; n = 9, 3) when compared to the
control group. This result is consistent with the expectations outlined by Woo et al. (2003) for
a temporally “compressed” HFS pattern, which was the type of conditioning protocol utilized
in our experiments. Taken together, these findings suggest that although the early LTP evoked
under our induction conditions was not dependent upon PKA activation, the D1/5-mediated
enhancement was PKA-dependent.

3.4. NR2B NMDARs are required for the D15 enhancement of LTP

One mechanism by which increased PKA activity might be postulated to enhance LTP is via
enhanced NMDA receptor activity. Because we were able to prevent Dy5-mediated increases
in early LTP without affecting the “baseline” magnitude of potentiation, we tested the
possibility that NR2B-containing NMDARs were selectively participating in the Dy/s-
mediated enhancement of early LTP, as it has been suggested that these receptors are not
required for LTP (Liu et al., 2004). In the presence of the selective NR2B antagonist Ro25—
6981 (1 uM) alone, LTP magnitude was not significantly different from that of the control
group (76 + 5%; n =9, 3; Fig 4B). Thus the early LTP evoked using our induction protocol
was not dependent upon the participation of NR2B NMDARs. However, prior application of
R025-6981 prevented the enhancement of LTP by SKF38393 (20 uM), and furthermore, early
LTP was significantly decreased (51 = 2%; n =9, 3; p < 0.01) when compared to the control
group. Co-application of the Dy5 antagonist SKF83566 (2 uM) did not mitigate this decrease,
as LTP magnitude in the presence of all three compounds was still significantly reduced (52
+6%; n=29,3; p<0.02). This result suggests that the SKF38393-mediated decrease in LTP
magnitude observed in the presence of R025-6981 was not mediated by D45 receptors.

3.5. NR2B NMDARs are required for the D15 enhancement of LTP (continued)

In groups of slices treated with a D15 full agonist, SKF81297 (30 uM), the magnitude of LTP
was significantly enhanced (118 + 6%; n=9, 3; p <0.01; Fig 5B) when compared to the control
group. LTP was no longer enhanced when NR2B antagonist Ro25-6981 (1 uM) was applied
prior the dopaminergic agonist (72 £ 11%; n =11, 4). In addition, slices exposed to both Ro25-
6981 and SKF81297 did not show a decrease in LTP magnitude when compared to the control
group, in contrast to the results obtained following co-application of Ro25-6981 and
SKF38393 in the previous figure. These findings with SKF81297 further suggest that the
decrease in LTP observed in the presence of co-applied Ro25-6981 and SKF38393 (Fig 4) is
not attributable to D15 receptor activation, and is instead an effect of SKF38393 which is not
shared by SKF81297.
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3.6. Activation of D4 receptors contributes to the descending portion of the SKF38393 dose-
response curve

As previously noted (see 3.1 above), application of 60 uM SKF38393 resulted inan LTP
magnitude which was not significantly different from the control group. However, when the
D4 receptor selective antagonist L745870 (10 uM) was applied prior to the Dy5 agonist
SKF38393 (60 uM), LTP was significantly enhanced (105+ 7; n=9, 3; p <0.01; Fig 6B). The
D4 antagonist alone did not significantly affect LTP magnitude (83 + 3%; n =9, 3) when
compared to the control group, suggesting that basal activation of D,4 receptors by
endogenously released dopamine does not play a significant role in expression of the early
component of LTP induced under our conditions.

3.7. Src-family tyrosine kinase activity is required for the D15 enhancement of LTP

One example of a functional connection between the cAMP/PKA pathway and the regulation
of NR2B-containing NMDARSs is via the activation of Src-family tyrosine kinase (Yaka et al.,
2003). When the SFK inhibitor PP2 (10 uM) was applied prior to SKF38393 (20 uM), LTP
was no longer enhanced in the presence of the dopaminergic agonist (70 £ 7%; n = 15, 5; Fig
5B). Applied alone, the SFK inhibitor did not significantly affect LTP magnitude (69 + 3%;
n =12, 4). These results suggest that although baseline LTP evoked under our conditions did
not require SFK activation, the Dy/5-mediated enhancement of LTP was SFK-dependent.

4. Discussion

In this study, we have determined that the dopaminergic agonist SKF38393 is capable of
facilitating LTP via activation of D15 dopamine receptors in a dose-dependent manner that
involves NMDA receptors containing the NR2B subunit. We have also provided evidence that
this mechanism is mediated by both protein kinase A and Src-family tyrosine kinase activities.

The dopaminergic agonist SKF38393 has been widely used in characterizing the role of Dy/g
receptors in LTP (Huang and Kandel, 1995; Mockett et al., 2004; Navakkode et al., 2007,
Swanson-Park et al., 1999), and we have tested a range of SKF38393 concentrations under our
recording conditions. The results demonstrate that relatively low concentrations were capable
of significantly elevating LTP above control levels, and this enhancement reached a maximum
at a concentration of 20 uM. Unexpectedly, LTP magnitude returned toward the control level
when slices were exposed to a higher concentration of this drug, an effect that was possibly
due to a nonspecific (i.e. non D1/5-mediated) action of SKF38393. In order to confirm that the
enhancement of potentiation was in fact mediated via Dy/5 receptors, we tested SKF38393 in
the presence of the D15 antagonist SKF83566. As this antagonist was able to block the ability
of SKF38393 to enhance LTP beyond the control level seen in drug naive slices, a Dy5-specific
drug effect was confirmed. The nature of the nonspecific activity of SKF38393 to inhibit LTP
was not the focus of these studies, but we note that this compound exhibits binding affinity in
the micromolar range for several other receptors (Toll et al., 1998; Van Tol et al., 1991). Some
possible contributors to this nonspecific activity could include D4, 5SHT 14, 0r 5SHT 4 receptors,
as activation of any of these would be expected to inhibit LTP in the CAl region (Kotecha et
al., 2002; Mori et al., 2001; Wang and Arvanov, 1998). Accordingly, our results with D4
antagonist L745870 indicate that the negative consequences for LTP following D4 receptor
activation (Kotecha et al., 2002) significantly contributes to the summed effects of 60 uM
SKF38393 on LTP magnitude. When the suppressive influence of D4 receptor activation was
blocked, the enhancement of LTP via Dy5 receptor activity was restored.

Utilizing the selective PKA inhibitor H89, we determined that the magnitude of early LTP
expressed under our conditions was not reliant upon PKA activity. This is consistent with a
previous report that specifically tested “compressed” (20 s intertrain interval) vs. “spaced” (5
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min intertrain interval) induction protocols and found that early LTP induced by compressed
protocols was independent of PKA activity (Woo et al., 2003). Our ability to induce a baseline
amount of LTP without the involvement of PK A activity afforded us the opportunity to examine
the possible PKA-dependence of the D15 receptor-mediated enhancement of LTP. As Dyys
receptors are positively coupled to adenylate cyclase, we hypothesized that exposing slices to
H89 prior to and during application of SKF38393 would impede the drug’s ability to enhance
LTP. Indeed, under such conditions LTP magnitude was not altered from control levels,
supporting the postulate that stimulation of cAMP/PKA is an initial step in the resultant
signaling cascade following D5 receptor activation.

It is clear that there are a number of routes by which G-protein coupled receptors (GPCRS) are
capable of modifying NMDAR activity at synapses in the hippocampal CA1 region, and
evidence for a positive regulation of NR2B NMDAR activity by pituitary adenylate cyclase
activating peptide has been reported (Yaka et al., 2003). Our findings provide additional
evidence that GPCR activation (exemplified here by D15 receptors) has the ability to recruit
signaling mechanisms that target NR2B receptor activity. Using the selective antagonist Ro25-
6981, we determined that NR2B-containing NMDA receptor activation does not play a
significant role in control LTP under our conditions. This was not unexpected, as it has been
previously suggested that the dominant form of NMDAR NR2 subunit involved with LTP is
NR2A, while NR2B has been suggested to be more critical in the expression of LTD (Liu et
al., 2004). Applying Ro25-6981 to slices prior to and during application of either SKF38393
or the SKF81297 rendered these Dy;5 agonists incapable of enhancing LTP. In sum, these
findings demonstrate that NR2B-containing NMDARs are a key component in the Dy/g
receptor-mediated neuromodulation of LTP in the hippocampal CA1 region.

It has previously been shown that Src-family kinase activation is involved in the induction of
LTP in the CAl region (Lu et al., 1998). Under our experimental conditions, this appears not
to be the case as the SFK inhibitor PP2 had no effect on LTP. However, in order to examine
the role of Src-family tyrosine kinase activity in the D15-mediated enhancement of LTP, we
exposed slices to PP2 prior to and during application of SKF38393. In the presence of this
inhibitor, D1/5 agonist SKF38393 was unable to significantly increase LTP beyond a control
level. This provides evidence for the involvement of SFK activity in mediating the
dopaminergic enhancement of LTP. Our findings with PKA and SFK are consistent with a
model for Gs-coupled phosphorylation of the NR2B subunit in which both kinase activities
participate in GPCR-mediated enhancement of NMDAR activity (Yaka et al., 2003). The
model describes a trimolecular signaling complex which regulates the phosphorylation of
NR2B-containing NMDARs in CA1 pyramidal cells. In this complex, the receptor for activated
C-kinase 1 (RACK1) associates with both the NR2B subunit and SFKSs, obstructing their ability
to phosphorylate tyrosine residues on the cytoplasmic tail of the NR2B subunit. PKA-mediated
phoshorylation of RACK1 causes a dissociation of the protein from the NR2B subunit, thereby
allowing SFK activity to potentiate NMDAR currents. D15 receptor activation would be
expected to initiate this regulatory mechanism via activation of either Gs- or Gg-coupled
cascades (Salter and Kalia, 2004).

Although these current investigations are focused on the ability of D45 activation to enhance
the magnitude of early LTP, a number of studies have investigated dopaminergic involvement
in the late, protein-synthesis dependent stage of LTP (Frey etal., 1991; Frey et al., 1990; Huang
and Kandel, 1995; Matthies et al., 1997; O'Carroll and Morris, 2004; Swanson-Park et al.,
1999). In particular, early work revealed that activation of both D2-like and D1-like dopamine
receptors during the tetanus event is necessary for the persistence of LTP, and D4-deficient
mice were found to be incapable of expressing late LTP (Frey et al., 1989; Frey et al., 1991;
Frey et al., 1990; Matthies et al., 1997). Furthermore, some reports have presented evidence
that activation of D1/5 receptors in the absence of a tetanus event is sufficient to induce a
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potentiation that is similar to late LTP (Huang and Kandel, 1995; Navakkode et al., 2007),
although this has not been a consistent observation (Mockett et al., 2004; Otmakhova and
Lisman, 1996). Similar to the latter reports, we found no significant effects on baseline synaptic
responses with any of the dopaminergic agonists applied during the 30 minute application that
preceded the induction of LTP in our experiments. As previously noted (Mockett et al.,
2004; Navakkode et al., 2007), there are several methodological considerations that may
underlie this discrepancy.

Finally, it is interesting to consider the potential role that endogenously released dopamine
may have on the modulation of synaptic plasticity. Recent work from our laboratory has
explored the mechanism by which cocaine and the dopamine transporter blocker GBR12935
enhance LTP (Thompson et al., 2005), both of which exert their effect via D3-receptor
activation and the inhibition of inhibitory synaptic input on CA1 pyramidal neurons (Hammad
and Wagner, 2006; Swant and Wagner, 2006). Now in this report, we have confirmed the
enhancement of LTP via Dy5-receptor activation and described a mechanism which directly
involves the facilitation of excitatory input on CA1 pyramidal neurons. As the net effects of
both of these mechanisms are excitatory, they might be additive or even synergistic, since
reducing IPSCs on dendritic shafts would potentially allow increased depolarization and
activation of extrasynaptic NR2B-containing NMDARSs. Alternatively, D3 receptor activation
could be permissive for the actions of endogenously released dopamine in the CA1 since this
receptor subtype has the highest affinity for dopamine, and disinhibition could be a requirement
for extrasynaptic NR2B-containing NMDARs to become activated under physiological
conditions. Regardless, together our results point toward an increase in dopaminergic activity
in the CAL1 region of the hippocampus to be working to enhance the synaptic plasticity
processes thought to be involved with learning and memory via participation of NR2B-
containing NMDARSs in synaptic signaling.
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Figure 1. The dopaminergic agonist SKF38393 induced a dose-dependent modulation of LTP

A) Summary plot of normalized fEPSP slope measurements evoked and recorded in the stratum
radiatum layer of the CAL region. Open circles show responses from control slices; closed
circles depict responses from SKF38393-treated slices (20 uM). Insets are 50 ms sweeps
averaged from all experiments illustrating the mean fEPSP 1-5 min prior to and 26-30 min
post-tetanus (vertical scale bar is 3 mV). The left pair of sweeps (1) is from non-drug, control
slices and the right pair (2) is from SKF38393-treated slices. B) Summary quantification of
LTP magnitude in the presence of increasing concentrations of SKF38393. Control LTP is
indicated by the dashed line. LTP magnitude was significantly enhanced at concentrations of
2 UM, 6 pM, 20 pM, and 30 pM relative to control (** p < 0.01). Error bars show £ SEM.
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Figure 2. Co-application with the D15 antagonist SKF83566 (2 pM) blocked the SKF38393-
mediated enhancement of LTP

A) Summary plot of normalized fEPSP measurements. Open circles show normalized fEPSP
slope from slices treated with SKF83566 (2 uM) alone; closed circles depict slices treated with
both SKF83566 (2 uM) and SKF38393 (20 uM). Insets are 50 ms sweeps averaged from all
experiments illustrating the mean fEPSP 1-5 min prior to and 26—30 min post-tetanus (vertical
scale bar is 3 mV). The left pair of sweeps (1) is from SKF83566-treated slices and the right
pair (2) is from SKF83566 & SKF38393-treated slices. B) Summary quantification of LTP
magnitude in the presence of the agonist SKF38393 alone (taken from Fig. 1, illustrated for
comparison), when co-applied with the antagonist SKF83566, or SKF83566 alone.
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Significance is relative to the control group (indicated by the dashed line, ** p < 0.01). Error
bars show + SEM.
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Figure 3. Co-application with the PKA inhibitor H89 (10 uM) blocked the SKF38393-mediated
enhancement of LTP

A) Summary plot of normalized fEPSP measurements. Open circles show normalized fEPSP
slope from slices treated with H89 (10 uM); closed circles depict slices treated with both H89
(10 uM) and SKF38393 (20 uM). Insets are 50 ms sweeps averaged from all experiments
illustrating the mean fEPSP 1-5 min prior to and 26-30 min post-tetanus (vertical scale bar is
3mV). The left pair of sweeps (1) is from H89-treated slices and the right pair (2) is from H89
& SKF38393-treated slices. B) Summary quantification of LTP magnitude in the presence of
H89 alone and when co-applied with SKF38393, as compared to both the control and
SKF38393 (20 uM) alone groups taken from Fig. 1 ( **p < 0.01). Error bars show + SEM.
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Figure 4. Co-application with the NR2B antagonist Ro25-6981 (1 uM) blocked the SKF38393-
mediated enhancement of LTP

A) Summary plot of normalized fEPSP measurements. Open circles show normalized fEPSP
slope from slices treated with Ro25-6981 (1 uM); closed circles depict slices treated with both
R025-6981 (1 uM) and SKF38393 (20 uM); closed triangles depict slices treated with these
drugs in addition to D45 antagonist SKF83566 (2 uM). Insets are 50 ms sweeps averaged from
all experiments illustrating the mean fEPSP 1-5 min prior to and 26-30 min post-tetanus

(vertical scale bar is 3 mV). The left pair of sweeps (1) is from R025-6981-treated slices, the
right upper pair (2) is from Ro25-6981 & SKF38393-treated slices, the right lower pair (3) is
from R025-6981/SKF83566 & SKF38393-treated slices. B) Summary quantification of LTP
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magnitude in the presence of Ro25-6981 alone, when R025-6981 is co-applied with
SKF38393, and when both R025-6981 and the antagonist SKF83566 are co-applied with
SKF38393 (significance is relative to the control group indicated by the dashed line, *p < 0.05,
**p < 0.01). Error bars show £ SEM.
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Figure 5. Co-application with NR2B antagonist Ro25-6981 (1 uM) also blocked the ability of
D15 full agonist SKF81297 to enhance LTP

A) Summary plot of normalized fEPSP measurements. Closed squares depict slices treated
with Dy agonist SKF81297 (30 uM). Closed circles depict slices treated with both Ro25—
6981 (1 uM) and SKF81297 (30 uM). Insets are 50 ms sweeps averaged from all experiments
illustrating the mean fEPSP 1-5 min prior to and 26-30 min post-tetanus (vertical scale bar is
3 mV). The left pair of sweeps (1) is from SKF81297-treated slices and the right pair (2) is
from R025-6981 & SKF81297-treated slices. B) Summary quantification of LTP magnitude
in the presence of SKF81297 alone and when co-applied with Ro25-6981 (significance is
relative to the control group indicated by the dashed line, **p < 0.01). Error bars show + SEM.
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Figure 6. Co-application with the D4 antagonist L745870 (10 uM) enabled 60 uM SKF38393 to
enhance LTP

A) Summary plot of normalized fEPSP measurements. Open circles show normalized fEPSP
slope from slices treated with L745870 (10 uM); closed circles depict slices treated with
SKF38393 (60 uM); closed triangles depict slices treated with both L745870 (10 uM) and
SKF38393 (60 uM). Insets are 50 ms sweeps averaged from all experiments illustrating the
mean fEPSP 1-5 min prior to and 26-30 min post-tetanus (vertical scale bar is 3 mV). The left
pair of sweeps (1) is from SKF38393-treated slices, the right upper pair (2) is from L745870
& SKF38393-treated slices, the right lower pair (3) is from L745870-treated slices. B)
Summary quantification of LTP magnitude in the presence of SKF38393 alone, when L745870
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is co-applied with SKF38393, and when L745870 is applied alone (significance relative to the

control group indicated by the dashed line, **p < 0.01; significance relative to the L745870
group is also indicated, Tp < 0.05). Error bars show + SEM.
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Figure 7. Co-application with the Src-family tyrosine kinase inhibitor PP2 (10 uM) blocked the
SKF38393-mediated enhancement of LTP

A) Summary plot of normalized fEPSP measurements. Open circles show normalized fEPSP
slope from slices treated with PP2 (10 uM); closed circles depict slices treated with both PP2
(10 uM) and SKF38393 (20 uM). Insets are 50 ms sweeps averaged from all experiments
illustrating the mean fEPSP 1-5 min prior to and 26-30 min post-tetanus (vertical scale bar is
3mV). The left pair of sweeps (1) is from PP2-treated slices and the right pair (2) is from PP2&
SKF38393-treated slices. B) Summary quantification of LTP magnitude in the presence of PP2
alone and when co-applied with SKF38393, as compared to the control and SKF38393 (20
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M) alone groups (taken from Fig. 1, illustrated for comparison, **p < 0.01). Error bars show
+ SEM.
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