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Dopamine has been demonstrated to be involved in the modulation of long-term potentiation (LTP) in the CA1
region of the hippocampus. As monoamine transporter blockade will increase the actions of endogenous monoamine
neurotransmitters, the effect of a dopamine transporter (DAT) antagonist on LTP was assessed using field excitatory
postsynaptic potentials recorded in the CA1 region of the rat hippocampal slice preparation. Application of the
DAT-specific blocker GBR 12,935 produced a significant enhancement in LTP of Schaffer collateral synapses in the
CA1 at concentrations as low as 100 nM. A selective D1/D5 dopamine receptor antagonist (SCH 23,390, 1 µM) did
not affect the ability of GBR 12,935 to enhance LTP, whereas application of the D3 dopamine receptor antagonist U
99,194 (1 µM) blocked the GBR 12,935-induced enhancement in LTP. In addition, a D3 dopamine receptor agonist
(7-OH-DPAT, 1 µM) caused a significant increase in LTP, an effect that was also blocked by U 99,194 (3 µM). These
results suggest that either endogenously released dopamine (facilitated by DAT blockade) or exogenously applied
dopamine agonist can act to increase LTP in the CA1 of the hippocampus via activation of the D3 subtype of
dopamine receptor.

Long-term potentiation (LTP) is a long-lasting increase in synap-
tic strength that can be induced by high-frequency electrical
stimulation (HFS) (Bliss and Lomo 1973). In the CA1 region of
the hippocampus, LTP can be modulated by several neurotrans-
mitters, including dopamine (Frey et al. 1990). The modulation
of hippocampal CA1 synaptic plasticity through activation of
dopaminergic receptors may be considered somewhat surprising,
given that the concentration of dopamine (DA) in this area is
quite low relative to the other monoamine neurotransmitters
(Bjorklund and Lindvall 1978; Verhage et al. 1992). Despite its
low concentration in the hippocampus (or perhaps because of it),
the modulation of hippocampal synaptic plasticity by DA re-
mains an interesting phenomenon that has yet to be fully char-
acterized.

In hippocampal slices, the effects of exogenously applied
dopamine receptor agonists/antagonists on LTP in the CA1 have
been studied by several investigators. For instance, the applica-
tion of dopamine D1/D5 agonists results in an increase in the
magnitude of LTP (Otmakhova and Lisman 1996), while appli-
cation of the D1/D5 antagonist SCH 23,390 results in a decrease
in LTP magnitude in both the slice preparation (Frey et al. 1991;
Huang and Kandel 1995; Otmakhova and Lisman 1996), as well
as in vivo (Swanson-Park et al. 1999). Dopamine agonists also
shift the threshold for LTP, in that a weak stimulation that does
not normally produce LTP will produce LTP in the presence of a
D1 agonist (Li et al. 2003). In comparison, the involvement of
D2-like receptors in hippocampal LTP has received relatively
little attention. Long-term maintenance of LTP can be prevented
by blockade of D2-like receptors (Frey et al. 1990), and we have
recently reported that a D2-like antagonist is effective in blocking
the facilitory actions of cocaine on LTP magnitude in the CA1
(Thompson et al. 2005). These results indicate that the actions of

endogenously released DA include the modulation of LTP via
D2-like receptor activation.

Endogenous monoamine neurotransmitter actions can be
altered by blocking monoamine re-uptake transporters. For ex-
ample, antagonism of the DAT protein will increase the sphere of
influence of DA released into extrasynaptic space from dopamin-
ergic terminals (Cragg and Rice 2004). In contrast, bath applica-
tion of DA agonists will increase dopaminergic tone throughout
the slice, potentially including sites of action typically not rel-
evant for either normal physiological or pathophysiological con-
ditions. Therefore, the application of monoamine re-uptake
blockers may have effects that are different from those observed
following the bath application of agonists. In regard to their ef-
fects on LTP in the CA1 region of the hippocampus, blockade of
the norepinephrine transporter (NET) has been shown to have
no significant effect on LTP (Thompson et al. 2005), whereas
blockade of the serotonin transporter (SERT) tends to decrease
LTP (Kojima et al. 2003). As mentioned previously, we have ob-
served an increase in LTP following the application of cocaine (a
nonspecific monoamine transporter blocker), and have impli-
cated both the DAT and the D2-like family of dopamine receptors
in mediating this effect (Thompson et al. 2005).

In order to characterize the effects of DA re-uptake blockade
on LTP in the CA1 region of the hippocampal slice, we have
induced several forms of LTP in the presence of the DAT-specific
monoamine transporter blocker GBR 12,935. Along its dorsal–
ventral axis, the ventral hippocampus receives the most dopa-
minergic innervation (Verney et al. 1985), and the ventral CA1
contains more dopamine than the dorsal CA1 (Hortnagl et al.
1991). To maximize the likelihood of observing dopamine-
mediated effects, horizontal sections were prepared, resulting in
the use of slices from the ventral half of the hippocampus in
these experiments. Our results show that GBR 12,935 can en-
hance LTP in a dose-dependent manner that is consistent with
actions via DAT blockade, that GBR 12,935 predominantly en-
hances NMDAR-dependent LTP (nmdaLTP), and that activation
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of the D3 dopamine receptor mediates the LTP-enhancing effects
of GBR 12,935 in the CA1 region of the rat hippocampus.

Results

LTP magnitude is increased by blockade
of the dopamine re-uptake transporter
The field excitatory post-synaptic potential (fEPSP) was measured
in the stratum radiatum of the CA1 in response to stimulation of
the Schaffer collaterals in all experiments. Comparison of stimu-
lus response curves between control and GBR 12,935-treated
slices revealed no significant difference in baseline fEPSP respon-
siveness (data not shown). GBR 12,935 did not affect the synaptic
response, as the fEPSP slope was 98% � 2% of the pre-drug base-
line after 30 min of drug application. As shown in Figure 1A, the
normalized magnitude of LTP in control slices 30 min post-
tetanus was 1.57 � 0.05 [n = 28(14)] [all n values are represented
in the format “n = number of slices (number of animals)”]. The
LTP magnitude 30 min post-tetanus in slices treated with GBR
12,935 (1 µM) was significantly increased to 1.94 � 0.11
[n = 13(8)].

Several concentrations of GBR 12,935 were tested for their
effects on LTP as shown in Figure 1B. At 10 nM, LTP was
1.54 � 0.08 [n = 12(6)]; at 30 nM, LTP was 1.79 � 0.12
[n = 10(5)]; at 100 nM, LTP was 1.85 � 0.13 [n = 8(4)]; at 300 nM,
LTP was 1.91 � 0.11 [n = 8(4)]; at 3 µM, LTP was 1.75 � 0.06

[n = 8(4)]; and at 10 µM, LTP was 1.73 � 0.14 [n = 8(4)] (Fig. 1B).
GBR 12,935 significantly enhanced LTP at concentrations of 100
nM (P < 0.05), 300 nM (P < 0.01), and 1 µM (P < 0.001). The dose
response curve for GBR 12,935 provides evidence that the in-
creased LTP documented here is mediated by the DAT protein,
since 100 nM is approximately one-half the value of GBR 12,935s
Ki for NET and one-sixtieth its Ki for SERT (Torres et al. 2003). The
enhancement of LTP by the blockade of the DAT protein is con-
sistent with our prior results, which also suggested that NET and/
or SERT blockade is not sufficient for the cocaine-induced en-
hancement of LTP in the CA1 (Thompson et al. 2005).

Strong tetanus protocols that use multiple tetanus trains po-
tentially induce LTP through two distinct routes of calcium in-
flux. Activation of either N-methyl-D-aspartate receptors
(NMDARs), or voltage-dependent calcium channels (VDCCs) can
contribute to the induction of LTP (Collingridge et al. 1983;
Grover and Teyler 1990). LTP induced by activation via either
NMDARs or VDCC channels can be pharmacologically isolated,
and the resulting isolated LTP is termed either nmdaLTP or
vdccLTP (vdcc-dependent LTP), respectively.

nmdaLTP is enhanced by GBR 12,935
In order to further characterize the effect of DAT blockade on
synaptic plasticity, we isolated LTP induced by the NMDA recep-
tor by blocking voltage-dependent calcium channels with nife-
dipine (nmdaLTP). LTP was induced by three 100-Hz trains of 1

sec duration delivered at 20-sec inter-
vals. When nifedipine (25 µM) was
added 30 min pre-tetanus, a control
nmdaLTP magnitude of 1.60 � 0.07
[n = 13(6)] resulted (Fig. 2). Since the
magnitude of nmdaLTP was similar to
the amount of LTP found in drug-free
control slices (Fig. 1), we conclude that
voltage-dependent calcium channel LTP
(vdccLTP) was not a significant compo-
nent of the LTP induced using our stan-
dard induction protocol. When GBR
12,935 (1 µM) was tested in slices pre-
treated with nifedipine (25 µM), a sig-
nificant increase in the magnitude of
nmdaLTP to 1.89 � 0.09 [n = 14(5);
P < 0.05] was observed (Fig. 2).

vdccLTP is not affected
by GBR 12,935
We also isolated LTP induced by voltage-
dependent calcium channels by block-
ing NMDA receptors with DL-2-amino-
5-phosphono-pentanoic acid (D-APV)
and delivering a high-frequency stimu-
lation protocol as previously described
(Grover and Teyler 1990). vdccLTP was
induced in the presence of D-APV (50
µM) using four 200-Hz trains of 0.5 sec
duration separated by 20-sec intervals.
The vdccLTP magnitude 30 min post-
tetanus in control slices was 1.22 � 0.06
[n = 10(4)] (Fig. 3). The addition of GBR
12,935 to D-APV (50 µM) treated slices
did not significantly alter vdccLTP, as
the magnitude of vdccLTP in the pres-
ence of GBR 12,935 (1 µM) was
1.23 � 0.07 [n = 10(4)] (Fig. 3). Taken
together, our results with nmdaLTP and

Figure 1. GBR 12,935 enhances LTP in a dose-dependent manner. (A) Summary plot of normalized
fEPSP slope measurements recorded in the CA1 region of the hippocampus. The closed circles are from
GBR 12,935 (1 µM) treated slices; the open circles show results from control slices. Error bars are
�SEM. Three (100 Hz)/(1 sec) stimulus trains separated by 20 sec were used to tetanize the slices at
t = 45 min. Insets are 50-msec sweeps taken from representative experiments illustrating the average
fEPSP 0–5 min prior to and 25–30 min post-tetanus (the vertical scale bar is 3.5 mV). The left pair of
sweeps is from a GBR 12,935-treated slice; the right pair is from a non-drug, control slice. (B) Summary
quantification of the dose response for the effect of GBR 12,935 on LTP against control; *P < 0.05;
**P < 0.01; ***P < 0.001. Bars are the mean � SEM.
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vdccLTP imply that the facilitation of LTP by GBR 12,935 is de-
pendent on the activation of NMDA receptors during tetaniza-
tion.

LTP of the NMDAR response is not affected
by GBR 12,935
Under normal conditions, LTP induction by activation of NMDA
receptors can result in an increase of both the AMPA and NMDA
receptor-mediated components of synaptic transmission (Clark

and Collingridge 1995). Isolated NMDA receptor-mediated syn-
aptic responses can also undergo LTP (Bashir et al. 1991). To test
the effect of GBR 12,935 on isolated NMDA receptor-mediated
synaptic responses, we used a perfusion aCSF containing 10 µM
6,7-dinitroquinoxaline-2,3(1H, 4H)-dione (DNQX) to block
AMPA receptors and low (0.1 mM) MgCl2 to minimize Mg2+

blockade of NMDA receptors. Nifedipine (25 µM) was also pres-
ent to block voltage-dependent calcium channels. Under these
conditions, the control LTP magnitude of the NMDA receptor-
mediated response (NMDAR response) was 1.20 � 0.05
[n = 12(6)] (Fig. 4). In the presence of GBR 12,935 (1 µM), LTP of
the NMDAR response was 1.27 � 0.11 [n = 12(6)] (Fig. 4). Thus
LTP of the NMDAR response at 30 min post-tetanus was not
significantly altered by GBR 12,935. The potentiated synaptic
responses we measured in the presence of low Mg2+ and DNQX/
nifedipine were primarily NMDAR mediated; as they were com-
pletely blocked (>97%) by 50 µM D-APV added 30 min post-
tetanus (see insets in Figure 4 for representative examples).

The LTP-enhancing effect of GBR 12,935 (1 µM)
is blocked by a D3 antagonist,
not by a D1/D5 antagonist
The effects of GBR 12,935 on LTP could be mediated by any of
the dopamine receptor subtypes. To further elucidate the mecha-
nism of GBR 12,935 on LTP, either a D1/D5 antagonist (SCH
23,390) or a D3 antagonist (U 99,194) was applied 30 min prior
to GBR 12,935. The addition of the D1/D5 antagonist SCH
23,390 did not significantly alter GBR 12,935’s effect on LTP. The
LTP magnitude in the presence of both SCH 23,390 (1 µM) and
GBR 12,935 (1 µM) was significantly enhanced to 1.90 � 0.14
[n = 12(6); P < 0.05] (Fig. 5A). In contrast, the D3 antagonist U
99,194 blocked the effect of GBR 12,935 on LTP. The LTP mag-
nitude in the presence of both U 99,194 (1 µM) and GBR 12,935
(1 µM) was 1.58 � 0.08 [n = 10(3)] (Fig. 5A). This antagonistic
effect was not due to U 99,194 causing an overall decrease in LTP,
since slices treated with U 99,194 alone had an LTP magnitude of

Figure 3. GBR 12,935 does not affect vdccLTP. Summary plot of nor-
malized fEPSP slope measurements recorded in the presence of the
NMDAR antagonist D-APV (50 µM). The closed circles are results ob-
tained from D-APV + GBR 12,935-treated slices; the open circles
show results from D-APV-alone treated slices. Error bars are �SEM. Four
200-Hz, 0.5 sec duration trains at double stimulus intensity separated by
5 sec were used to tetanize the slices at 45 min. Insets are 50-msec sweeps
taken from representative experiments illustrating the average fEPSP 0–5
min prior to and 25–30 min post-tetanus (the vertical scale bar is 2.5 mV).
The left pair of sweeps is from a D-APV + GBR 12,935-treated slice; the
right pair is from a D-APV-alone treated slice.

Figure 4. GBR 12,935 does not affect LTP of the NMDAR response.
Summary plot of normalized fEPSP peak amplitude measurements re-
corded in the presence of the AMPAR antagonist DNQX (10 µM), low
Mg2+ (0.1 mM), and the VDCC antagonist nifedipine (25 µM). The closed
circles are the results from GBR 12,935-treated slices; the open circles
show results from control slices. Error bars are �SEM. Three 100-Hz trains
separated by 20 sec were used to tetanize the slices at 45 min. Insets are
50-msec sweeps taken from representative experiments illustrating the
average fEPSP 0–5 min prior to, 25–30 min post-HFS, and 40–45 min
post-HFS (50 µM D-APV added at 30 min post-HFS). The vertical scale bar
is 1.5 mV. The left set of sweeps is from a DNQX/nifedipine + GBR
12,935-treated slice; the right set is from a DNQX/nifedipine-alone
treated slice.

Figure 2. GBR 12,935 enhances nmdaLTP. Summary plot of normal-
ized fEPSP slope measurements recorded in the presence of the VDCC
antagonist nifedipine (25 µM). The closed circles are results obtained
from nifedipine + GBR 12,935-treated slices; the open circles show results
from nifedipine-alone treated slices. Error bars are �SEM. Three (100
Hz)/(1 sec) stimulus trains separated by 20 sec were used to tetanize the
slices at 45 min. Insets are 50-msec sweeps taken from representative
experiments illustrating the average fEPSP 0–5 min prior to and 25–30
min post-tetanus (the vertical scale bar is 3.5 mV). The left pair of sweeps
is from a nifedipine + GBR 12,935-treated slice; the right pair is from a
Nifedipine-alone treated slice.
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1.50 � 0.06 [n = 14(4)] (Fig. 5B), which was not significantly dif-
ferent from drug-free control values.

A D3 agonist increases LTP, an effect prevented
by pre-incubation with a D3 antagonist
The finding that the LTP-enhancing effects of GBR 12,935 are
blocked by a D3 receptor antagonist led us to test the prediction
that a bath-applied D3 agonist would also increase LTP. The D3
dopamine receptor agonist 7-OH-DPAT did not affect the base-
line synaptic responses, as baseline pre-drug fEPSP slopes were
101% � 4% of the baseline after 30 min of drug application. The
LTP magnitude was significantly increased in the presence of
7-OH-DPAT (1 µM) to 1.88 � 0.06 [n = 13(6); P < 0.01] (Fig. 6B)
when compared to drug-free controls, and this effect was blocked
by pre-application of the D3 dopamine receptor antagonist U
99,194 (3 µM). The LTP magnitude in the presence of both drugs
was 1.60 � 0.04 [n = 16(5)], a value that is significantly different
from 7-OH-DPAT-treated slices (P < 0.01) (Fig. 6B), and is not
significantly different from the control group.

Discussion
We have studied the effects of dopamine transporter blockade on
several different forms of LTP in the CA1 region of the hippo-

campus. Our main finding is that the
monoamine transporter blocker GBR
12,935, a selective dopamine transporter
antagonist, enhances LTP at Schaffer
collateral synapses in stratum radiatum
through activation of dopaminergic D3
receptors. GBR 12,935 was chosen for
this study because it is at least 10-fold
more selective for DAT over NET or
SERT. GBR 12,935 significantly in-
creased LTP induced by a strong tetanus
protocol at a concentration as low as 100
nM, suggesting that GBR 12,935 in-
creases LTP by interaction with the DAT
(Ki [nM] for DAT, NET, SERT: 21, 225,
6514, respectively) (Torres et al. 2003).
Previous results from our laboratory
have also shown that cocaine enhances
LTP in the CA1 of the hippocampus
through blockade of the DAT (Thomp-
son et al. 2005).

Grover and Teyler (1990) have
shown that tetanus-evoked LTP in the
CA1 can be comprised of both NMDA
receptor-dependent and NMDA recep-
tor-independent components. There-
fore, we were interested in determining
if DAT blockade would affect both, or
only one of these forms of LTP. Tetanus
protocols like the one we used to induce
LTP in GBR 12,935 slices (Fig. 1) may
induce LTP of which a portion is com-
prised of nmdaLTP and a smaller portion
is vdccLTP (Freir and Herron 2003). The
NMDA receptor-dependent component
can be isolated by blocking L-type volt-
age-gated calcium channels, and under
these conditions, we found nmdaLTP to
be significantly increased in slices
treated with GBR 12,935 as compared to
controls. If a significant amount of
vdccLTP was being induced by our high-
frequency protocol, we would expect to

see less LTP in control slices tested for nmdaLTP using this same
tetanus. This was not the case in our recording conditions, as LTP
magnitude was similar under both circumstances (cf. control LTP
in Figs. 1 and 2).

We also examined NMDA receptor-independent LTP, and
based on the absence of effect of nifedipine on the magnitude of
LTP noted above, it is unlikely that our three-train tetanus pro-
tocol induced any significant amount of vdccLTP. Therefore, we
used a strong tetanus protocol (four 200-Hz trains of 0.5 sec du-
ration separated by a 20-sec interval at 2� baseline stimulus
intensity) previously shown to induce vdccLTP (Grover and Tey-
ler 1990). vdccLTP was induced in the presence of D-APV, both
with and without GBR 12,935. Under these conditions, vdccLTP
was not significantly affected by GBR 12,935. Taken together, our
results concerning nmdaLTP and vdccLTP imply that the facili-
tation of LTP by GBR 12,935 is dependent on the activation of
NMDA receptors during tetanization.

The fEPSP in the CA1 consists of both an AMPA and an
NMDA receptor component. The NMDA receptor-mediated re-
sponse can be pharmacologically isolated by the addition of an
AMPA receptor antagonist to a modified perfusion media con-
taining low magnesium. A previous report using a theta stimu-
lation tetanus protocol did not find a great amount of LTP of the

Figure 5. The enhancement of LTP by GBR 12,935 is prevented by a D3 antagonist. (A) Summary
plot of normalized fEPSP slope measurements recorded in the CA1 region of the hippocampus. The
closed circles are from SCH 23,390 + GBR 12,935 (1 µM + 1 µM) treated slices; the open circles show
results from U 99,194 + GBR 12,935 (1 µM + 1 µM) treated slices. Error bars are �SEM. Three (100
Hz)/(1 sec) stimulus trains separated by 20 sec were used to tetanize the slices at t = 75 min. Insets are
50-msec sweeps taken from representative experiments illustrating the average fEPSP 0–5 min prior to
and 25–30 min post-HFS (the vertical scale bar is 3.5 mV). The left pair of sweeps is from a SCH 23,390
+ GBR 12,935-treated slice; the right pair is from a U 99,194 + GBR 12,935-treated slice. (B) Summary
quantification of drug effects on LTP. LTP at 30 min post-tetanus is significantly enhanced in slices
treated with SCH 23,390 + GBR 12,935 as compared to the U 99,194 + GBR 12,935-treated slices;
*P < 0.05 (control data from Fig. 1B are illustrated for comparison).
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NMDAR response (Kauer et al. 1988; Muller and Lynch 1988),
whereas others have found that isolated NMDA receptor-
mediated synaptic responses can undergo LTP (Bashir et al. 1991;
Xie et al. 1992). Under our conditions, we observed a modest
amount of potentiation of the NMDAR synaptic response, and
GBR 12,935 did not enhance this form of LTP, indicating that
AMPAR participation is required to observe the effects of DAT
blockade on LTP.

As previously mentioned, bath application of dopamine D1/
D5 agonists during tetanus results in an increase in the magni-
tude of LTP (Otmakhova and Lisman 1996), whereas the activa-
tion of D2-like dopamine receptors is responsible for cocaine’s
LTP-enhancing effect (Thompson et al. 2005). More recently, we
have found that D3 dopaminergic receptor antagonists can block
a cocaine-induced decrease in the evoked IPSCs in the CA1 (Ham-
mad and Wagner 2006), an effect that could contribute to the
increase in LTP we have observed here in the presence of GBR
12,935. Therefore, we tested both a D1/D5 dopamine receptor
antagonist (SCH 23,390), and a D3 dopamine receptor antagonist
(U 99,194), to further characterize the mechanism underlying
the effect of GBR 12,935 on LTP. Although SCH 23,390 did not
alter the ability of GBR 12,935 to increase LTP, U 99,194 did
block the ability of GBR 12,935 to enhance LTP, suggesting that
dopaminergic D3 receptors mediate the consequences of DAT

blockade. The prevention of the LTP-
enhancing effects of GBR 12,935 by a D3
antagonist led us to investigate the ef-
fects of a D3 agonist on LTP. The D3 do-
pamine agonist 7-OH-DPAT signifi-
cantly increased LTP magnitude, an ef-
fect that was also blocked by U 99,194.

Given the aforementioned finding
that there is not much dopamine pres-
ent in the hippocampus (Bjorklund and
Lindvall 1978; Verhage et al. 1992), it
may be important that dopamine has a
higher affinity for the D3 receptor than
the other dopamine receptor subtypes
(Sokoloff et al. 1990). This could be cru-
cial for the D3 receptor-mediated in-
crease in LTP we have observed, as it is
possible that the actions of endog-
enously released dopamine caused by
DAT blockade increase the concentra-
tion of dopamine enough to activate D3
receptors, while it may not be enough to
activate significant numbers of other do-
pamine receptor subtypes. Dopamine
D3 receptors have been shown to inhibit
adenylyl cyclase (Chio et al. 1994), an
action that is incongruent with our re-
sults at first glance, as inhibition of ad-
enylyl cyclase decreases early LTP (Ot-
makhova et al. 2000). However, if a D3-
mediated decrease in the IPSCs evoked
from the stratum radiatum were to occur
(Hammad and Wagner 2006), one pos-
sible explanation for the apparent dis-
crepancy is that endogenously released
dopamine acts through D3 receptors lo-
cated on a subset of inhibitory interneu-
rons in the CA1, leading to an increase
in LTP via disinhibition.

In regard to its functional role, do-
pamine in the hippocampus may act to
increase the storage of information into

memory in the presence of novel stimuli (Lisman and Grace
2005). Placing a rat in a novel cage causes a significant increase of
dopamine release in the hippocampus (Ihalainen et al. 1999).
Not only does novelty increase dopamine in the hippocampus,
this dopamine release apparently modulates LTP. Li et al. (2003)
have demonstrated that a weak tetanus to the Schaffer collateral
input to CA1 failed to evoke LTP in rats placed in a familiar cage,
but when the animal is placed in a novel cage, the same weak
tetanus induces a robust LTP, an effect blocked by a D1 antago-
nist. Our findings outline an additional possible contributing
mechanism of action for the increase in LTP caused by exposure
to novelty—the activation of D3 receptors by endogenously re-
leased dopamine.

In conclusion, we have tested the effects of GBR 12,935, a
DAT selective monoamine transporter blocker, on several forms
of synaptic plasticity in the CA1 of the rat hippocampus. Our
results demonstrate that endogenously released dopamine (facili-
tated by DAT blockade) or exogenously applied dopamine ago-
nist can act to increase LTP, and that this increase is mediated via
the activation of the D3 subtype of dopamine receptor. This D3-
mediated action represents a distinct, yet complementary effect
in addition to the previously described D1 receptor mechanism
by which dopamine can act to facilitate LTP in the CA1 region of
the hippocampus.

Figure 6. 7-OH-DPAT enhances LTP, an effect that is prevented by a D3 antagonist. (A) Summary
plot of normalized fEPSP slope measurements recorded in the CA1 region of the hippocampus. The
closed circles are from 7-OH-DPAT (1 µM) treated slices; the open circles show results from U 99,194
+ 7-OH-DPAT (3 µM + 1 µM) treated slices. Error bars are �SEM. Three (100 Hz)/(1 sec) stimulus trains
separated by 20 sec were used to tetanize the slices at t = 75 min. Insets are 50-msec sweeps taken from
representative experiments illustrating the average fEPSP 0–5 min prior to and 25–30 min post-HFS
(the vertical scale bar is 3.5 mV). The left pair of sweeps is from a 7-OH-DPAT-treated slice; the right pair
is from a U 99,194 + 7-OH-DPAT-treated slice. (B) Summary quantification of drug effects on LTP. LTP
at 30 min post-tetanus is significantly enhanced in slices treated with 7-OH-DPAT as compared to the
U 99,194 + 7-OH-DPAT-treated slices; *P < 0.05 (control data from Fig. 1B are illustrated for compari-
son).
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Materials and Methods

Slice preparation
Freshly prepared hippocampal slices (500 µm) were obtained
from 200–300-g male Sprague-Dawley rats (Harlan) that had been
anesthetized (Halothane) prior to decapitation. Horizontally cut
slices were dissected in ice-cold, oxygenated (95% O2/5% CO2)
dissection artificial cerebrospinal fluid (aCSF) containing 120
mM NaCl, 3 mM KCl, 4 mM MgCl2, 1 mM NaH2PO4, 26 mM
NaHCO3, and 10 mM glucose. The CA3 was surgically removed
from all slices. Slices recovered for 1 h in an oxygenated interface
holding chamber with standard aCSF containing 120 mM NaCl,
3 mM KCl, 1.5 mM MgCl2, 1 mM NaH2PO4, 2.5 mM CaCl2, 26
mM NaHCO3, and 10 mM glucose. Slices were then transferred to
a submerged recording chamber and recovered for an additional
hour at 30°C with continuously perfused standard aCSF saturated
with 95% O2/5% CO2 at ∼1 mL/min before experiments were
begun.

Extracellular recording
Extracellular recording electrodes (∼1 µm tip) filled with standard
aCSF were placed in the stratum radiatum of CA1. Field excit-
atory post-synaptic potential (fEPSP) responses were evoked with
a bipolar stimulating electrode (Kopf instruments) placed on ei-
ther the CA3 or the subicular side of the recording electrode in
the stratum radiatum. Stimulus pulses consisted of a single
square wave of 300 µsec duration delivered at 30–125 µA.

Data acquisition and analysis
Data were digitized at 10 kHz, low pass filtered at 1 kHz, and
analyzed with pCLAMP9.2 software (Axon Instruments). The ini-
tial slope of the population fEPSP was measured by fitting a
straight line to the first millisecond of the fEPSP immediately
following the fiber volley. Stimulus response curves were per-
formed at the beginning of each experiment. Acceptable fEPSP
responses reached a �0.7 mV/msec or greater maximum slope.
Baseline stimulation pulses of an intensity that gave 40%–60% of
the maximum response were given at a frequency of 0.05 Hz for
the entire length of the experiment. Synaptic responses were nor-
malized by dividing all slopes by the average of the 15 fEPSP
slopes 5 min pre-tetanus. LTP was defined as the average of the 15
fEPSP responses 25–30 min post-tetanus for all experiments. The
peak negative amplitude was used to quantify the NMDAR re-
sponse in place of the fEPSP slope measure (Fig. 4). A two-tailed
unpaired t-test was used for statistical comparisons of mean fEPSP
slopes. The GBR 12,935 dose response curve was analyzed using
one-way ANOVA and Bonferroni post hoc tests.

Drug application
GBR 12,935, SCH 23,390, 7-OH-DPAT, D-APV, DNQX, and nife-
dipine were purchased from Sigma; U 99,194 was acquired from
Tocris. All drugs were dissolved in standard aCSF for dilution to
the desired concentration during experiments. All experiments
were monitored drug-free for at least 15 min to measure potential
drug effects on baseline fEPSP responses. Experiments in which
no drugs were used were then tetanized at t = 15 min. In experi-
ments using one drug, it was added at t = 15 min; tetanus oc-
curred at t = 45 min. In experiments using two drugs, the first was
added at t = 15 min, the second at t = 45 min, with tetanus oc-
curring at t = 75 min. All drugs, once added, were maintained
throughout the experiment. In figures depicting two experi-
ments, the tetanus points have been aligned as necessary for ease
of comparison.

LTP induction
The LTP tetanus protocol consisted of three 100-Hz trains of 1 sec
duration separated by a 20-sec interval for all experiments except
the vdccLTP experiment depicted in Figure 3. vdccLTP was in-
duced by four 200-Hz trains of 0.5 sec duration separated by a
5-sec interval. vdccLTP stimulus strength during the tetanus train
was either double baseline stimulus intensity (in microamperes)

for 12 of the 20 vdccLTP slices or double the slope (in millivolts
per millisecond) value for the remaining eight vdccLTP slices.
The means for these groups were similar, and the data was
pooled.
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