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The prefrontal cortex (PFC) is thought to store the traces for a type of long-term memory — the abstract
memory that determines the temporal structure of behavior often termed a “rule” or “strategy”. Long-term
synaptic plasticity might serve as an underlying cellular mechanism for this type of memory. We therefore
studied the induction of synaptic plasticity in rat PFC neurons, maintained in vitro, with special emphasis
on the functionally important neuromodulator dopamine. First, the induction of long-term potentiation (LTP)
was facilitated in the presence of tonic/background dopamine in the bath, and the dose-dependency of this
background dopamine followed an “inverted-U” function, where too high or too low dopamine levels could not
facilitate LTP. Second, the induction of long-term depression (LTD) by low-frequency stimuli appeared to be
independent of background dopamine, but required endogenous, phasically-released dopamine during the
stimuli. Blockade of dopamine receptors during the stimuli and exaggeration of the effect of this endogenously-
released dopamine by inhibition of dopamine transporter activity both blocked LTD. Thus, LTD induction also
followed an inverted-U function in its dopamine-dependency. We conclude that PFC synaptic plasticity is

powerfully modulated by dopamine through inverted-U-shaped dose-dependency.
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Introduction to Synaptic Plasticity and the

Prefrontal Cortex

The prefrontal cortex (PFC), the cortical area most
developed in humans, is known to serve for higher
cognitive or executive functions'™. Deficits in the PFC are
thought to underlie the cognitive disturbances seen in
psychiatric disorders including schizophrenia, depression,
drug addiction, and attention deficit and hyperactivity
disorder®?. Therefore, understanding the physiological and
pathophysiological bases of PFC neuronal function helps
to understand the cellular basis of higher cognitive abilities
and their disturbance. In this regard, it should be noted
that the PFC receives innervation from dopaminergic fibers
from the ventral tegmental area™, and that rat PFC neurons

express dopamine (DA) receptors in different layerst. This
dopaminergic projection is important for diverse cognitive
functions including working memory, goal-direction, and
other executive functions™?.

Working memory has attracted much attention as
a major example of PFC executive functions. Indeed,
revealing the cellular basis of working memory is a major
accomplishment of neuroscience research”. The reasons
that working memory research attracts attention are that
working memory is clearly a critical component of higher
mental activity and that its impairment is a core feature of
the cognitive symptoms of schizophrenia®.

It is well known that working memory is the short-term
maintenance of a retrieved/acquired memory about facts
and objects. Given the tight association between this short-
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term memory and PFC function, the role of the PFC in long-
term memory has often been overlooked. But it is clear
that the functions of the PFC include a long-term memory
component™, and the cognitive symptoms of schizophrenia
also include deficits in long-term memory®.

The long-term memory we suggest to be attributable
to the PFC is a higher-order, abstract memory labelled as
“temporal organization of behavior”, “rule”, “strategy”, or
“planning”; that is, a memory that determines the sequence
of outputs of concrete actions/ideas™. We propose that
the traces for this type of long-term memory are at least
partly stored in neurons of the PFC in the form of long-term
synaptic plasticity’”. Indeed, injection of a protein synthesis
inhibitor known to block the maintenance of synaptic
plasticity into the prelimbic area (rodent PFC) severely
impairs the acquisition of goal-directed action sequences.

Based on this important relationship between long-
term memory and the PFC, here we review long-term
synaptic plasticity, i.e. long-term potentiation (LTP) and
long-term depression (LTD), two of the cellular mechanisms
for memory encoding and storage, in rodent PFC neurons
(the prelimbic area). Our particular interest is the induction
mechanisms of LTP and LTD with special emphasis on DA,

an important neuromodulator of PFC function.

LTP in PFC Neurons and Dopamine

LTP and Background Dopamine

LTP is typically induced by trains of high-frequency stimuli
delivered to presynaptic fibers. So, we applied stimuli
at 50 Hz (4 or 6 trains of 100 pulses, delivered at 10-s
intervals) to layer I-Il presynaptic fibers in rat PFC slices,
and monitored the changes in the excitatory postsynaptic
potentials (EPSPs) recorded from layer V pyramidal
neurons. The frequency 50 Hz is within the range of
functionally important y-band activity in the PFC!"". In
addition, all main experiments were conducted in the
presence of the GABA-A receptor antagonist bicuculline
so that inhibitory postsynaptic potentials were largely
eliminated.

We found that while hippocampal neurons readily
show LTP after such 50-Hz stimulation, in PFC neurons,
the stimuli either induce no plasticity (trains delivered 4
times; Fig. 1A) or induce LTD (delivered 6 times; Fig. 1B).
These results are in contrast to the result obtained in the rat

PFC in vivo, where high-frequency afferent stimuli always
induce LTP!™.

An important difference between in vivo and in vitro
preparations is that in the latter, the extracellular DA level is
very low, perhaps to a degree that is non-physiological. In
the PFC in vivo, in contrast, background DA is maintained
even under anesthesia by the tonic spontaneous activity of
midbrain dopaminergic neurons'™®. Therefore, in an attempt
to mimic the in vivo condition in the slice preparation, we
added to the bathing medium a low concentration of DA
(3 umol/L) as background, continuously for 40 min before
the delivery of the identical 50-Hz stimulation. Under this
condition, the delivery of trains 4 and 6 times both induced
clear LTP (Fig 1C, D)'"*". Thus, the background DA
secured the induction of LTP.

The concentration of 3 ymol/L was chosen because
it is about the lowest concentration of exogenous DA that
elicits detectable changes in the EPSP under our recording
condition (i.e. slight reductions or slight augmentations
of the responses). In behaving animals, however, the DA
concentration, in the nucleus accumbens for example,
estimated by voltammetry is ~1 ymol/L or less, even at
the peak!"®. Compared with this, 3 ymol/L may appear
high. However, the probe used in the voltammetry has a
diameter of <10 ym, which is as large as the diameter of a
cell body. The real concentration near a synapse is likely to
be much higher, possibly reaching the mmol/L range!”.
Constraints on LTP Facilitation by Background
Dopamine
We discovered two functionally important constraints in
the LTP facilitation by background DA described above.
First, the level of the background DA has to be within a
certain range: too high (10 ymol/L) or too low (1 pmol/
L) a concentration does not facilitate LTP!'"\. This finding
indicates that the dose-dependency of LTP induction on the
background DA follows an inverted-U dose-response curve,
reminiscent of the relationship between the level of DA
in the PFC and its modulatory action on PFC-dependent
cognitive functions™ ®. Second, the background DA, even
at an appropriate level (3 pmol/L in our case), has to be
present long enough to facilitate LTP. Thus, the 3 ymol/L DA
facilitated LTP after 40 min bath-application, but not after
12.5 min™. This is reminiscent of the fact that background
DA is continuously present in the PFC in vivo. In addition,
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Fig. 1. Effect of high-frequency stimuli on the EPSP recorded from layer V pyramidal neurons in rat prelimbic cortex slices. A. Delivery of 50-Hz
stimuli (100 pulses, 4 trains at 10-sec intervals) to layer I-ll presynaptic fibers in prelimbic slices induces no lasting changes in the EPSP. B.
The stimuli were delivered 6 times. In this case, clear LTD is induced. The insets are the averaged EPSP recorded just before (1) and 40

min after stimulation (2). C. Delivery of 50-Hz stimuli 4 times (as in A) after 40 min perfusion with 3 ymol/L background dopamine

results in LTP (black triangles). The insets are the averaged EPSP recorded just before (1) and 40 min after stimulation (2). The
3-umol/L background dopamine itself does not modify the EPSP (grey squares). D. Delivery of 50-Hz stimuli 6 times (as in B) after
40 min perfusion with 3 pmol/L background dopamine converts the LTD to LTP (black squares). The insets are the averaged EPSP
recorded just before (1) and 40 min after stimulation (2). The 3-umol/L background dopamine itself does not modify the EPSP (grey
circles). Scales in B-D: vertical 10 mV, horizontal 50 ms. Adapted from Kolomiets et al. (2009)"", with permission.

DA acts on both D1 and D2 receptors to facilitate LTP!.
Mechanisms Underlying the Action of Back-
ground Dopamine

The above results indicate that LTP is induced in the PFC
only when the physiological conditions are mimicked: thus,
an appropriate level of background DA (3 pmol/L in our
case) must be present for a certain time (40 min in our
case) in order to successfully facilitate LTP.

What, then, is the molecular mechanism underlying
this DA effect? Our analysis indicated that it is the activation
of extracellular signal-regulated kinases (ERK1/2). We first
confirmed that LTP requires the postsynaptic activation
of ERK"™. We then quantified the phosphorylated ERK
level in the PFC by western blot analysis and found that
ERK phosphorylation increases slowly in the presence
of 3 umol/L DA™, More precisely, a significant increase
in the phosphorylated ERK occurs after 40 min perfusion

(LTP condition) but not after 12.5 min perfusion (non-LTP
condition). Equally, in two other non-LTP conditions (40
min perfusion of 1 or 10 pymol/L DA) no increased ERK
phosphorylation is seen. Moreover, under the condition
where the increased ERK phosphorylation by 40-min
perfusion of 3 ymol/L DA is lowered to the control level
by a brief bath-application of ERK inhibitor PD98059, LTP
induction is also blocked, suggesting a causal relation
between the slow increase of ERK phosphorylation and
LTP induction.

Apart from the above inverted-U dose-response
activation of ERK, however, little is known as to how
the background DA regulates LTP through the inverted
U-fashion. For example, background DA does not
affect N-methyl-D-aspartate receptor-mediated synaptic
transmission™, unlike the previous report'®. One candidate
for the underlying mechanism is a dose-dependent, D1-
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mediated increase of neuronal excitability' *. Indeed,

background DA does enhance the postsynaptic
depolarization during LTP-inducing high-frequency input!'®.
However, this enhancement does not follow an inverted-U
curve, since 1 or 10 pymol/L DA, which does not facilitate
LTP, still enhances the depolarization™®. Also, unlike
the report by Chen et al.l", this enhanced postsynaptic
depolarization persists in the presence of the ERK inhibitor
PD98059"%. Thus, while it is likely that the enhanced
postsynaptic depolarization by background DA contributes
to the induction of DA-facilitated LTP, other cellular
processes must co-exist to realize the inverted-U, dose-
dependent regulation of LTP.

LTP and Phasic Dopamine

As well as the tonic/background DA, which is maintained
by the spontaneous, basal firing of DA neurons, event-
related phasic release of DA, which is correlated with a
transient, event-related high-frequency discharge of DA
neurons in vivo, is functionally important®. This phasic DA,
when occurring in temporal conjunction with glutamatergic
synaptic activity, facilitates LTP in the PFC in vivo". In our
case, equally, the same conditioning stimuli activated both
glutamatergic and dopaminergic axon terminals in PFC
slices. The functional importance of this timing between
dopaminergic and glutamatergic inputs has also been
shown in a recent report by Yagishita et al.?" in striatal
neurons. We thus also examined how phasic DA is involved
in LTP induction in vitro.

A '

180 - 50 Hz trainx 6
__160 | A SCH23390, n=6
& Ipiride, n=6 l
2440 { @ suipinde,
]

=
401 dopamine 3 UM SCH23390 or sulpiride

c
T
¥]
5
=N
S 60 1
wy
o
@
a
w

18]
o

T T T T T T T

0O 10 20 30 40 50 60 70 80 90 100 110
Time (min)

First, blockade of D1 or D2 receptors by the specific
antagonist SCH23390 (2 ymol/L) or sulpiride (20 pmol/L),
respectively, only during the delivery of 50-Hz stimulation,
reliably blocks LTP in the presence of 3 pmol/L background
DA (Fig. 2A). This indicates that endogenous, stimulus-
evoked phasic release of DA is required for LTP (note
that there is a remote possibility that the brief absence
of tonic DA action while the antagonists are present
causes the LTP blockade). In PFC slices, the axons of
dopaminergic neurons are severed, but the residual
axon terminals release DA upon repetitive stimulation
and induce plasticity®. Indeed, the superficial layers of
the rat PFC receive dopaminergic innervation®, and rat
frontal pyramidal neuron dendrites co-express D1 and D2
receptors™™. Second, the LTD induced by delivery of 50-Hz
stimulation 6 times in the absence of background DA (see
Fig. 1B) is also blocked by SCH23390 or sulpiride (Fig. 2B),
indicating that this LTD also depends on phasic endogenous
DA. Note that in Fig. 2B, a small LTP appears when either
D1 or D2 receptors are blocked. Such LTP does not occur
when D1 and D2 receptors are simultaneously blocked!.
This indicates that without background DA (an abnormal
condition) an imbalance of stimulation between these two
receptor classes can give rise to response potentiation
through as yet unknown mechanisms.

Thus, the phasic DA released upon 50-Hz stimulation
can induce either LTP or LTD through the co-activation of
D1 and D2 receptors, which might result in the synergistic

50 Hz trainx 6

8

EPSP slope change (%)
8
! h

150

== A SCH23390, n=6
SCH23390 or sulpiride ® sulpiride, n=6

T T T T T T

8

o

(=]

10 20 30 40 50 60 70
Time (min)

Fig. 2. Induction of LTP and LTD by 50-Hz stimulation requires phasic dopamine release. A. Brief bath-application of the D1 receptor
antagonist SCH23390 (2 pmol/L; black triangles) or the D2 receptor antagonist sulpiride (20 pmol/L; grey circles) during LTP-
inducing 50-Hz stimulation (6 times) after 40 min perfusion with 3 pmol/L background dopamine (see Fig. 1D) blocks the induction
of LTP. B. The identical application of SCH23390 or sulpiride as in A during LTD-inducing stimulation (delivery of 50-Hz stimulus
train 6 times without background dopamine) blocks the induction of LTD. Adapted from Kolomiets et al. (2009)""" with permission.
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activation of phospholipase C". These opposite effects
of DA suggest that its phasic release serves as a “trigger”
for plasticity but it does not determine the direction of the
plasticity (i.e. LTP or LTD); the direction of plasticity is
determined by the level of background DA. Thus, when
the level of background DA is appropriate (3 pmol/L in our
case), the phasic DA triggers LTP (Fig 1C, D); but when
the level is low (1 pmol/L) or high (10 pmol/L), the phasic
DA cannot trigger LTP. When the level is extremely low
(absence of background DA in our case; see Fig. 1B), the
same phasic DA now triggers LTD. Our additional data™***?!
suggest that when the level of background DA is extremely
high (100 ymol/L), the phasic DA also triggers LTD. These
relationships between phasic and background DA in terms
of plasticity induction are graphically presented in Figure 3.

LTD in PFC Neurons and Dopamine

Induction of LTD by Low-Frequency Repetitive
Stimuli
In the PFC, the induction of LTD by low-frequency repetitive

stimulation has been demonstrated in mouse brain slices®®
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Fig. 3. Schematic representation of the relation between
phasically-released dopamine upon high-frequency input
and tonic/background dopamine in terms of plasticity
induction in the PFC. The stimulus-evoked phasic
dopamine serves as a “trigger” for plasticity, but does
not determine the direction of plasticity. The direction (i.e.
potentiation or depression) is determined by the level of
tonic/background dopamine. The phasic dopamine only
triggers LTP at appropriate levels of tonic/background
dopamine. Under very low or very high levels of tonic/
background dopamine, the phasic dopamine triggers LTD,
which we term as “aberrant LTD”. Adapted from Goto et al.
(2010) with slight modifications.

but had never been shown in rat preparations. Therefore,
we first determined whether low-frequency stimuli (3 Hz
for 15 min)® delivered to layer I-Il afferent fibers induces
LTD in rat PFC slices. We found that the 3-Hz stimulation
successfully induces LTD of the EPSP (Fig. 4A)*", monitored
in this case by an extracellular microelectrode in layers I-11%%,

This LTD by 3 Hz stimulation was induced even in the
presence of 3 pymol/L background DA (data not shown).
This is in sharp contrast to the LTD induced by 50 Hz, which
converts to LTP when 3 pmol/L DA is added to the bath (Fig
1B, D). This difference may indicate that LTD induced by 3
Hz stimulation is a physiologically relevant form of synaptic
depression that persists in the presence of background DA®",
Inhibition of Dopamine Transporter Activity and
LTD
LTD by 3 Hz stimuli is blocked by the D1 receptor
antagonist SCH23390 (2 umol/L) or the D2 receptor
antagonist sulpiride (20 ymol/L) applied during the 3 Hz
stimulation (Fig. 4B1 and 4B2). Thus, this LTD depends
on endogenously-released DA acting on both D1 and D2
receptors; that is, levels of receptor activation by phasically-
released DA that are too low are insufficient for LTD. Is this
LTD then inhibited by levels of phasic DA that are too high,
forming an inverted-U dose-response curve?

To test this possibility, we elevated the extracellular DA
level by inhibiting the DA transporter (DAT) using selective
blockers. Since the DAT is inhibited by cocaine, this study
is also important with regard to the molecular mechanisms
of drug addiction. Cocaine also inhibits the norepinephrine
and serotonin transporters, but the reinstatement of cocaine
addiction occurs specifically through the drug’s action on
the DAT in the PFC?*%%.

From the functional aspect, the involvement of DAT
inhibition in the PFC in the reinstatement of cocaine
addiction predicts that LTD in the PFC would be impaired
by DAT inhibitors. This is because reinstatement is the
condition where behavioral flexibility is diminished by re-
exposure to cocaine so that the individual becomes unable
to suppress the old goal-direction, i.e. cocaine-seeking.
Since the main function of LTD in the PFC is to guarantee
behavioral flexibility by suppressing old goal-directions®",
the inhibition of DAT in the PFC, which diminishes
behavioral flexibility, should inhibit LTD.

As predicted, the highly-selective DAT inhibitor
GBR12909 (1-200 nmol/L) or GBR12935 (100 nmol/L),
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Fig. 4. Blockade of dopamine transporter activity impairs LTD induced by low-frequency repetitive stimulation. A. Delivery of single
stimuli at 3 Hz (for 15 min) to layer I-ll presynaptic fibers induces stable LTD of the EPSP recorded extracellularly from layers I-Il.
The insets are the averaged EPSPs recorded just before (left) and 40 min after stimulation. Scales: vertical, 0.3 mV; horizontal,
6 ms. B1. LTD induced by 3 Hz stimuli is blocked by the D1 antagonist SCH23390 (2 umol/L) applied during stimulation (grey
triangles). B2. LTD induced at 3 Hz is blocked by the D2 antagonist sulpiride (20 pmol/L) applied during stimulation (grey circles).
C. Augmentation of the extracellular dopamine level by bath-application of the DAT inhibitor GBR12909 (white triangles, 1-5 nmol/L;
white diamonds, 50 nmol/L; crosses, 200 nmol/L) during LTD-inducing 3-Hz stimulation blocks the induction of LTD. The insets are
averaged EPSPs recorded just before (left) and 40 min after stimulation (right) in the 1-5 nmol/L group. Adapted from Bai et al. (2014)*"

with permission.

bath-applied during 3-Hz stimulation, significantly impairs
LTD (Fig. 4C)*". This impairment appears to be due to
an over-stimulation of D1 receptors, since counteracting D1
receptor stimulation by co-applying a low level of SCH23390
(1 ymol/L) together with GBR12909 cancels the blocking
action of GBR12909 on LTD®. Such blockade is not seen
when a low level of sulpiride (10 ymol/L) is co-applied with
GBR12909. Since 10 umol/L sulpiride itself is insufficient to
block LTD¥", the persistent blockade of LTD with sulpiride
+ GBR12909 is not because the sulpiride blocked LTD;
rather, it is likely that the D2 antagonist sulpiride does not
counteract the LTD-blocking action of GBR12909%".

Taken together, these results indicate that DA controls
LTD induction also through an inverted-U dose-response
manner. This dependency on DA appears to be critically

determined by the level of D1 receptor stimulation.
Molecular Mechanism of LTD Impairment by
Dopamine Transporter Inhibition

What is the molecular mechanism of LTD impairment by
DAT inhibition? According to our western blot analysis, it
involves over-activation of ERK1/2, a class of messengers
also necessary for LTD by DA First, ERK activity in
the prelimbic area significantly increases in the LTD-
impaired condition, i.e. 3-Hz stimulation in the presence
of GBR12909. This ERK increase is not seen when LTD
impairment is blocked, i.e. when SCH23390 (1 ymol/L) is co-
present with GBR12909. Second, when the ERK increase
seen with 3-Hz stimulation + GBR12909 is counteracted by
simultaneous application of a low concentration of the ERK
inhibitor PD98059 (5 pymol/L; 1/10 of the ICy, value®™), the



Satoru Otani, et al.

Dopaminergic modulation of synaptic plasticity in rat prefrontal neurons 189

LTD blockade by GBR12909 is also counteracted. Third,
the allosteric positive modulator of mGIuR5 (metabotropic
glutamate receptor 5), CDPPB (3-cyano-N-(1,3-diphenyl-
1H-pyrazol-5-yl)benzamide), which we found cancels the
impairment of LTD by GBR12909, also cancels the over-
activation of ERK by GBR12909.

Thus, we suggest that over-stimulation of DA (D1)
receptors during GBR12909 application leads to over-
activation of ERK1/2, which results in LTD impairment. The
detailed molecular mechanism as to how the ERK over-
activation occurs and how it impairs LTD remains to be
clarified. It is also still unknown how CDPPB downregulates
ERK activity. In addition, the over-activation of ERK1/2
under hyper-dopaminergic conditions seems inconsistent
with our earlier data showing that 10 pmol/L background
DA does not increase ERK1/2 activity, while 3 pmol/L does.
This inconsistency is currently unexplained, although it may
be related to the difference between the bath application
of background DA and its stimulus-evoked endogenous
release. Whatever the case, over-activation of ERK1/2 has
also been shown with cocaine intake in rodents .

LTD and Background Dopamine

A major difference between LTP and LTD in our model
system is that LTD can be induced even without background
DA Functionally, this may indicate that the physiological role
of LTD (suppression of old goal-directions®™), persists even
under extremely low levels of background DA. But under such
a pathophysiological condition, LTP, unlike LTD, either cannot
be induced (Fig. 1A) or converts to LTD (Fig. 1B). This latter
LTD induced by LTP-inducing high-frequency stimulation
under hypo-dopaminergic conditions should be termed
“aberrant LTD” and separated from the physiological
LTD induced by low-frequency stimulation. Aberrant LTD
can be seen also with high-frequency stimulation in the
presence of very high DA (100 pymol/L)?***. Thus, when
the concentration of background DA deviates greatly from
the normal range, synaptic efficacy in the PFC neuronal
network might be abnormally low.

Conclusion

Both LTP and LTD in rat PFC glutamatergic synapses
show dependence on the DA level, characterized by the
inverted-U shape function. LTP even converts to LTD if the
background DA level is very low, as may occur in the PFC

of chronically-stressed individuals or schizophrenic patients.
Under these conditions, physiological LTD may still persist.
As a result, synaptic efficacy in the PFC network might overly
lower. The level of background DA may also be influenced
by the emotional state, where acute aversive conditions
appear to give rise to PFC extracellular DA levels more
effectively than appetitive conditions®*®. Such an acute
state may set the background DA at an optimal level to
promote LTP, as shown in the hippocampus®’, and this
may lead to better memory encoding as known empirically.

On the other hand, the psychoactive drug cocaine
may exaggerate the action of stimulus-evoked, phasic DA
release and impair physiological LTD. This action may lead
to an impaired behavioral flexibility. The positive allosteric
modulator of mGIuR5 may serve as a treatment option for
this cocaine-induced rigid goal-direction.
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