











Mechanisms for D, Modulation of AMPARs

FIGURE 3. D,-induced synaptic depression in high activity PFC pyramidal neurons involves KIF5-mediated transport of the AMPAR-GRIP complex
along microtubules. A-C, plots of AMPAR-EPSC showing the effect of PD168077 in neurons (bicuculline (Bic)-pretreated) injected with the microtubule
stabilizer paclitaxel (Taxol; 10 um, A), the GIuR2 C-terminal peptide versus a scrambled control peptide (100 um, B), or the antibody against KIF5 versus the boiled
control antibody (17 ng/ml, €). Each point is the average of three or six traces. Insets, representative current traces at time points denoted by #. Scale bars, 50
pA, 10 ms. D, bar graphs (mean = S.E. (error bars)) showing the percentage reduction of AMPAR-EPSC by PD168077 in the presence of various agents. *, p <
0.001, ANOVA. E and F, cumulative plots of the distribution of mMEPSC amplitudes (upper panels) and mEPSC intervals (lower panels) before (control) and after
PD168077 application in cultured PFC pyramidal neurons untransfected (E) or transfected with the dominant negative (DN) KIF5 (F). After transfection, cultures
were pretreated with bicuculline (10 um, 2 h) before recording. Insets, representative mEPSC traces. Scale bars, 25 pA, 1 s. G, bar graphs (mean * S.E.) showing
the percentage reduction of mEPSC amplitude (upper panel) and frequency (lower panel) by PD168077 in PFC pyramidal neurons either untransfected or

transfected with GFP or dominant negative KIF5. *, p < 0.001, ANOVA.

EPSC in TTX-pretreated neurons (55.0 = 3.2%, n = 8; supple-
mental Fig. 14).

To examine further the involvement of KIF5 motor proteins
in the D, action, we transfected PFC cultures with a dominant
negative KIF5 construct (generated by deleting the motor
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domain) and examined the effect of PD168077 on mEPSC in
transfected neurons. As shown in Fig. 3, E-G, in untransfected
neurons (bicuculline-pretreated for 2 h), PD168077 caused a
potent reduction of mEPSC amplitude (30.8 = 3.6%, n = 13)
and frequency (46.7 = 6.9%, n = 13). Similar reduction was
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FIGURE 4. D, reduces microtubule stability in high activity PFC pyramidal
neurons via a mechanism dependent on CaMKIl and MAP2. A, immuno-
blots and quantification of free tubulin showing the effect of PD168077 treat-
ment (40 um, 10 min) on microtubule depolymerization in PFC cultures pre-
treated without or with bicuculline (Bic; 10 um, 2 h). ¥, p < 0.001, ANOVA.
B, immunoblots and quantification of free tubulin showing the effect of
PD168077 on microtubule depolymerization in PFC cultures (bicuculline-pre-
treated) infected with GFP versus constitutively active CaMKII Sindbis virus, or
treated with MAP2 antisense versus sense oligonucleotides (1 um). Free tubu-
lin was normalized to GFP-infected neurons in the absence of PD168077. ¥,
p < 0.001, ANOVA.

found in GFP-transfected neurons (amplitude: 32.6 £ 3.3%;
frequency: 37.4 * 3.1%, n = 7). However, in dominant negative
KIF5-transfected neurons (bicuculline-pretreated), the basal
mEPSC amplitude was significantly smaller (untransfected:
41.6 £ 1.3 pA, n = 13; transfected: 24.4 = 14 pA,n = 14;p <
0.001, ANOVA), whereas mEPSC frequency was largely
unchanged (untransfected: 4.3 * 0.5 Hz, n = 13; transfected:
4.6 = 0.5 Hz, n = 14). Moreover, application of PD168077 had
significantly diminished the effect on mEPSC amplitude (7.3 =
1.7%, n = 14) and frequency (9.1 = 2.0%, n = 14). It suggests
that dominant negative KIF5 impairs the transport of
functional AMPARs and occludes the reducing effect of D,
receptors. Taken together, these data provide multiple lines
of evidence demonstrating that D,-induced depression of
AMPAR-EPSC involves the KIF5-mediated transport of
AMPAR-GRIP complex along microtubules on dendrites.

CaMKII Is Involved in D, Depression of Microtubule-based
AMPAR Trafficking at the High Activity State—Because D,-in-
duced depression of glutamatergic transmission depends on
the regulation of microtubule stability, we would like to know
what molecules link D, receptors to the microtubule network.
One possible mechanism to change microtubule dynamics is to
change the phosphorylation state of MAP2, a dendrite-specific
microtubule-associated protein (32), therefore altering the
association of MAP2 with microtubules and microtubule sta-
bility (33, 34). CaMKII, which is primarily expressed in gluta-
matergic neurons, is known to phosphorylate MAP2 in the
microtubule binding domain (35). Thus, we performed bio-
chemical assays to test whether D, activation alters microtu-
bule stability via a mechanism dependent on CaMKII and
MAP2.

Western blot analysis was conducted in PFC cultures to
detect the level of free tubulin (25), an indicator of microtu-
bule depolymerization. As shown in Fig. 44, application of
PD168077 (40 uM, 10 min) caused a small increase in free tubu-
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lin (1.67 = 0.14-fold of control, » = 3), and this increase was
more prominent in bicuculline (10 uMm, 2 h)-pretreated neurons
(bicuculline: 1.86 *= 0.06-fold of control; bicuculline + PD:
4.46 * 0.28-fold of control, n = 3), suggesting that the D,
reduction of microtubule stability is activity-dependent.

To test the role of CaMKII in D, regulation of MT stability,
we infected PFC cultures with constitutively active CaMKII
Sindbis virus (tCaMKII). Cultures were treated with bicuculline
for 2 h at 1 day after viral infection, followed by PD168077
application (40 wM, 10 min). As shown in Fig. 4B, D, activation
significantly increased free tubulin in GFP-infected neurons
(6.7 = 1.3-fold of control, n = 5), but failed to do so in tCaMKII-
infected cultures (1.2 £ 0.1-fold of control, n = 5). This sug-
gests that D, reduces MT stability at the high activity state by a
mechanism depending on CaMKII inhibition.

To test the involvement of MAP2, we treated PFC cultures
(14 days in vitro) with MAP2 antisense oligonucleotides (27) to
inhibit the expression of MAP2. As shown in Fig. 4B, MAP2
antisense treatment caused a significant elevation of the level of
free tubulin and occluded the enhancing effect of D, (MAP2
antisense: 6.8 = 0.33-fold of control; MAP2 antisense + PD:
7.3 = 0.65 of control, n = 3), whereas MAP2 sense oligonucleo-
tide was ineffective (MAP2 sense: 1.2 * 0.42-fold of control;
MAP2 sense + PD: 7.0 = 0.7 of control, n = 3). This suggests
that the D, reduction of MT stability at a high activity state is
through a mechanism involving MAP2.

SAP97 Is Involved in the D,/CaMKII Enhancement of
AMPAR Synaptic Delivery and Synaptic Transmission at the
Low Activity State—Next, we examined the potential mecha-
nism involved in D,/CaMKII-mediated increase of AMPAR
trafficking and function in low activity PFC neurons. Previous
studies have shown that SAP97, a member of membrane-asso-
ciated guanylate kinase protein family, is selectively associated
with GluR1 subunit (36, 37), and CaMKII-dependent phosphor-
ylation of SAP97 at Ser® leads to increased targeting of SAP97
into dendritic spines (38). Thus, SAP97 provides a possible link
between D,-activated CaMKII and increased AMPAR surface
delivery in PFC pyramidal neurons at the low activity state. To
test this, we transfected PFC cultures with a SAP97 siRNA (GFP
co-transfected). As shown in Fig. 54, this SAP97 siRNA specif-
ically knocked down the expression of SAP97 (in GFP* neu-
rons), but not the homolog protein PSD-95. After transfection,
neurons were pretreated with TTX (0.5 um, 2 h) before record-
ing. As shown in Fig. 5, B and C, in neurons transfected with a
scrambled siRNA, PD168077 significantly increased mEPSC
(amplitude: 29.8 = 3.2%, n = 8; frequency: 41.1 = 7.2%, n = 9).
Transfection of SAP97 siRNA caused a slight reduction of basal
mEPSC amplitude (scrambled siRNA: 26.1 = 1.7 pA, n = 9;
SAP97 siRNA:20.1 = 1.9 pA, n = 7; p < 0.05, ANOVA), but not
frequency (scrambled siRNA: 3 = 0.64 Hz, n = 9; SAP97 siRNA:
2.7 * 047Hz, n = 7). Moreover, the enhancing effect of
PD168077 on mEPSC was significantly diminished in neurons
transfected with SAP97 siRNA (amplitude: 8 = 3.0%, n = 7;
frequency: 10.7 * 4.1%, n = 7).

To examine the role of SAP97 further, we dialyzed neurons
with a peptide derived from the GluR1 C-terminal region con-
taining the SSG sequence that is essential for the binding to
SAP97 (37). As shown in Fig. 5D, loading the SSG peptide (50
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FIGURE 5. SAP97 is involved in D, potentiation of AMPAR transmission in PFC pyramidal neurons at the low activity state. A, immunocytochemical
staining of SAP97 or PSD95 (red) in cultured (14-16 or 21-24 days in vitro) PFC neurons transfected with SAP97 siRNA or a scrambled siRNA (co-transfected with
GFP). Arrowheads point to GFP™ neurons. B, cumulative plots of the distribution of mEPSC amplitudes before (control) and after PD168077 application in scrambled
siRNA-transfected or SAP97 siRNA-transfected PFC pyramidal neurons pretreated with TTX (0.5 um, 2 h). Insets, representative mEPSC traces. Scale bars, 20 pA, 1 s.C, bar
graphs (mean = S.E. (error bars)) showing the percentage increase of mEPSC amplitude and frequency by PD168077 in TTX-pretreated PFC pyramidal neurons
transfected with a scrambled siRNA or SAP97 siRNA. *, p < 0.001, ANOVA. D and E, plot of AMPAR-EPSC showing the effect of PD168077 in PFC pyramidal neurons
(TTX-pretreated) injected with SSG peptide (50 um) versus a scrambled control peptide (D), or anti-SAP97 (10 wg/ml) versus the heat-inactivated antibody (E). F, bar

graphs (mean = S.E.) showing the percentage change of AMPAR-EPSC by PD168077 in the presence of various agents. *, p < 0.001, ANOVA.

uM) to disrupt GIuR1/SAP97 interaction prevented the
PD168077-induced increase of AMPAR-EPSC in TTX-pre-
treated PFC pyramidal neurons (—11.2 = 3.9%, n = 7, Fig. 5F),
whereas a scrambled control peptide was ineffective (54.9 =
8.2%, n = 7, Fig. 5F). Dialysis of the SSG peptide alone did not
induce significant changes in basal AMPAR-EPSC (data not
shown).

Furthermore, we dialyzed neurons with an antibody against
SAP97 (amino acids 1-229) to block the function of endoge-
nous SAP97. As shown in Fig. 5E, the enhancing effect of
PD168077 on AMPAR-EPSC was lost in PFC pyramidal neu-
rons (TTX-pretreated) injected with anti-SAP97 (10 pg/ml,
—1.4 * 3.9%, n = 7, Fig. 5F), but not the heat-inactivated anti-
body (53.3 = 5.2%, n = 7, Fig. 5F). In contrast, dialysis with
anti-SAP97 did not alter the reducing effect of PD168077 on
AMPAR-EPSC in bicuculline-pretreated PFC pyramidal neu-
rons (44.4 * 3.5%, n = 7; supplemental Fig. 1B). These lines of
evidence suggest that D,-induced potentiation of AMPAR
transmission in PFC pyramidal neurons at the low activity state
is through a mechanism involving CaMKII/SAP97-mediated
delivery of AMPARS to the synaptic membrane.
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DISCUSSION

Our recent studies have revealed the D,-induced, CaMKII-
dependent homeostatic regulation of AMPAR trafficking and
function in PFC pyramidal neurons (21). In this study, we have
revealed the mechanism downstream of CaMKII that underlies
the unique action of D, on AMPA receptors in PFC pyramidal
neurons (Fig. 6). At the high activity state, D, receptors depress
AMPAR-EPSC via a mechanism involving decreased CaMKII
activity and reduced transport of AMPAR subunits along den-
dritic microtubules. At the low activity state, D, receptors
potentiate AMPAR-EPSC via a mechanism depending on
increased CaMKII activity and enhanced synaptic delivery of
AMPA receptors via SAP97.

It is known that AMPAR trafficking plays a key role in con-
trolling synaptic strength and plasticity. After being synthe-
sized in the cell body, AMPARSs are inserted into intracellular
vesicles and move to dendrites where they become incorpo-
rated into synapses. Several mechanisms have been proposed to
be important for regulating the localization of AMPARSs at the
synaptic membrane, including PDZ domain-mediated interac-
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FIGURE 6. Schematic diagram showing the homeostatic regulation of glu-
tamatergic transmission by dopamine D, receptors in PFC pyramidal
neurons. At the high activity state, D, suppresses excitatory synaptic
strength via a mechanism dependent on CaMKll-regulated microtubule/ki-
nesin motor-based dendritic transport of AMPA receptors. At the low activity
state, D, potentiates excitatory synaptic strength via a mechanism involving
CaMKII/SAP97-dependent synaptic delivery of AMPA receptors.

tions between channel subunits and synaptic scaffolding pro-
teins (39, 40), clathrin/dynamin-dependent endocytosis (41,
42), and motor protein-based transport along microtubule or
actin cytoskeletons (28, 43, 44). Biochemical studies have found
that the AMPAR GIuR2 subunit-interacting protein, GRIP,
directly interacts and steers kinesin heavy chains to dendrites as
amicrotubule motor for AMPA receptors (28). In hippocampal
neurons loaded with antibodies that inactivate the function of
kinesin, AMPAR-EPSC is substantially reduced, suggesting
that a labile pool of AMPARS is sensitive to microtubule motor
inhibitors (31). In this study, we demonstrate that the D,-in-
duced depression of AMPAR-EPSC at the high activity state is
not affected by manipulating endocytosis or actin cytoskeleton.
Instead, it is prevented when MT stability is disturbed or the
kinesin motor is suppressed or the GIuR2/GRIP interaction is
disrupted. This suggests that D, suppresses AMPARs via a
mechanism involving KIF5-mediated transport of GluR2-GRIP
complex along microtubules on dendrites. Consistently, bio-
chemical assays have shown that D, activation induces a pro-
found decrease of microtubule stability at high activity PFC
neurons.

The potential molecule linking D, receptors to the microtu-
bule network is CaMKII, a kinase phosphorylating MAP2 in
the microtubule binding domain (35) and therefore altering
MAP2-microtubule association and microtubule stability (33,
34). Our previous studies have shown that at the high activity
state, D, stimulation decreases CaMKII activity via inhibition
of PKA and disinhibition of protein phosphatase 1 (23), which
causes the depression of AMPAR-EPSC (21). Here we have
found that the D,-induced microtubule depolymerization is
blocked by constitutively active CaMKII or occluded by MAP2
suppression. This suggests that D, inhibits MT stability by
inhibiting CaMKII regulation of MAP2 at high activity PFC
neurons.
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On the other hand, the D, potentiation of AMPAR-EPSC at
the low activity state involves the D, increase of CaMKII activ-
ity via the phospholipid pathway (23) and the CaMKII-induced
synaptic delivery of AMPARs (21). How does activated CaMKIIL
recruit AMPARs to synapses? Detailed mechanisms remain
elusive. There is evidence showing that it requires the GluR1
and PDZ domain interaction (39). The GluR1 C terminus spe-
cifically binds to the PDZ domain-containing protein SAP97
(36, 37). Overexpression of SAP97 leads to an increase in syn-
aptic AMPA receptors, spine enlargement, and an increase in
mEPSC frequency (45). Moreover, overexpression of SAP97
during development traffics AMPARSs to synapses (46), sug-
gesting that SAP97 is part of the machinery that controls
AMPAR trafficking. Genetic deletion of SAP97 does not alter
synaptic transmission, which may be due to the compensation
of other PSD-membrane-associated guanylate kinases (46).
Consistently, we have found that knockdown of SAP97 with
siRNA or disruption of GluR1/SAP97 interaction with the SSG
peptide has little effect on basal mEPSC amplitude or fre-
quency. However, the D,/CaMKII-induced enhancement of
mEPSC in TTX-pretreated neurons is blocked by SAP97
siRNA or SSG peptide, suggesting that SAP97 is involved in
D,/CaMKII-dependent delivery of AMPARs to synapses. At
the low activity state, D, stimulation increases CaMKII activity,
which could trigger SAP97 phosphorylation at Ser®’, causing
increased targeting of SAP97 into dendritic spines (38). Conse-
quently, GIuR1, which binds to SAP97 (36, 37), is recruited to
synapses. It awaits to be investigated how SAP97 is synaptic
redistributed upon CaMKII phosphorylation.

Despite the variety of in vitro data indicating that AMPAR
interactions with PDZ domain-containing proteins may be an
important step for regulating the level of synaptic AMPARSs
during bi-directional plasticity, mice lacking the C-terminal
PDZ ligand of GluR1 show no change in AMPAR trafficking,
basal synaptic transmission, long-term potentiation or long-
term depression (47). This suggests that the properties of
AMPAR trafficking in cultures may be different from those in
vivo. Whether SAP97 is required for the D,-induced increase of
synaptic GluR1 subunits in low activity cortical neurons iz vivo
awaits further investigation.

It is well recognized that dopaminergic inputs to the PFC are
important for PFC-mediated cognitive functions including
working memory (3-5). Because PFC excitatory transmission
plays a key role in these cognitive processes (48), glutamate
synapse components are the potential major targets of dopa-
mine in PFC networks. PFC pyramidal cell excitability is
enhanced or attenuated by the D, or D, receptor, respectively,
via distinct mechanisms, depending on the glutamate receptor
subtypes involved (49). Dopamine has been found to increase
EPSC amplitude in layer II-III PFC pyramidal neurons via a
D,-mediated postsynaptic signaling cascade involving Ca>",
PKA, and CaMKII (50). The dopamine-mediated reduction of
excitatory neurotransmission in PFC pyramidal neurons has
also been reported (51, 52). In PFC cultures, D; facilitates
AMPAR synaptic insertion via a PKA-dependent mechanism,
whereas D, decreases surface and synaptic GluR1 expression
(53). Moreover, in ventral tegmental area-PFC co-cultures,
dopamine agonists act on D, receptors on PFC neurons, alter-
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ing their excitatory transmission onto ventral tegmental area
dopamine neurons, thus influencing AMPARs (54). In contrast
to the positive or negative impact of D; or D, receptors on
AMPAR trafficking and glutamatergic transmission in PFC
neurons, our studies (21 and the present one) have shown that
D, receptors exert a dynamic effect. At the high activity state,
D, receptor, via CaMKII inhibition, reduces both GluR1 and
GluR2 from synaptic membrane; at the low activity state, D,
receptor, via CaMKII stimulation, promotes the delivery of
GluR1 to synaptic membrane (21). This homeostatic regulation
enables D, receptors to stabilize cortical excitability, which is
consistent with the role of D, in ADHD (10, 11) and cortical
hyperexcitability in D, knock-out mice (17).
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