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(Background: PKA increases NMDA receptor responses and phosphorylates multiple residues on C-terminal domains

Results: PKA inhibition reduced gating through GluN2B CTD and reduced Ca*>* permeability through GluN1 CTD.
Conclusion: PKA controls NMDA receptor gating and Ca®>* permeability through distinct sites.
Significance: Dissecting the complex modulatory effects of PKA on NMDA receptors helps delineate fundamental mechanisms
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Protein kinase A (PKA) enhances synaptic plasticity in the
central nervous system by increasing NMDA receptor current
amplitude and Ca>* flux in an isoform-dependent yet poorly
understood manner. PKA phosphorylates multiple residues on
GluN1, GIuN2A, and GluN2B subunits iz vivo, but the func-
tional significance of this multiplicity is unknown. We exam-
ined gating and permeation properties of recombinant NMDA
receptor isoforms and of receptors with altered C-terminal
domain (CTDs) prior to and after pharmacological inhibition of
PKA. We found that PKA inhibition decreased GluN1/GluN2B
but not GluN1/GluN2A gating; this effect was due to slower
rates for receptor activation and resensitization and was medi-
ated exclusively by the GluN2B CTD. In contrast, PKA inhibi-
tion reduced NMDA receptor-relative Ca>* permeability (P,/
Py,) regardless of the GluN2 isoform and required the GluN1
CTD; this effect was due primarily to decreased unitary Ca>*
conductance, because neither Na* conductance nor Ca%"-de-
pendent block was altered substantially. Finally, we show that
both the gating and permeation effects can be reproduced by
changing the phosphorylation state of a single residue: GluN2B
Ser-1166 and GluN1 Ser-897, respectively. We conclude that
PKA effects on NMDA receptor gating and Ca>* permeability
rely on distinct phosphorylation sites located on the CTD of
GluN2B and GluN1 subunits. This separate control of NMDA
receptor properties by PKA may account for the specific effects
of PKA on plasticity during synaptic development and may lead
to drugs targeted to alter NMDA receptor gating or Ca®*
permeability.

In central neurons, NMDA receptors mediate Ca”>" fluxes
that are crucial to synaptic plasticity, synapse development, and
excitotoxity (1-3). The mechanisms that control NMDA
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receptor Ca®" currents are largely unknown, yet they impact
these fundamental physiological and pathological processes in
the brain and spinal cord. Relative to other Ca>"-permeable
synaptic receptors, NMDA receptors produce large Ca®" fluxes
because they have characteristically slow gating, large unitary
conductance, and high Ca®>* permeability (4-6). NMDA
receptors are heterotetramers, containing two GluN1 (N1),
which are expressed ubiquitously in central neurons, and two
GIuN2 (N2) subunits, of which the most abundant are N2A and
N2B (7). Of the receptor regions known to influence NMDA
receptor Ca>" permeability, two are located on the obligatory
N1 subunit; these consist of a group of charged residues, which
line the external mouth of the pore, and of asparagine residues
located deep within the membrane at the narrow constriction
of the pore (8, 9). NMDA receptors have large intracellular
C-terminal domains (CTD)? that contain numerous phosphor-
ylation substrates for a variety of kinases (10), which may con-
trol NMDA receptor Ca*>" signals as well.

Protein kinase A (PKA) phosphorylates NMDA receptors at
numerous sites on N1 and N2 subunits (11, 12); however, the
functional significance of this redundancy is unclear. In certain
conditions, PKA can alter specifically the synaptic NMDA
receptor Ca*>" signal without changing the magnitude of the
excitatory postsynaptic current (EPSC) (13—15). Other reports
indicate, however, that PKA activity can increase the amplitude
of the NMDA receptor currents (13, 16 —18) and prevent cal-
cineurin-induced reduction in EPSCs (19). PKA inhibition has
specific effects on N2A- and N2B-containing receptors; it
decreases both Ca”>™ influx and macroscopic current amplitude
in N2B-containing receptors, but it reduces Ca>™" flux without
changing the macroscopic traces of N2A-containing receptors
(13). Consistent with these observations, PKA phosphorylation
of NMDA receptors can alter the size and threshold of synaptic
plasticity (13, 18, 20—22). The mechanisms by which PKA can

2 The abbreviations used are: CTD, C-terminal domain; Tricine, N-[2-hydroxy-
1,1-bis(hydroxymethyl)ethyllglycine; MOT, mean open time; MCT, mean
closed time; myr, myristoylated; PKI, protein kinase A inhibitor; 8-Br-cAMP,
8-bromo-cAMP; EPSC, excitatory postsynaptic current.
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change current amplitude and Ca®>* flux to influence neuronal
currents and ultimately plasticity are unknown.

To investigate how PKA activity reshapes specific aspects of
NMDA receptor currents, we used single-channel and macro-
scopic recordings from NMDA receptor isoforms and recep-
tors carrying mutations and measured unitary gating kinetics,
Ca®" conductance, and Ca®" permeability. We found that PKA
activity influenced gating and Ca®>" permeability of NMDA
receptors by separate mechanisms, and these effects were
mediated by sites located on N2B and N1 subunits, respectively.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfections—HEK293 cells (ATCC num-
ber CRL-1573) between passages 24 and 35 were transiently
transfected with ~3 ug of DNA, which included rat GluN1-1a
(N1, U08261), GluN2 (N2), and GFP in a 1:1:0.8 ratio or
GCamPé6f (for patch clamp fluorometry experiments; from
Arnd Pralle) in a 1:1:1 ratio, all expressed from pcDNA3.1(+).
Wild-type subunits were rat GIuN2A (N2A, M91561) or
GIuN2B (N2B, M91562). For some experiments, we used a chi-
meric mouse subunit, N2A, 5 -1, which had residues 1- 837 of
N2A and 839-1483 of N2B (gift from Martha Constantine-
Paton) (23). Additional mutations included C-terminal trunca-
tions as follows: N1, which terminates after Lys-838 and
N2A,,,, which terminates after Lys-844 (gifts from Gary West-
brook) (24, 25); and N2B,,,, which terminates at Gln-845, was
generated previously (26). N1ggq, 4 and N1gg,-, were gifts from
John Woodward (27). Additional mutations, N2Bg;;464 and
N2Bg,,66» Were produced by site-directed mutagenesis
(Qiagen) (28). All constructs were verified by full insert
sequencing.

Electrophysiology—Cells were used 24—48 h post-transfec-
tion. For gating measurements, Na™-only currents were
recorded from one-channel cell-attached patches using 12—-24-
megohm pipettes filled with extracellular solution containing
(in mm) the following: 150 NaCl, 2.5 KCI, 1 EDTA, and 10
HEPBS at pH 8.0 with NaOH, with saturating concentrations of
glutamate (1) and glycine (0.1), and applied pipette potential of
+100 mV (E,, approximately —110 mV). Unless otherwise
indicated, cells were bathed in PBS. For paired recordings, basal
activity was recorded for ~15 min, after which 1 um PKI
(PKI(14—22)-amide myristoylated and dissolved in water, Enzo
Biosciences, Farmingdale, NY) was added to the bath (29). For
preincubation experiments, 1 um PKI, 10 um H-89, or 100 pum
8-Br-cAMP were added at least 10 min prior to recordings.

For single-channel recordings with extracellular Ca>”, the
recording pipette contained (in mm) the following: 150 NaCl,
2.5 KCI, 10 HEPBS, 10 Tricine, 1 glutamate, and 0.1 glycine, at
pH 8.0 with NaOH (total Na™, 158.5), with or without 2 or 10
CaCl,. These patches were held at —40 mV to reduce any resid-
ual block by trace Mg>*, while still maintaining a substantial
inward driving force for Na™. To measure unitary Ca>* cur-
rents, the recording pipette solution contained (in mm) the fol-
lowing: 75 CaCl,, 2.5 KCl, 10 Tricine, 10 HEPBS, 1 glutamate,
0.1 glycine, pH 8.0, with Tris-OH, and +100 mV applied poten-
tial. For all unitary current amplitude (i) measurements, cells
were bathed in high-K™ solution containing (in mm) the follow-
ing: 142 KCl, 5 NaCl, 1.8 CaCl,, 1.7 MgCl,, 10 HEPBS, pH 7.4,
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with KOH, to cancel the intrinsic resting membrane potential
(E,» 0 mV). Current-voltage (i/V) relationships were deter-
mined from multichannel cell-attached recordings by isolating
and analyzing clusters of single openings. Pipette potentials
were between —10 and +100 mV and were applied in 10-mV
steps that lasted at least 10 s and produced tens to hundreds of
events per step. Reversal potentials and conductance (y) were
determined as the intercept and slope of linear fits to i/V data,
respectively. Recordings with i/ V fits that had R* <0.95 were
excluded. For all cell-attached recordings, currents were ampli-
fied and low-pass filtered at 10 kHz (Axopatch 200B); they were
acquired directly into digital files by sampling at 40 kHz
(NIDAQ board) with QuB software. Traces are displayed digi-
tally filtered at 1 kHz.

Whole-cell currents were recorded with pipettes (2—5 meg-
ohms) filled with intracellular solution containing (in mm) the
following: 140 CsCl, 2 MgCl,, 10 HEPES, 1 EGTA, pH 7.4, with
CsOH. For some experiments, 1 um myristoylated PKI(14 —22)
(myr-PKI) or PKI 6-22 (non-myr-PKI) was included in the
pipette. Cells were held at —70 mV with the series resistance
compensated >75%; data were sampled at 5 kHz, amplified and
filtered at 2 kHz (AxoPatch200B), and acquired into digital files
with pClamp 10.0 software. Using a pressurized solution
exchange system (ALA Scientific, Farmingdale, NY), cells were
continuously perfused with extracellular wash solution con-
taining (in mm) the following: 150 NaCl, 2.5 KCI, 0.5 CaCl,, 10
HEPBS, 0.01 EDTA, 0.1 glycine, pH 7.4 or 8.0 (with NaOH), and
were pulsed for 5 s with wash solution plus 1 mm glutamate.

Patch Clamp Fluorometry—NMDA receptor responses were
elicited by applying glutamate-containing solutions (1 mm, 5s),
and the fast, ultrasensitive fluorescent protein GCamP6f was
concurrently excited with 480 nm light (X-Cite 120LED,
Lumen Dynamics) (30). Changes in fluorescence were detected
with a photomultiplier tube module (Hamamatsu Photonics)
driven by a low voltage power supply (Hamamatsu Photonics)
held at 0.5 V. Fluorescence signals were sampled (5 kHz, Digi-
data 1440A), low-pass filtered (100 Hz), and stored as digital
files (pClamp10 software, Molecular Devices).

Data Analysis and Statistics—Single-channel data were ide-
alized with the SKM algorithm (31) using QuB software (Uni-
versity at Buffalo, Buffalo, NY), and the idealized events were fit
by kinetic models with the MIL algorithm (QuB) as described
previously (32, 33). Macroscopic traces (simulated or recorded)
were analyzed in IgorPro 6.2 (WaveMetrics, Lake Oswego, OR).

Statistical significance of differences between data sets
obtained before and after treatment was assessed with
Student’s paired ¢ test for all values obtained on the same patch
or with Student’s unpaired ¢ test when basal and +PKI data sets
were obtained from separate cells. For the multiple compari-
sons, as in Fig. 1, a one-way analysis of variance was used with
Tukey’s post hoc analysis. Differences of means were consid-
ered significant for p < 0.05. For multiple comparisons done
per one type of measurement (i.e. current amplitudes with dif-
ferent ionic conditions *£PKI, as in Fig. 5, E,,, with different
Ca®" concentrations or mutations = PKI preincubation, as in
Figs. 6 and 7, and AF/F with different mutations =PKI, as in Fig.
7), the significance threshold was adjusted according to the
Bonferroni method. Accordingly, for two or three separate
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FIGURE 1. Pharmacological inhibition of PKA reduces N1/N2B receptor activity. A, left, whole-cell currents recorded in physiological extracellular solutions (2 mm
Ca**, pH 7.4) before (basal, black), after bath application of 1 um myristoylated PKI(14-22) peptide (myr-PKI, red), and after removing the peptide (wash, blue). Right,
summary of normalized current amplitudes (n = 4). B, top, whole-cell currents recorded in modified extracellular solutions (0.5 mm Ca?*, pH 8) at time 0 (black) or at 5
min after break-in (red) without (black) or with (red) PKl added to the pipette (intracellular) solution. Bottom, time dependence of peak current amplitudes for basal (n =
5), with myr-PKI (n = 6), and with non-myr-PKI (n = 5) peptides included in the pipette (intracellular) solution. G, cell-attached currents (inward Na™) recorded with
modified pipette (extracellular) solutions (0 mm Ca®™", pH 8) without (basal) or after pretreating the cells with drugs: myr-PKI, H-89, or 8-Br-cAMP. D, summary of P, for
basal (n = 11), myr-PKI (n = 5), H-89 (n = 6), and 8-Br-cAMP (n = 6). *, F(3,27) = 5.73, p < 0.05 with Tukey's post hoc analysis.

comparisons, the significance threshold was p < 0.025 or p <
0.0167, respectively.

RESULTS

PKA Inhibitors Reduced N1/N2B Receptor Current by
Increasing Closed-channel Time—We used whole-cell current
recordings to select conditions that allowed us to isolate and
detect PKA-dependent changes in NMDA receptor signals.
Protein kinase A inhibitor (PKI) is a naturally occurring peptide
with high and specific inhibitory activity toward the catalytic
subunit of PKA (34). A cell-permeable reagent, myristoylated
14-22 (myr-PKI) was found to modulate NMDA receptor
properties in neurons and heterologous cells (13). Likewise, we
observed that in physiological conditions (2 mm Ca>", pH 7.4)
bath application of myr-PKI reduced ~3-fold the peak ampli-
tude of glutamate-elicited whole-cell currents from HEK293
cells expressing N1/N2B receptors, and the currents recovered
partially after removing the peptide (Fig. 14, basal, —268 = 55;
+PKI, —81 =+ 18 pA, p < 0.05).

Next, we asked whether bath-applied myr-PKI produced
effects that were similar to those produced by intracellularly
applied myr-PKI and whether this modulation also occurred in
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the modified conditions usually employed for NMDA receptor
gating measurements, which require low concentrations of
protons and divalent cations (Ca®>" and Mg>") (35). We
repeated whole-cell current recordings with modified extracel-
lular solutions (0.5 mm Ca>" and pH 8) and included myr-PKI
in the recording pipette. We observed that peak current ampli-
tudes recorded immediately after break-in were stable when
recorded with regular intracellular solutions (basal) but
declined within minutes when the intracellular solution con-
tained myr-PKI or non-myristoylated PKI(6 -22) (non-myr-
PKI) (Fig. 1B). Based on these results, we concluded the fol-
lowing: PKA inhibitors reduced NMDA receptor currents
independently of extracellular pH and Ca**; myr-PKI was
effective whether bath- or intracellularly applied; and myr-
PKI (referred to as PKI throughout this report) had effects on
NMDA receptor currents that were similar to those of the
non-myristoylated peptide.

To investigate whether PKA modulates N1/N2B receptor
gating, we recorded steady-state Na™-only currents from chan-
nels in cell-attached patches (0 mm Ca**, 1 mm EDTA, and pH
8) (36) without (basal) or after pretreating the cells for ~10 min

JOURNAL OF BIOLOGICAL CHEMISTRY 18807
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FIGURE 2. PKA inhibition reduces N1/N2B receptor activity by lengthening closures. A, one-channel cell-attached currents (inward Na™) recorded
with modified pipette (extracellular) solutions (0 mm Ca®*, pH 8) from the same receptor before (basal, left) or after adding to the bath myr-PKI 14-22
peptide (+PKl, right). B, time course of unitary current amplitude (i), P,, MOT, and MCT per min of recording for the receptor shown in A. Red bar indicates
the time of PKl application. C, time dependence of activity (P,) per min recorded before (basal) or after adding water (+water, n = 14) or PKI ( +PKl, n =
7) to the bath. D, summary of change in single-channel kinetic parameters after adding water (gray, n = 14) versus PKl (red, n = 7). *, p < 0.05, unpaired

Student’s t test.

with PKA inhibitors (PKI or H-89). This approach allowed us to
focus on specific gating effects of PKA inhibitors because dur-
ing cell-attached recordings receptors maintain native intracel-
lular interactions and, in the absence of permeating Ca®",
Ca®*-dependent processes such as desensitization, inactiva-
tion, and run down are prevented (25, 37—40). Consistent with
the macroscopic effects in Fig. 1, A and B, pretreating cells with
PKI or H-89 reduced channel open probability (P,) ~4-fold
(basal, 0.19 £ 0.04; PKI, 0.05 = 0.02; H-89, 0.02 = 0.01;
F(3,27) = 5.73, p < 0.05 with Tukey’s post hoc analysis) (Fig. 1,
C and D). Pretreating the cells with 8-Br-cAMP, a membrane-
permeable cAMP analog, however, did not further increase
channel activity over basal levels (P, 8-Br-cAMP, 0.17 = 0.04,
p > 0.05 versus basal) (Fig. 1, C and D). Together, these results
indicate that ongoing PKA activity is necessary to maintain high
P, activity for N1/N2B receptors and that bath-applied PKI is
an effective strategy to investigate the mechanisms by which
PKA modulates NMDA receptor properties.

Next, we examined PKI effects on N1/N2B gating. We
obtained a set of single-channel cell-attached recordings where
we could compare the activity of each channel before (basal,
~15 min) and after (+PKI, >15 min) adding PKI to the bath.
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Fig. 2A illustrates two continuous portions of current recorded
from the same N1/N2B receptor before (left) and after (right)
adding PKI (1 um) to the bath. The bursting activity was visibly
reduced within 5 min of adding PKI, and this reduction lasted
for the remainder of the recording. To investigate the cause of
this decline in activity, we examined how the single-channel
kinetic parameters varied with time. For the receptor shown in
Fig. 24, unitary (Na™¥) current amplitude (i) and mean open
time remained unchanged for the entire course of the record-
ing, whereas P_ decreased abruptly and was accompanied by an
increase in mean closed times (MCT) (Fig. 2B). Relative to basal
levels, PKI reduced P, ~2.3-fold (basal, 0.19 = 0.07; +PKI,
0.08 £ 0.03; n = 7, p < 0.05) with no detectable effects on
unitary current or open durations (Table 1).

As noted previously for N1/N2B receptors, we also
observed substantial patch-to-patch variability in P, and
even more so in MCT (35). For this reason, and to test
whether the decrease in P, was PKI-specific, we obtained a
separate set of recordings where instead of PKI we added
solvent-only (+water) (Fig. 2C). None of the kinetic param-
eters examined changed significantly after adding water (P,
mean open time, MCT, i) (Fig. 2D). Relative to basal, how-
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TABLE 1

NMDA receptor single-channel parameters before and after PKA inhibition

PKA Modulation of NMDA Receptors

GluN2 subunit n i P, MOT MCT Events x 10°
PA ms ms
N1/N2B
Basal 7 9.1*+05 0.19 = 0.07 4.0 £ 0.5 65 = 34 0.45
+PKI 7 8.9 * 04 0.08 = 0.03¢ 3.2%*03 136 = 67 1.42
N1/N2A
Basal 4 9.4 * 0.6 0.48 = 0.10 5.6 £0.6 8§*+3 0.55
+PKI 4 9.3 0.6 0.55 = 0.06 6.4 *0.8 5x1 1.49
N1/N2A,pcrp
Basal 5 9.2+ 04 0.47 = 0.14 6.4 *1.6 12*5 0.44
+PKI 5 8.7 *0.3 0.33 = 0.12 59=*13 28 + 13 0.72
N1/N2Bg; 66p
Basal 6 9.7+ 05 0.24 = 0.06 4.6 =09 16 £2 0.57
+PKI 6 9.5+ 0.6 0.08 = 0.02 3.3*0.6 436 0.66

“ Boldface entries indicate values that are significantly different relative to paired basal (p < 0.05).

ever, MCT was increased significantly more in +PKI com-
pared with +water (Fig. 2D), 2.7 = 0.4-fold versus 1.5 =
0.3-fold, p < 0.05. Together with the observation that PKI
did not change current amplitude and open durations, these
results strongly indicate that PKI decreased the P, of
N1/N2B receptors largely by lengthening channel closed
durations, and that ongoing phosphorylation by PKA is nec-
essary to maintain basal N1/N2B activity at high levels.

PKI Caused N1/N2B Receptors to Accumulate in Desensitized
States—To examine the effects of PKA inhibition on the open
and closed event durations, we compiled duration histograms
after separating for each record all events that occurred prior to
(basal) or after treatment (+PKI) (Fig. 3A4). As described in
detail elsewhere, open distributions of neuronal as well as
recombinant N1/2B receptors have two kinetic components
within each kinetic mode, and up to four open components (E,
to E,) can be detected when a record contains three gating
modes. In contrast, regardless of modes, closed distributions
always have five components (E; to E;), of which the longest, E,
and E, represent desensitized components (35, 41). Consistent
with our global open time analyses (MOT), the results showed
that neither the number of open components nor their mean
durations changed consistently after treatment (+PKI or
+water), and all distributions had components with 7 of ~0.2,
3, and 6 ms, before and after PKI or water treatment (p > 0.05,
data not shown). This result demonstrates that PKA phosphor-
ylation did not influence the stability of open states or the
modal gating kinetics of N1/N2B receptors. In contrast to this
lack of effect on open events, closed event distributions
revealed that PKI specifically increased the durations of the two
desensitized components, 7, and 7, ~2-fold with no influence
on the shorter closed components (Fig. 34, bottom). We con-
clude that this effect was PKI-specific because neither the expo-
nential distributions of open nor those of closed durations were
significantly different from basal conditions in the +water peri-
ods (data not shown).

To further understand these observed changes in closed
durations, we used a simplified kinetic model that was previ-
ously validated for N1/N2B receptors (35). This scheme con-
sists of five closed states (C; to C;) and thus accounts for all the
closed components observed here (E; to E;), and it combines all
the openings into one aggregated open state (O). Fitting this
scheme to our single-channel data obtained before or after
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treatment, we found that PKA inhibition slightly but signifi-
cantly slowed the first two transitions along the opening path-
way (basal versus +PKI) as follows: C; — C,, 200 + 40 s *
versus 120 = 30s ',and C, > C,,440 = 30s™ ' versus 370 = 30
s ' (n=7;p <0.05); and it slowed at least ~3-fold the recovery
steps from the two desensitized states C; and C, as follows:
Cy;<C;,1.0£03s 'versus0.3 £0.1s"',and C, < C,, 26 =
8 s ! versus 5 = 2 s ' (Fig. 3B). In contrast, we observed no
significant differences in any of the 10 rate constants after water
treatment (data not shown). These changes in gating predict
that PKA inhibition would cause active channels to accumulate
in desensitized states, as illustrated by the occupancy plots in
Fig. 3B where, following PKI treatment, fractional occupancy of
open (O) and pre-open (C;, C,, and C,;) states decreased and
that of desensitized states (C5 and C,) increased from 0.45 to
0.75.

To determine how these gating changes observed for individ-
ual channels alter ensemble responses, we simulated with the
kinetic schemes illustrated in Fig. 3B currents from 1000 chan-
nels. The kinetic models predicted that PKA inhibition would
reduce the peak of the macroscopic response without signifi-
cantly altering the time course of macroscopic desensitization
(Fig. 3C; basal, = 495; +PKI, T = 544 ms). Consistent with this
prediction, PKI reduced the experimentally recorded whole-
cell peak current amplitude ~2-fold and did not change the
decay time course (7,,,.,; = 610 = 300 ms, Tpi; = 580 =+ 200 ms,
n =5, p <0.5). The model predicted slightly more inhibition of
the steady-state current than observed experimentally, which
may reflect additional differences due to distinct (cell-attached
versus whole cell) recording configuration. In summary, we
found that PKI treatment caused N1/N2B receptors to activate
more slowly and substantially stabilized their desensitized
states.

N2B CTD Mediates PKI Gating Effect, in Part through
Ser-1166—We probed the molecular basis for the isoform spec-
ificity of PKA modulation of NMDA receptors by carrying out
parallel experiments with N1/N2A receptors. In Fig. 44, cur-
rent traces recorded from a patch containing a single N1/N2A
receptor are shown before and after PKI application. In contrast
to our observations with N1/N2B receptors, the activity of
N1/N2A receptors remained unchanged, even 45 min after PKI
treatment (Table 1). N1/N2A receptors, however, became sen-
sitive to PKI treatment when the N2A CTD was replaced with
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FIGURE 3. Kinetic mechanism of N1/N2B receptor inhibition by PKI. A, open (top) and closed (bottom) interval distributions for the currents recorded
from the patch shown in Fig. 2A before (left, basal) and after PKl application (right, +PKI). Data (histograms) are overlaid with exponential components
(E, lines) calculated by fitting multistate kinetic models to the one-channel data. Insets, time constants (, ms) and fractional areas (%). B, state models and
predicted occupancies (C, closed; O, open) for receptors before (basal, top) or after (+PKl, bottom). All states represent fully liganded (glutamate and
glycine) receptor conformations. Transition rates (s~ ') were optimized from fits to individual single-channel records and are given as rounded mean
values for all patches (n = 7). * indicates differences relative to basal (p < 0.05, paired Student’s t test). C, left, macroscopic responses to glutamate (1 mm,
5s) were simulated with the models in Band amplitudes in Fig. 2 (1000 channels) using published glutamate association and dissociation rates (35) (top)
or were recorded experimentally as whole-cell currents (bottom, n = 6), without (black) or with extracellular PKI (red). Right, responses normalized to
peak basal currents.

that of the N2B subunit (Fig. 4B and Table 1) (23). We reported  tion (S1166A or S1166D) had distinct gating activity in a man-
previously that chimeric N1/N2A, -, receptors maintained ner consistent with the effects we describe here for pharmaco-
high N1/N2A-like basal activity and displayed considerably logical inhibition of PKA; relative to S1166D, S1166A had lower
lower kinetic variability compared with N1/N2B receptors (26, P due to longer closed times (28). We therefore proceeded to
41). In contrast to wild-type N2A-containing receptors, PKI ~ delineate gating mechanisms for phosphodeficient (S1166A)
treatment produced a significant decrease in P, for chimeric and phosphomimic (S1166D) N1/N2B receptors. We found
receptors, and this occurred through a similar mechanism as  that these molecular perturbations affected precisely the same
the effects of PKI on N2B-containing receptors (Fig. 4C). This  rate constants as we observed with pharmacological inhibition
result demonstrates that the C-terminal tail of N2B is sufficient  of PKA. Relative to the phosphomimic, the phosphodeficient
to transfer gating sensitivity to PKI onto N1/N2A receptorsand mutation produced slower activation rates (S1166D versus
that in both receptor isoforms this CTD-mediated effect results Sll66A):C2 —C,,500 = 40s ' versus 330 = 30s™ ' (n = 16, 14;
from longer closed times. p < 0.05); and slowed resensitization (S1166D versus S1166A):

The N2B CTD therefore must contain PKA phosphorylation C;<C,, 1.0 = 0.1s™ ' versus 0.5 = 0.1s~ ;and C, < C,: 21 *
sites that influence receptor gating not present in N2A CTD. 4s™ 'versus6 = 3s™ ' (n = 16, 14; p < 0.05) (Fig. 4E). Remark-
This is true for N2B Ser-1166, which is a PKA target and medi-  ably, this result demonstrates that the state of a single PKA
ates the effect of PKA on neuronal NMDA receptor signals. phosphorylation site (N2Bg; ,4) is sufficient to influence recep-
Specifically, a phosphodeficient or phosphomimic point muta- tor gating in a manner identical to PKI. To test whether
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FIGURE 4. Gating effects of PKI are mediated by N2B CTD, in part through Ser-1166. A and B, one-channel cell-attached currents (inward Na™) recorded
with modified pipette (extracellular) solutions (0 mm Ca? ™", pH 8) from the same receptor before (basal, left) or after adding PKI (+PKI, right) from cells expressing
N1/2A (A) or chimeric N1/N2A28<TP (B) receptors. C, summary of changes induced by PKI to the kinetic parameters for N1/N2A (gray, n = 4) or N1/2A%5TC (white,
n = 5) relative to basal levels. D, one-channel activity recorded from phosphomimic (S1166D, left) and phosphodeficient (S1166A, right) receptors. E,
reaction mechanisms for the conditionsillustrated in D. F, reaction mechanisms with rates calculated from single-channel records of S1166D receptors
before (left) or after PKI treatment (right). * indicates statistical significance of S1166A relative to S1166D (E, unpaired) and relative to basal (F, paired),

p < 0.05, Student’s t test.

Ser-1166 was solely responsible for the effect of PKI on
N1/N2B gating, we recorded currents from cell-attached
patches containing one N1/N2Bg,,¢¢p receptor before and
after PKI treatment, and we compared the respective reac-
tion mechanisms. PKI reduced the P, of N1/N2Bg; 4ep
~3-fold (basal, 0.24 = 0.05; +PKI, 0.08 = 0.02). The inhib-
itory mechanism was distinct; however, resensitization rates
were not affected, and in addition to some activation rates that
were slower, closing rates also increased (Fig. 4F). Thus, although
Ser-1166 appears to be a major conduit for PKI effects on N1/N2B
gating, other residues may also participate.

PKI Changed Ca®" Permeability by Specifically Reducing
Unitary Ca®" Conductance—In the experiments described
above, to surpass well documented experimental limitations,
we measured gating by examining Na ™ -only currents. A crit-
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ical aspect of NMDA receptor function, however, is perme-
ability to both Na* and Ca>". In physiological conditions (2
mM Ca®"), Ca®>" ions represent a fraction (~10-15%) of the
passed current (8, 9). The gating changes we measured pre-
dict that PKI treatment reduced the total charge transfer
through N1/N2B receptors ~2.5-fold, and by extrapolation,
if the modulation did not affect channel conductance or per-
meability characteristics, PKI would also, proportionally,
reduce the size of the Ca®" flux during each activation.
Recent reports show, however, that PKA can change the
fraction of NMDA receptor current carried by Ca?* (13, 15,
28). Because we did not observe any changes in Na™ con-
ductance, we initiated experiments that included Ca*" in
extracellular solutions, such that a part of, or all the inward
current, was carried by Ca>"
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solution, pH 8, from the same receptor before (basal, left) or after adding PKI to the bath (+PKI, right). B, time course of P, per min of recording for the receptor
shown in A. Red bar indicates time of PKl application. C, summary of measured open probability (P,) before (gray) and after (red) adding PKl to the bath for both
N1/N2A (triangles; n = 4) and N1/N2B (circles; n = 5) receptors. D, unitary currents were recorded from cell-attached patches of cells bathed in high (145 mm)
K" extracellular solution, with Na™ (150 mm) or Ca®* (75 mm) as the principal permeating ion, before (basal, top) or after PKI preincubation (+PKI, bottom).
Pipette potential is indicated for each panel. £, summary of unitary current amplitudes measured from experiments illustrated in D. The permeating ion is
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n = 22 and paired Ca®" and K" traces, n = 24; PKl preincubation (red), Na

*,n=23and paired Ca®"

and K* traces, n = 19.%, p < 0.016, unpaired Student’s t test with Bonferroni correction.

We first focused on PKA-specific effects of gating, this time
in the presence of Ca®>", and we recorded unitary currents from
cell-attached patches with 2 mm CaCl, added to the pipette
solution. In these conditions, the basal currents recorded from
N1/N2B receptors had lower P, and lower unitary current
amplitude (i) as compared with 0 Ca*>* (Fig. 5A) Often, the P,
decreased even during the basal recording period, before add-
ing PKI, and we detected no additional PKI-induced reduction
in P, (Fig. 5B). Because this was true for N1/N2B and N1/N2A
receptors, we combined results from both isoforms, and we
report these for the aggregated N1/N2 pool: basal, 0.03 = 0.01;
+PKI, 0.03 = 0.01; p > 0.05 (Fig. 5C). These results indicate
that following NMDA receptor Ca>" influx, receptors reside in
states with much lower activity, and further gating reduction by
PKI cannot be detected. Whether PKI effects on gating of
N1/N2B are merely masked or are entirely occluded remains
unresolved.

We turned our attention to the effects of PKI on the compo-
sition of currents passed by NMDA receptors. First, we deter-
mined directly whether PKI changed NMDA receptor Ca>"
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conductance. For this, we measured unitary amplitudes of
inward currents recorded from cell-attached patches bathed in
high K* solutions, when the pipette solution contained as the
principal permeating ion Na™ (150 mm NaCl, +100 mV) or
Ca®" (75 mm CaCl,, +100 mV). In the Ca*>"-only patches, we
also measured the unitary amplitudes of outward currents
(—100 mV), which were presumably carried by intracellular
K. We found that in these basal conditions for both N1/N2A
and N1/N2B, Ca®>* currents were much smaller (~1 pA) than
Na™ currents (~10 pA) for the same applied potential (+100
mV) (Fig. 5D). Importantly, PKI treatment reduced the inward
Ca®" current amplitude significantly (basal, 0.96 * 0.15 pA;
+PKI, 0.40 * 0.04, p < 0.0167). In contrast, PKI did not change
the unitary amplitudes of monovalent currents, whether mea-
sured as inward Na™ (basal, 9.4 = 0.03 pA; +PKI, 9.0 = 0.02,
p > 0.01675) or outward K" (basal, 1.29 = 0.17 pA; +PKI,
1.17 £ 0.16, p < 0.0167) (Fig. 5E). This latter observation was
consistent with a lack of effect of PKI on Na™ unitary conduc-
tance observed in the Na'-only experiments performed in
PBS-bathed cells (Figs. 2, B and D, and 4C).
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FIGURE 6. PKI reduced relative Ca* permeability. A, top, unitary cell-attached currents recorded from cells bathed in high (145 mm) external K* at several
pipette potentials with 0, 2, or 10 mm Ca®* and 150 Na* in the pipette (extracellular) solution, with or without PKI treatment. Bottom, summary of i/V
dependences for each patch. £, values were calculated as the extrapolations of linear fits to the data to 0 mV. B, summary of £, values pooled for N1/N2A and
N1/N2B receptors; means for each population are indicated; n (basal, +PKI): 0 Ca*>* (16, 13), 2 Ca** (14, 14), and 10 Ca®" (6, 7); * marks statistically significant
differences of means (p < 0.016, unpaired Student’s t test with Bonferroni correction). C, evaluation of Ca?* block as the degree of Ca>*-dependent reduction
in unitary conductance (calculated as the slope of the i/V plots (A) with (red) or without (black) preincubation with PKI; S.E. values as smaller than symbols).

These results clearly demonstrate that PKI reduced specifi-
cally the NMDA receptor unitary conductance for Ca>* but not
Na™. This novel finding may represent the principal mecha-
nism by which, in physiological conditions, where Ca®>" ions
represent a relatively small fraction of the current, PKI pro-
duces an observable reduction in Ca®" influx but a change in
total (Na* and Ca®*) current amplitude escapes detection.
Similarly, we did not detect PKI-induced changes in unitary
current amplitudes with 2 mm Ca®" in the recording pipette
(and PBS in the bath) (basal, 2.3 = 0.3; +PKI, 2.5 * 0.5) (Fig.
54).
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If this specific reduction in Ca®>" conductance by PKI is
maintained when both Na™ and Ca®" are present in the perme-
ating solutions, PKI would also produce a marked decrease in
the Ca®" permeability relative to that of Na™ (P,/Py,,). Classi-
cally, relative permeability is inferred by examining the magni-
tude of the reversal potential (E,,,) shift in bi-ionic solutions.
We took this approach to examine the effects of PKI treatment
on E,, of single-channel NMDA receptor currents and on the
shifts in E,,, produced by increasing extracellular Ca®>* concen-
trations. We calculated E,., as the intercept of linear regres-
sions to experimentally measured i/V data (Fig. 64). Under
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basal conditions and 0 Ca®", both N1/N2A and N1/N2B cur-
rents reversed polarity at membrane potentials close to =5 mV
(N1/N2, —4.4 = 1.2 mV), and this value shifted progressively to
more positive potentials with increasing extracellular Ca®>*: ~0
mV in 2 mm Ca®* (0.6 = 0.9 mV) and ~8 mV in 10 mm Ca>*
(7.8 = 2.3 mV) (Fig. 6B). These values are equivalent with a
P, /Py, value of ~7, similar to values reported previously (8, 9).
In contrast, after PKI pretreatment, the shifts in E,, produced
by increasing extracellular Ca®" were barely detectable, and the
E,., retained negative values for all conditions: 0 Ca**, —4.9 =
1.7mV; 2 Ca®", —=5.1 £ 1.2mV, and 10 Ca®*, —2.2 £ 2.5 mV.
These results are similar to those reported for hippocampal
neurons treated with H-89 (28) and indicate that upon expo-
sure to PKI, channel P.,/Py;, decreased substantially.

It is well established that permeating Ca>" ions produce a
concentration-dependent decrease in overall unitary conduc-
tance. This phenomenon is referred to in the literature as “Ca
block,” suggestive of a hypothesis where the overall reduction in
current occurs because in bi-ionic solutions the slow-moving
Ca®" ions replace Na™ ions in the pore, practically preventing
Na™ passage for periods too brief to be observed in single-chan-
nel traces (42). With this consideration in mind, although the
PKI-dependent decrease in relative permeability (P.,/Py.,) we
measured is consistent with a mechanism where PKI specifi-
cally reduced Ca®" (but not Na*) conductance (Fig. 5, Dand E),
it does not address whether extracellular Ca®>" ions, although
rendered “impermeant” could still block the passage of Na™
ions (42). We addressed this question by examining the extent
of Ca®>* block before and after PKI treatment. We calculated
unitary conductance (y) in 0, 2, and 10 mm Ca>" as the slope of
linear fits to the i/ V data illustrated in Fig. 6A. We reasoned that
if PKI treatment reduced Ca>" conductance and also reduced
block of Na™ currents by Ca®>*, increasing extracellular Ca**
concentrations should have minimal effect on conductance.
Conversely, if PKI reduced Ca®" conductance but also
increased the block of Na™ currents, increasing extracellular
Ca®" should decrease y more than in basal conditions. We
found that the decrease in y with increasing extracellular Ca®"
was not different in basal and +PKI conditions (Fig. 6C). Based
on this result, we conclude that PKI did not restore unitary
conductance to the high level observed in the absence of Ca*"
and therefore did not substantially alleviate block. Instead, PKI
reduced NMDA receptor fractional Ca®>" current by specifi-
cally reducing channel unitary Ca®>" conductance.

N1 CTD Mediates PKI Permeability Effect, in Part through N1
Ser-897—The molecular determinants for the PKI-induced
decrease in Ca®>* permeability must reside intracellularly, most
likely on the C termini of N1 and/or N2 subunits. To test this
hypothesis, we measured E, ., of unitary currents in 2 mm exter-
nal Ca>™ for receptors lacking the intracellular tail of either N1
(N1,,) or N2 subunits (N2,,,) before and after treating the
cells with PKI (Fig. 7A). We found that the CTD of N1, but not
that of N2 subunits, was required for the PKI-dependent reduc-
tion in Ca®>" permeability. This result is consistent with the
indistinguishable effects of PKI on permeation properties of
N1/N2A and N1/N2B receptors and suggests that phosphory-
lation of one or more residues in the CTD of the N1 subunit is
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FIGURE 7. PKI reduction in Ca®>* permeability is mediated by N1 CTD, in
part through Ser-897. A and B, summary of E, values calculated for the
conditions indicated; n (basal, +PKi): N1, (19, 18); N2, (18, 15); N15g9,0
(7), and Nlggg,a (8). * marks differences of means (p < 0.025, unpaired
Student’s t test with Bonferroni correction (A) or p < 0.05, unpaired Student’s
ttest (B)). Measurements were made from cells bathed in high (145 mm) exter-
nal K™ at several pipette potentials with 2 mmCa?" and 150 Na* in the pipette
(extracellular) solution from receptors containing N1, or N2, (A) and
N1sgo7p OF N1gge,a Subunits (B). G, top, simultaneous recordings of Ca**-de-
pendentincrease in fluorescence (top) and whole-cell currents (bottom) from
receptors containing wild-type (left), N1, (middle), or N2A,, (right) sub-
units before (black) and after (red) PKI treatment. Bottom, summary of fluores-
cence data for basal (gray) and +PKI (red) conditions for receptors containing
wild-type (n = 4), N1, (n = 5), or N2A,, (n = 6) subunits. * marks differ-
ences of means (p < 0.016, paired Student’s t test with Bonferroni correction).

necessary to maintain the characteristically high Ca®>" perme-
ability of NMDA receptors.

To test this hypothesis directly, we asked whether a change in
the phosphorylation status of a single residue in the N1 CTD
can affect the NMDA receptor Ca>" permeability. We selected
for these experiments N1 Ser-897, which is a validated PKA
target (12). We measured E,., in 2 mm Ca®>" as a measure of
Ca®>" permeability for receptors with phosphomimic Ser/Asp
and phosphodeficient Ser/Ala substitutions at this site. We
measured a significantly more positive E ., for the phospho-
mimic compared with phosphodeficient receptors, 5.5 * 2.6
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mV versus —1.8 £ 1.4 mV, respectively (n = 7, 8, p < 0.05) (Fig.
7B). This result demonstrates that phosphorylation of a single
residue in the N1 CTD can increase substantially the receptor
Ca®>" permeability. Still, both Ser/Asp and Ser/Ala mutants
remained sensitive to PKI-induced reduction in their Ca>" per-
meability (data not shown), suggesting that additional PKA tar-
gets have the ability to modify receptor Ca*>* permeability.

Finally, to determine directly whether PKI-dependent
changes in Ca®" conductance translate in reduced Ca®" trans-
port in nonequilibrium conditions, we used patch clamp fluo-
rometry. We recorded simultaneously whole-cell currents and
fluorescence from the genetically encoded GCamP6f protein,
which is a fast and highly sensitive Ca*>* fluorophore (30). For
these experiments, we selected cells expressing N2A-contain-
ing receptors, because we have already established that PKI did
not alter gating kinetics (Figs. 4, A and C, and 5C), but it reduced
Ca®" conductance (Fig. 5, D and E) and relative Ca®>" perme-
ability (Fig. 6B) of these receptors. We found that under basal
conditions, glutamate (1 mm, 5 s) elicited currents that were
similar in magnitude and time course for all three constructs
tested (N1/N2A, N1,,,/N2A, and N1/N2A, ), and PKI treat-
ment did not produce observable changes in either of these
responses (Fig. 7C).

Consistent with substantial Ca®>" permeability of N1/N2A
receptors, we observed that under basal conditions glutamate
applications produced ~10% increase in fluorescence, and this
signal was reduced ~5-fold after PKI treatment (AF/F basal,
109.4 = 1.3; +PKI, 102.3 = 0.3, n = 4, p < 0.016). This reduc-
tion in Ca®>*-dependent fluorescence was absent for receptors
lacking the N1 CTD (AF/F basal, 113.7 = 3.2, +PKI 118.6 = 5.5,
n =5, p > 0.016), but was unchanged for receptors lacking the
N2A CTD (AF/F basal, 111.2 * 2.8; +PKI 106.3 * 2.0, n = 6,
p < 0.016) (Fig. 7C). This result provides additional evidence
that the N1 CTD, but not the N2A CTD, mediates PKI-induced
changes in NMDA receptor fractional Ca®>* current.

Together, the results described here demonstrate that ongo-
ing PKA activity is required to maintain the characteristically
high gating and high Ca®>* permeability of NMDA receptors.
Importantly, these PKA actions are mediated by separate sites
and have distinct mechanisms; specifically, sites on N2B CTD
control gating kinetics by maintaining fast activation rates and
destabilizing desensitized states, whereas sites on N1 CTD con-
trol receptors Ca®>" permeability by modulating specifically
their unitary Ca>* conductance.

DISCUSSION

To better understand how PKA activity modulates neuronal
signaling through NMDA receptors, we examined how changes
in cellular PKA activity impacted the biophysical properties of
recombinant NMDA receptor isoforms. We used pharmaco-
logical inhibition of PKA and site-directed mutagenesis to
investigate the mechanisms and the molecular determinants
responsible for PKA modulation of NMDA receptor signals.
We determined that PKA inhibitors, such as the highly specific
naturally occurring peptide PKI or the ATP-site PKA antago-
nist H-89, reduced macroscopic NMDA receptor responses
regardless of extracellular pH, and this effect occurred with
bath-applied cell-permeable inhibitors (myr-PKI, H-89), as well
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as with intracellularly applied inhibitors (non-myr-PKI) (Fig.
1). In the remainder of the experiments reported here, we
examined the effects of bath-applied myr-PKI on the gating and
permeability properties of NMDA receptors.

Using paired cell-attached recordings of Na™ currents pro-
duced by the same N1/N2B receptor before and after bath-
applied PKI, we determined that PKI had no effects on Na™
conductance, but relative to water-treated controls, it reduced
channel P, ~2.5-fold, solely by increasing the time spent in
closed-channel conformations (Fig. 2D). A more detailed anal-
ysis of closed event distributions revealed that PKI reduced
receptor gating by specifically doubling the duration of the two
longest closed components (Fig. 34). Reaction mechanisms
derived by fitting kinetic models to these single-channel data
explained the PKI-induced decrease in P, by increased occu-
pancies of desensitized states, from 0.45 for wild-type N1/N2B
receptor to 0.75 for PKI-modified receptors (Fig. 3B).

This result was not intuitive because PKI did not produce
marked changes in the desensitization time course of whole-
cell currents (Figs. 1, A and B, and 3C). The model, however, is
consistent with this interpretation as illustrated by the simu-
lated traces in Fig. 3C. The desensitization time course and
extent of macroscopic NMDA receptor responses vary sub-
stantially with patch configuration (whole-cell or excised
patch) and the extracellular ionic composition (Zn**, Gly, and
Ca®") (43). Therefore, our approach, which employed record-
ing activity from receptors that resided in nonperturbed mem-
branes (cell-attached patches) and external solutions devoid of
extracellular modulators (pH 8, 0 mm Ca®*, and EDTA),
revealed the specific effect of PKI on NMDA receptor-desensi-
tized states by extricating it from uncontrolled confounding
factors. More precisely, we were able to identify a change in the
rates for receptor recovery from desensitized states and rates
toward opening as the main kinetic mechanism of PKI-induced
reduction on channel P, (Fig. 3B).

As expected, a PKI-dependent effect was not apparent in the
presence of steady-state Ca®" influx through the recorded
receptors (Fig. 5A4). Previous groups found that NMDA recep-
tor-mediated Ca*>" influx activates the Ca®>*-dependent phos-
phatase calcineurin (PP2B), which targets NMDA receptors
and reduces their activity (19, 40). The already much lower
activity (P, 0.03) we recorded basally when 2 mm Ca*" was
included in the pipette may have prevented us from detecting
further PKI-dependent desensitization; alternatively, active
calcineurin may have preempted the effect of PKI, possibly by
acting on the same residues. Relevant to this issue, Raman et al.
(19) have shown that PKA prevents calcineurin-dependent
desensitization of synaptic NMDA receptor responses. The
phosphatase responsible for the PKI-induced reduction in
N1/N2B P, described here, however, is currently unknown.

We traced the molecular basis of PKI modulatory effects on
N1/N2B gating to the CTD of the 2B subunit. Moreover, we
found that when swapped for the native 2A CTD, the 2B CTD
can transfer PKI gating sensitivity onto otherwise insensitive
N1/N2A receptors (Fig. 4C). This result readily explains the
isoform specificity of PKI-induced decrease in NMDA receptor
currents (13). Notably, although the chimeric N1/N2A,; «1p
retained characteristic N2A-like kinetics, the mechanism of the
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PKI-induced decrease in P, was similar: >2.5-fold increase in
mean closed times. Even more striking, phosphodeficient and
phosphomimic mutations of the N2B-specific PKA site, Ser-
1166, altered the reaction mechanism by changing the same
rates as PKI when acting on wild-type N1/N2B or chimeric
N1/2A,; crp channels (Figs. 3B and 4E). The fact that the
S$1166D mutant remained sensitive to PKI inhibition suggested
that N2B CTD contains additional PKA targets, but these medi-
ate distinct kinetic effects. Consistent with this view, SI166A
reduces phosphorylation of N2B peptides by only ~50% rela-
tive to wild type (28). Nevertheless, our result that perturba-
tions of a single N2B CTD residue (Ser-1166), which is most
likely remote from the gate, can substantially alter gating with
the same kinetic mechanisms as PKI represents strong evidence
that Ser-1166 is a principal target for PKI on N1/N2B receptors.

The lack of PKI effect on single-channel N1/N2A gating we
observed here is consistent with previous work showing that
PKA inhibition does not alter macroscopic N1/N2A currents
(13). In contrast however, PKA phosphorylation of N1/N2A
receptors lengthens NMDA receptor-mediated EPSCs in neu-
rons (44), and the Ser/Ala modification of known targets on
N2A CTD (Ser-900 or Ser-929) alters receptor gating in a man-
ner similar to that described here for N1/N2Bg,; 4, and PKI
treatment of wild-type N1/N2B (45). Together, these results
suggest that the phosphorylation status of N2A-containing
receptors was not altered by PKI treatment. Thus, although the
gating of both N1/N2A and N1/N2B isoforms is PKA-sensitive
and the modulation may have the same kinetic mechanism,
several other factors critical to the modulation are distinct
between isoforms, such as the kinetics and specificities of the
phosphatases involved and/or the kinetics and affinity of PKA
for N2A and N2B sites.

A second major focus of our investigation was the PKI effect
on NMDA receptor permeability. We used single-channel elec-
trophysiology to measure in basal and +PKI conditions the
following: unitary conductance for Na* and Ca®>* currents;
Ca*>"-dependent shifts in E,.; and the extent of Ca>" block in
bi-ionic conditions. In addition, we used patch clamp fluorom-
etry to simultaneously measure whole-cell current and increase
in intracellular Ca®>" before and after treating cells with PKI.
We found that PKA inhibition produced a substantial decrease
of the unitary Ca®>" conductance but not of monovalent cation
(Na™ or K*) conductance. Consistent with a decrease in Ca?*
but not Na™ permeability, PKI also decreased the P, /Py, eval-
uated as changes in E,, with increasing extracellular [Ca*"].
PKI did not substantially change the extent of Ca>" block, an
indication of interactions between co-permeant Na* and Ca*"
ions, however. Also, because we could not detect a PKI-induced
change in unitary conductance when both Na* and Ca** were
present at physiological concentrations (2 mm Ca®>" and 150
mM Na™), we conclude that PKI decreased the amount of Ca?*
but not that of Na™ in the total current. If anything, Na™ cur-
rents might increase slightly due to less Ca®>*-dependent inac-
tivation/desensitization processes in +PKI condition. This
interpretation is consistent with the result that PKI decreased
the Ca®" flux by ~50% but not the total whole-cell current.
Based on these results, we suggest that the principal effect of
PKI on NMDA receptor permeability is a specific decrease in

18816 JOURNAL OF BIOLOGICAL CHEMISTRY

unitary Ca®>" conductance. These results are the first descrip-
tion of a selective modulation of the Ca*>* unitary conductance
of NMDA receptors and demonstrate that changes in PKA
activity (PKI treatment) and also perturbations at N1 Ser-897
can produce this effect.

This work therefore describes two mechanisms whereby
PKA can alter NMDA receptor-mediated neuronal Ca>" influx
as follows: PKA modulates total charge transfer via an N2B-
mediated change in the stability of desensitized states, and it
modulates the amount of Ca®>" present in the current passed
through an N1 CTD-mediated mechanism. Importantly, the
intramolecular separation of sites affecting gating and perme-
ation allows PKA to exert global (through N1) and more local,
isoform-specific (through N2) control on NMDA receptors.
These new observations indicate that sensitivity to PKA and the
effects of PKA on synaptic currents will depend on the types
and relative abundance of the NMDA receptor isoforms
expressed and also on the phosphatases that act to balance PKA
activity. Additionally, PKA phosphorylation of NMDA recep-
tors is regulated by neuronal and synaptic activity (19, 46 —48)
and a variety of neuromodulators (14, 15, 19). The mechanisms
of regulation described here begin to unravel this complex con-
trol of synaptic activity and plasticity throughout development,
in distinct brain regions, and following different patterns of
neuronal activity.
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