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Fig. 4. Bim1p recruits Kar9p onto microtubules
in vitro. (A) his;-Bim1p microtubule-binding
experiment; (B) [33S]Kar9p microtubule-binding
experiment; (C)-Experiment containing both
his,-Bim1p and [3>S]Kar9p; (D) Experiment
containing [33S]Kar9p and recombinant Ase1p.
(+) indicates experiments with taxol-stabilized
bovine microtubules; (-) indicates experiments
without tubulin. s, supernatant; p, pellet. Great-
er than 80% of the tubulin fractionated into
the pellet in the microtubule-binding assays as
demonstrated by Coomassie Brilliant Blue
stained gels. In the microtubule-binding assays,
the concentration of tubulin was 1 wM and the
concentration of his,-Bim1p and Aselp was
100 nM. Methods of Bim1p purification, Ase1p
purification, and the microtubule-binding assay
are as described (23, 37).

ordinate spindle or centrosome positioning
with cell migration. Chromosomal instabil-
ity, a hallmark of colon cancer, might also
be accelerated by loss of the EB1-APC
interaction.

Note added in proof: Similar results are
reported in two independent studies (38, 39).
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Driving AMPA Receptors into
Synapses by LTP and CaMKII:
Requirement for GluR1 and PDZ
Domain Interaction

Yasunori Hayashi,* Song-Hai Shi,* José A. Esteban,
Antonella Piccini, Jean-Christophe Poncer, Roberto Malinow}

To elucidate mechanisms that control and execute activity-dependent synap-
tic plasticity, a-amino-3-hydroxy-5-methyl-4-isoxazole propionate receptors
(AMPA-Rs) with an electrophysiological tag were expressed in rat hippocampal
neurons. Long-term potentiation (LTP) or increased activity of the calcium/
calmodulin-dependent protein kinase Il (CaMKIl) induced delivery of tagged
AMPA-Rs into synapses. This effect was not diminished by mutating the CaMKII
phosphorylation site on the GluR1 AMPA-R subunit, but was blocked by mu-
tating a predicted PDZ domain interaction site. These results show that LTP and
CaMKIl activity drive AMPA-Rs to synapses by a mechanism that requires the
association between GluR1 and a PDZ domain protein.

Long-term potentiation (LTP) of synaptic trans-
mission is a well-characterized form of activity-
dependent plasticity likely to play important
roles in learning and memory (/). A key medi-
ator of this plasticity is CaMKII, an enzyme that

is strongly expressed at excitatory synapses (2).
Although the cell biological processes underly-
ing this form of plasticity are poorly under-
stood, the trafficking of synaptic receptors ap-
pears to play a crucial role (3).
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Genes of interest were delivered to neu-
rons in organotypically cultured hippocampal
slices, using the Sindbis virus expression sys-
tem (3-5). Neurons carrying foreign genes
were identified by green fluorescent protein
(GFP) expression and whole-cell recordings
were obtained (Fig. 1A) (6). To examine the
effect of elevated CaMKII activity on neuro-
nal function, we generated a construct encod-
ing the catalytic domain of this enzyme fused
with GFP (tCaMKII-GFP). The expression of
this construct increased constitutive CaMKII
activity in baby hamster kidney (BHK) cells
(Fig. 1B) (7). In hippocampal slice neurons
expressing this construct, fluorescence was
detected in dendritic arbors and spines (8). To
determine the effect on synaptic transmis-
sion, we measured synaptic responses in two
nearby neurons, one infected with tCaMKII-
GFP (indicated by GFP fluorescence) and the
other uninfected (Fig. 1, A and D). Such pair-
wise comparisons of synaptic responses to
stimuli delivered at the same site showed that
tCaMKII-GFP enhanced transmission (Fig.
ID) (9-11). Cells infected with GFP alone
did not show any change in synaptic response
(Fig. 1C).

To examine if this increase in AMPA-R—
mediated transmission was due to a delivery
of receptors to synapses, we developed an
electrophysiological assay. The current-volt-
age (I-V') relationship of AMPA-Rs is deter-
mined by the GluR2 subunit: AMPA-Rs with
GluR2 show linear -V relations; AMPA-Rs
lacking GluR2 show little outward current at
+40 mV (12). Most AMPA-Rs in hippocam-
pal pyramidal cells contain the GluR2 subunit
(I13), consistent with the linear /- relation-
ship of synaptic transmission (/4). We over-
expressed the AMPA-R GluR1 subunit in
hippocampal slice neurons (Fig. 2A). This
protein was tagged with GFP to facilitate
identification of expressing neurons and im-
munoprecipitation (3). As demonstrated by
coimmunoprecipitation experiments, most of
the resulting recombinant AMPA-Rs lacked
GluR2 (Fig. 2B) (I5). Such receptors were
functional and showed complete inward rec-
tification when expressed in HEK293 cells
(3). Thus, incorporation of these recombinant
receptors into synapses would be expected to
increase rectification of synaptic responses
6).

GlIuR 1-GFP is widely distributed through-
out the dendritic arbor, but little is incorpo-
rated into synapses in the absence of activity
(3). In agreement with this, expression of
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GluR1-GFP had no effect on either the am-
plitude or rectification of synaptic transmis-
sion (Fig. 2C). To determine if CaMKII ac-
tivity could drive the recombinant GluR1-
GFP into synapses, we coexpressed GluR1-
GFP and tCaMKII by using an internal
ribosomal entry site (IRES) construct (5, 7).
BHK cells expressing this construct showed

increased constitutive CaMKII activity (Fig.
1B) (7), and slices expressing this construct
showed fluorescence (indicating GluR1-GFP
expression) (8). Pairwise recordings from in-
fected and noninfected cells showed that
transmission was enhanced (Fig. 2D), consis-
tent with an increase of CaMKII activity (10,
18). Notably, transmission showed increased

A B
tCaMKII-GFP
substrate (-)
Control substrate &4')
F— Infected

: non-
i) fluorescent

S S &
ST S
GluR1-GFP-IRES-tCaMKll

Control
Infected

o \@ f\?Q'b@ @Q@Q
Count (arbitrary unit)

Uninfected
ﬁ
3

Scaled

0
0 50 100 150
Infected

Amplitude (pA)

D tCaMKII-GFP
__80  p<Ix107 6 —
28 54
2% a0 Inf 23 4(% Inf
o -~
§ 22 W 52 L
< ) -a\W Overlay “‘; —f?ﬂ Scaled
0 20 40 60 80

Infected Uninf Inf

Amplitude (pA)

Fig. 1. Enhanced synaptic transmission in neurons expressing tCaMKII-GFP. (A) Hippocampal CA1
pyramidal neuron infected with Sindbis virus and expressing GFP. Fluorescent (top) and differential
interference contrast (bottom) images of the same field during electrophysiological recording. Bar:
30 pm. Schematic diagram on right: Whole-cell recordings were obtained from a fluorescent
(infected) and an adjacent nonfluorescent (uninfected) neuron with identical stimulation position
and intensity. (B) Calcium/calmodulin-independent kinase activity of tCaMKII constructs. BHK cells
were infected with respective Sindbis viruses, and Ca?*/calmodulin-independent kinase activity
was determined. Controls were uninfected cells (top) or lacZ-infected cells (bottom). (C) Synaptic
responses from neurons expressing GFP or from nearby nonexpressing cells. (Left panel) For each
pair of cells, the amplitude of response from infected cell is plotted against amplitude of response
in uninfected cell (n = 27). Mean of all values is shown in filled circle (uninfected: 35.1 = 6.3;
infected: 33.4 + 5.0). (Right panel) Summary results of measured rectification for uninfected (2.4 =
0.1, n = 15) and infected (2.4 = 0.1, n = 17) cells. Sample responses from nearby uninfected and
infected cells are overlaid and shown on right side of each panel. For rectification, responses were
obtained at —60 and +40 mV; responses from infected and uninfected cells are not necessarily
from nearby cells. Scaled: responses from uninfected cell were scaled so that the current at +40
mV matched that of the infected cell. Bars: 20 pA, 25 ms. Same symbols, trace display conventions,
and bar values are used in subsequent figures. (D) tCaMKII-GFP produces enhancement of synaptic
transmission in expressing neurons (left panel: uninfected: 15.4 = 2.4; infected: 25.3 * 2.5,n = 35)
with no effect on rectification (right panel: 2.2 * 0.1, n = 14 for uninfected and 2.2 *+ 0.3, n =
12 for infected cells).
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rectification, indicating a contribution of the
homomeric GluR1-GFP to transmission (Fig.
2D). This effect on rectification was due to
coexpression of the two proteins, because trans-
mission onto cells expressing either tCaMKII
or GluR1-GFP alone had rectification com-
parable to that in uninfected cells (Figs. 1D
and 2C). These results show that CaMKII
activity induces the insertion of homomeric
GluR 1-GFP into the synapse.

GluR1 is phosphorylated by CaMKII at
Ser®3! during LTP (19). To examine if direct
phosphorylation of the receptor at this site is
required for delivery, we substituted Ser®3!
with Ala, thus creating GluR1(S831A)-GFP
(Fig. 3, A and B). This mutation, however,
did not block delivery. Expression of this
construct alone changed neither amplitude
nor rectification (Fig. 3C), and coexpression
with tCaMKII produced potentiated transmis-
sion that showed the same increase in recti-
fication as that seen with GluR1-GFP-IRES-
tCaMKII (Fig. 3D).

The subcellular localization of many
membrane proteins is controlled by associa-
tions with a class of proteins containing PDZ
domains (20). (The name PDZ derives from
the proteins PSD-95, Dlg, and ZO1, which
contain the domain.) In particular, the very
COOH-terminus of the cytosolic tail of such
surface proteins has a consensus (S/T)X(V/L)
(20, 21). Serine or threonine at —2 position
appears to be crucial because a mutation at
this site can prevent associations (20). The
last three amino acids of the COOH-terminus
of GluR1 are TGL, which conforms to the
consensus sequence. We converted the GluR1
COOH-terminus from TGL to AGL, thus
creating GIuR1(T887A)-GFP (Fig. 3A). This
protein, when expressed in HEK293 cells,
formed functional AMPA-Rs that showed the
normal rectification (Fig. 3B). When ex-
pressed in hippocampal neurons, this protein
was detected in dendrites (8). This construct
showed no effect on transmission when ex-
pressed alone (Fig. 3E). However, when
GluR1(T887A)-GFP and tCaMKII were co-
expressed in hippocampal slice neurons, the
effects of tCaMKII on synaptic response am-
plitude and rectification were completely
blocked. Indeed, transmission onto these neu-
rons was depressed (Fig. 3F).

To determine if LTP delivers AMPA-Rs
to synapses through a similar mechanism, we
examined LTP in cells expressing GluR1-
GFP. Whole-cell recordings were obtained
from cells expressing (Fig. 4A, top) or not
expressing (Fig. 4A, bottom) GluRI1-GFP.
LTP was induced with a pairing protocol (6).
We added DL-2-amino-5-phosphonovaleric
acid (APV) to the bath 30 min after potenti-
ated transmission was measured, in order to
isolate pure AMPA-R-mediated responses.
The holding membrane potential was then
switched to measure rectification of the
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AMPA-R-mediated responses. Similar to.the
effect of coexpressed CaMKII and GluR1-
GFP, rectification was increased after LTP in
cells expressing GluR1-GFP (4.6 = 0.7, n =
14) compared to cells not expressing GluR1-
GFP (2.7 = 0.2; n = 15) (Fig. 4B). In 5 of the
14 experiments on cells expressing GluR1-
GFP, a control (nonpaired) pathway was
monitored, and rectification in this pathway
was not increased (Fig. 4B).

We also examined the effects of
GIluR1(T887A) on LTP. As shown above,
this receptor, which has the PDZ-interaction
site mutated, can completely block the poten-
tiation produced by tCaMKIL In a series of

blind experiments, we recorded synaptic re-
sponses from cells expressing either GluR1-
GFP or GluR1(T887A)-GFP. After pairing,
cells expressing the control construct dis-
played stable potentiation lasting at least 50
min, at which time the recording was termi-
nated (Fig. 4C, top, and Fig. 4D, top). Cells
expressing GIuR1(T887A)-GFP displayed a
very different response. After a pairing pro-
tocol, these cells showed a short-lasting po-
tentiation that decayed over the next 20 min;
45 min after pairing, the responses were sig-
nificantly depressed from baseline levels
(Fig. 4C, bottom, and Fig. 4D, top). In 4 of
the 21 experiments with GluR1(T887A), a
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Fig. 2. Increased CaMKI! activity delivers GluR1-GFP into synapses. (A) Fluorescence image of a
hippocampal slice expressing GluR1-GFP. Sindbis virus particles expressing GIuR1-GFP were inject-
ed into several sites of CAT pyramidal cell layer. DG, dentate gyrus. Bar: 300 wm. (B) Immuno-
precipitation study indicates that GluR1-GFP forms largely homomers. GluR1-GFP was immuno-
precipitated from hippocampal slices with anti-GFP (two left lanes) or anti-GluR1 (two right lanes)
and blotted with anti-GFP (top), anti-GluR1 (middle), and anti-GluR2 (bottom). GluR2 immuno-
reactivity did not coprecipitate with GFP immunoreactivity. In contrast, GluR2 coprecipitated with
endogenous GluR1, indicating coimmunoprecipitation itself was successful. The lower bands
observed in the GluR2 blot derive from antibody used for immunoprecipitation. (C) Synaptic
responses from neurons expressing GluR1-GFP and nearby nonexpressing cells. Expression of
GluR1-GFP did not affect the amplitude (uninfected: 32.7 + 4.1; infected: 31.0 * 3.3, n = 13) or
rectification (2.2 + 0.1, n = 42 for uninfected; 2.4 = 0.1, n = 41 for infected cells). (D)
Coexpression of GluR1-GFP with tCaMKIl increased amplitude (uninfected: 25.7 * 5.3; infected:

41.3 = 5.1, n = 13) and rectification (2.2 = 0.4,

infected cells).

n = 75 for uninfected; 43 * 0.7, n = 29 for
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control (nonpaired) pathway was monitored,
which did not show depression (Fig. 4D, top).

The cell-biological mechanisms underly-
ing synaptic plasticity have been difficult to
delineate. In part, this is due to the lack of
techniques in intact preparations allowing
molecular perturbations with spatial and tem-
poral control, as well as the absence of assays
for specific molecular events linked to syn-
aptic plasticity. Here, we generated electro-
physiologically tagged receptors to monitor
their synaptic delivery during LTP and in-
creased CaMKII. In the absence of plasticity-
inducing stimuli, we saw no evidence for

REPORTS

their contribution to transmission. This is con-
sistent with previous results indicating that in
the absence of evoked activity, GluR1 is re-
tained within the dendrite (3). Upon coex-
pression with constitutively active CaMKII
or following LTP induction, we see that
tagged receptors contribute to transmission,
indicating their delivery to synapses.
Previous studies indicate that LTP induc-
tion increases the CaMKII-dependent phos-
phorylation of GluR1 at Ser®3! (19). Al-
though such phosphorylaton may enhance the
function of synaptic receptors (22), this phos-
phorylation does not seem to be required
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Fig. 3. CaMKII-driven delivery of GluR1 to synapses is not dependent on phosphorylation at Ser3’
but on interaction with putative PDZ domain protein. (A) COOH-terminus of GluR1 wild-type
(WT) and two point mutants used in this study. Asterisks indicate stop codon. (B) Current-voltage
relationship of current evoked by kainate (1 mM) onto HEK cells expressing GluR1(S831A)-GFP
(filled circles, n = 3) and GluR1(T887A)-GFP (open circles, n = 3). Responses were recorded at —60
to +40 mV (in 20-mV steps) and are normalized by the response at —60 mV. Sample traces are
shown on right. Bar: 50 pA, 200 ms. (C) GIuR1(S831A)-GFP alone did not have any effect on either
amplitude (uninfected: 35.8 + 4.5; infected: 36.0 = 3.7, n = 9) or rectification (24 = 0.3,n = 14
for uninfected cells; 23 * 0.3, n = 16 for infected cells, P = 0.55; see Web figure 2). (D)
Coexpression of tCaMKIl and GluR1(S831A)-GFP resulted in increased amplitude (uninfected:
14.4 = 2.6; infected: 38.7 = 2.7, n = 9) and rectification (2.1 = 0.1, n = 36 for uninfected cells;
3.6 = 0.2, n = 15 for infected cells, P < 1076, see Web figure 2) indicating that receptor delivery
is not dependent on the phosphorylation of the receptor at Ser®3". (E) Expression of GluR1(T887A)-
GFP had no effect on synaptic amplitude (uninfected: 25.5 * 4.9; infected: 27.7 = 5.1,n = 10) or
rectification (2.2 = 0.2, n = 14 for uninfected cells; 2.4 + 0.2, n = 11 for infected cells, P = 0.57;
see Web figure 2). (F) Coexpression of GluR1(T887A)-GFP with tCaMKIl blocked potentiation by
tCaMKil. Coexpression resulted in depressed transmission (infected: 28.9 * 4.3; uninfected: 38.9 +
4.2, n = 13) with no change in rectification (2.2 = 0.1, n = 36 for uninfected cells; 2.4 = 0.2, n =
15 for infected cells, P = 0.73; see Web figure 2).
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for receptor delivery: tCaMKII can deliver
GIuR1(S831A)-GFP to the synapse (23). Our
results indicate that some protein(s) other
than GluR1 must be substrate(s) of CaMKII
and participate in the regulated synaptic de-
livery of AMPA-Rs.

The most surprising of our results relate to
the effects of GluR1(T887A). This protein
forms functional receptors and has no detect-
able effects on basal synaptic transmission.
However, this mutant receptor can block the
effects of tCaMKII and LTP (24). This has
several implications: (i) It reinforces the view
that CaMKII and LTP act through similar
mechanisms. (ii) It indicates that both CaMKII-
potentiation and LTP exert their effects through
GIuR1. (iii) It indicates that an interaction be-
tween GluR1 and a protein with a PDZ domain
plays a key intermediate in these forms of plas-
ticity. (iv) GluR1(T887A) depresses transmis-
sion, but only after increased CaMKII or LTP.
This last finding suggests that activity enables
the mutant protein to interrupt a constitutive
delivery of endogenous AMPA-Rs (25).

These results demonstrate that incorpora-
tion of GluRl1-containing AMPA-Rs into
synapses is a major mechanism underlying
the plasticity produced by activation of
CaMKII and LTP. This process requires phos-
phorylation of protein(s) other than GIuR1.
Furthermore, this delivery requires interac-
tions between the COOH-terminus of GluR1
and PDZ domain proteins.
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QuickChange mutagenesis kit (Stratagene). CaMKII
cDNA was isolated from a rat forebrain cDNA library,
mutated so that initiation methionine overlaps the
Nco | site (ccATGg), and truncated after the 290th
amino acid by adding a stop codon. This truncated
CaMKIl (tCaMKIl) cDNA was cloned after the IRES
sequence derived from encephalomyocarditis virus so
that the initiation methionine matches the 12th ATG
of IRES. The resulting IRES-tCaMKIl was transferred
downstream to GluR1-GFP mutant constructs. The
tCaMKII-GFP fusion protein construct was made by
inserting polymerase chain reaction-amplified tCaMKIl
fragment into pEGFP-N1 vector (Clontech). Sindbis
virus containing each of these constructs was pro-
duced as described (3, 4).

6. Electrophysiological recordings from CA1 pyramidal
neurons were carried out in rat hippocampal organo-
typic slice cultures prepared as described (3). Neu-
rons were infected as described (3), and recordings
were made 24 to 36 hours later. External solution
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Fig. 4. LTP induction delivers GluR1 into synapses. Delivery requires interaction between
GluR1 and a PDZ-domain protein. (A and B) Increased rectification after LTP in cells
expressing GluR1-GFP, but not in uninfected cells. Recordings from CA1 pyramidal neurons
infected with GluR1-GFP [(A), top] or uninfected neurons [(A), bottom]. LTP was induced as
described (3, 6). After a stable potentiation period of 30 min, APV was added to isolate the
AMPA component of transmission, and rectification was then determined (6). Synaptic
current at 0 mV was not significantly different in infected and noninfected cells (5.3 *+ 0.5%
and 3.7 * 0.8%, respectively, expressed as percent of current at —60 mV, P > 0.1) (B)
Rectification after LTP induction was statistically different between infected and uninfected
cells (P < 0.04, Mann-Whitney test), and between potentiated and control pathways of
GluR1-GFP-expressing neurons (in five cells which two pathways were recorded, paired t
test, P < 0.04). Sample traces [recorded at periods indicated in (A)] are shown in bottom.
(€ and D) Expression of GluR1(T887A)-GFP blocks LTP and leads to depression after pairing.
Whole-cell recording from neurons expressing either GluR1-GFP or GluR1(T887A)-GFP. (C)
Plot of excitatory postsynaptic current amplitude versus time for individual experiments
from a cell expressing GluR1-GFP (top) or GluR1(T887A)-GFP (bottom). (D) Ensemble
averages from 14 cells expressing GluR1-GFP (open circles) and 21 cells expressing
GluR1(T887A)-GFP (closed squares). Average of four control pathways recorded from
GluR1(T887A)-GFP cells are also shown (open squares). Responses from cells expressing
GluR1(T887A)-GFP showed a short-term potentiation followed by a persistent depression
below baseline levels (P < 0.04 Wilcoxon test), whereas cells expressing GluR1-GFP showed
potentiation (P < 0.01 Wilcoxon test). Sample traces [recorded at periods indicated in (C)]
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contained 119 mM NacCl, 2.5 mM KCl, 2 mM CaCl,, 4
mM MgCl,, 26.2 mM NaHCO,, 1 mM NaH_PO,, 11
mM glucose, 100 wM picrotoxin, 20 M bicuculline,
100 pM APV, 1 pM 3-((R,S)-2-carboxypiperazin-4-
yl)-propyl-1-phosphonic acid (CPP), and 4 to 10 uM
2-chloroadenosine (to reduce polysynaptic excita-
tion) and was gassed with 5% CO, and 95% O, at
ambient temperature. Internal solution consisted of
115 mM cesium methanesulfonate, 20 mM CsCl, 10
mM Hepes, 2.5 mM MgCl,, 4 mM Na,-ATP (adeno-
sine triphosphate), 0.4 mM Na-GTP (guanosine
triphosphate), 10 mM sodium phosphocreatine, 0.6
mM EGTA, and 0.1 mM spermine (pH 7.2). For re-
cordings from cell pairs, two cells with cell bodies
within ~20 pm were selected, one cell showing and
the other not showing GFP fluorescence. The stimu-
lus electrode was placed in stratum radiatum, ~50
wm from stratum pyramidale. Recordings were first
generally made from an infected cell, and the stim-
ulus level was set to produce a synaptic response of
~30 pA. Upon termination of that recording, a
whole-cell recording was immediately obtained from
the nearby control cell with the same location and
intensity of stimulus. Ratio of amplitude of synaptic
response at —60 and +40 mV (average of 50 to 100
traces each) was used as a measure of rectification
throughout this study. Response at 0 mV was also
measured to ensure reversal potential of response
and quality of voltage clamping. As expected, recti-

fication is independent of the absolute amplitude of
the response [Web figure 1 (26)]. Thus, recordings
that were not carried out in a paired fashion were
also included in the calculation of the average recti-
fication. However, comparisons were restricted to
those among cells recorded on the same day. LTP was
induced as described in (3). Baseline recordings were
limited to about 2 min due to faster washout of LTP
in slice culture. Recording from HEK293 cells was
carried out as described (3).

. Six hours after infection with respective virus, BHK

cells (2 X 105 cells per 35-mm dish) were solubilized
in 50 mM Hepes-NaOH (pH 7.4), 1 mM EGTA, 0.5
mM dithiothreitol, 50 mM NaCl, 10% glycerol, 40
mM NaF, 0.1 mM phenylmethylsulfonyl fluoride
(PMSF), 2 pg/ml CLAP (cocktail of chymostatin, leu-
peptin, pepstatin A, and antipain), and 1% NP40. The
Ca?* and calmodulin-independent phosphorylation
was determined in a mixture of 2 pg of protein, 10
mM Hepes-NaOH (pH 7.4), 5 mM MgCl,, 10 mM
EGTA, 50 uM [y-32P]ATP (Amersham), 20 M auto-
camtide-2 (Calbiochem), 40 mM NaF, and 0.5 mM
dithiothreitol in a final volume of 20 p.l. The reaction
was carried out at 30°C for 4 min, and the mixture
was spotted onto P81 phosphocellulose paper. The
paper was immediately dropped into 1% phosphoric
acid to terminate the reaction. After washing with
the same solution three times, the paper was dried
and the radioactivity was measured.
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For collection and analysis of electrophysiological data
in which there was expression of GluR1 and its mutants,
in approximately half of the experiments, the experi-
menter was blind to the genotype of Sindbis virus
vectors. Resultant data were not significantly different
from nonblind experiments and thus were pooled. For
assessment of statistical significance to the difference in
means, we used Wilcoxon nonparametric test (for
change in amplitude between a pair of infected and
uninfected cells) and the nonpaired version, the Mann-
Whitney nonparametric test (for rectification). The
two-tailed P values are indicated in each graph. Stu-
dent’s t test on raw data or on log-normalized data gave
similar results. Error bars indicate SEM.
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. This increase in AMPA-R-mediated response is not

due to change in electrotonic properties caused by
morphological change in dendrite, because the
NMDA receptor-mediated component was not
changed by expression of tCaMKIl. In uninfected cells,
NMDA current amplitude was 10.0 * 1.6 pA, where-
as in tCaMKII-GFP infected cells, it was 7.5 * 1.2 pA.
The difference was not statistically significant (Mann-
Whitney test: P = 0.28; t test: P = 0.21, n = 25 each).
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Respohse of Schwann Cells to
Action Potentials in

Development
Beth Stevens and R. Douglas Fields*

Sensory axons become functional late in development when Schwann cells (SC)
stop proliferating and differentiate into distinct phenotypes. We report that
impulse activity in premyelinated axons can inhibit proliferation and differen-
tiation of SCs. This neuron-glial signaling is mediated by adenosine triphosphate
acting through P2 receptors on SCs and intracellular signaling pathways in-
volving Ca?*, Ca?*/calmodulin kinase, mitogen-activated protein kinase, cyclic
adenosine 3',5'-monophosphate response element binding protein, and ex-
pression of c-fos and Krox-24. Adenosine triphosphate arrests maturation of SCs
in an immature morphological stage and prevents expression of O4, myelin
basic protein, and the formation of myelin. Through this mechanism, functional
activity in the developing nervous system could delay terminal differentiation
of SCs until exposure to appropriate axon-derived signals.

Neural impulse activity has a critical influ-
ence on development of the nervous system
at late stages of prenatal development and
early postnatal life. By regulating neuronal
survival, outgrowth, synaptic organization,
and gene expression, impulse activity in de-
veloping neural circuits helps tailor nervous
system structure in accordance with function-
al requirements (/). Much less is known re-
garding possible activity-dependent regula-
tion of nonneuronal cells (glia) during devel-
opment. These cells provide essential struc-
tural and functional support for developing
and adult neurons and undergo marked
changes in proliferation, lineage progression,
and differentiation during late stages of de-
velopment when neural impulse activity
could provide an instructive influence. The
objective of the present study was to deter-
mine whether SCs can detect impulses from
premyelinated axons and, if so, to identify the
signaling pathways responsible and their
functional consequences.

Time-lapse confocal microscopy was used
to monitor changes in intracellular Ca®>* in
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and Human Development, Building 49, Room 5A38,
49 Convent Drive, Bethesda, MD 20892, USA.
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SCs in response to electrical stimulation of
dorsal root ganglion (DRG) neurons (2). Cal-
cium imaging has been used to detect activ-
ity-dependent axon-SC communication in the
adult nervous system at the nodes of Ranvier
(3) and synaptic terminals (4) in association
with K* buffering and neurotransmitter se-
cretion. However, it is not known whether
SCs can detect impulse activity in extrasyn-
aptic regions and in premyelinated axons be-
fore formation of nodes of Ranvier. This was
investigated by culturing SCs (5) on DRG (6)
axons in a preparation equipped with stimu-
lating electrodes (7). Calcium levels in-
creased immediately in neurons in response
to action potential firing and activation of
voltage-sensitive Ca?* channels. Fifteen to
150 s after stimulation at 10 Hz (Fig. 1, A and
B), intracellular Ca®* increased to high levels
in multiple SCs associated with the axons.
The Ca?* response in SCs varied proportion-
ately with stimuli between 1 and 10 Hz and
could be elicited repeatedly by electrical
stimulation delivered several minutes after
Ca?™ recovery to basal levels (Fig. 1B) (8).
The delay between the neuronal and the
SC response suggests involvement of a solu-
ble signaling molecule released from nonsyn-
aptic regions because synapses do not form in
pure DRG cultures (9). The evidence sug-
gests that the Ca?* response of SCs is medi-
ated by adenosine triphosphate (ATP) re-
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