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Maturation of Excitatory 


Synapses 
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PSD-95 is a neuronal PDZ protein that associates wi th  receptors and cytoskel- 
eta1 elements at synapses, but whose function is uncertain. We found that 
overexpression of PSD-95 in  hippocampal neurons can drive maturation of 
glutamatergic synapses. PSD-95 expression enhanced postsynaptic clustering 
and activity of glutamate receptors. Postsynaptic expression o f  PSD-95 also 
enhanced maturation of the presynaptic terminal. These effects required syn- 
aptic clustering of PSD-95 but did not  rely on its guanylate kinase domain. 
PSD-95expression also increased the number and size of dendritic spines. These 
results demonstrate that PSD-95 can orchestrate synaptic development and are 
suggestive of roles for PSD-95 in  synapse stabilization and plasticity. 

[which is true, in particular, for the logistic map (a)], 
then condition 3 guarantees that the corresponding 
coherent attractor of the metapopulation is the 
unique attracting solution of Eqs. 5. Both the local 
and global coherence criteria can be established rig- 
orously and do not depend on M being diagonaliz- 
able; elsewhere (42), we show this in detail and 
rigorously characterize the dispersal patterns of sys- 
tems that admit locally stable coherent oscillations 
(in practice, this includes all ecologically relevant 
models). 
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31. The logistic metapopulation model that we used for 
the figures is merely the simplest idealized case. 
However, the results for the logistic reproduction 
function are representative for many systems (the 
sequence of bifurcations is generic in a broad class of 
dynamical systems). In addition, simulations show 
that our results are not substantially affected by 
demographic or environmental stochasticity (local 
noise). 

32. Our analytical results, Eqs. 1 to 3, can be generalized 
in a number of important ways (42). They apply, 
essentially as stated, to metapopulations involving 
multiple species, age structure, external (explicitly 
time-dependent) forcing, and other realistic features. 
The key technical point behind these extensions is 
that our derivations of the coherence conditions do 
not depend on the single-patch map (F) being one- 
dimensional. If F is multidimensional, then in the 
local criteria 1 and 2, the Lyapunov exponent p. is 
simply replaced by the maximal Lyapunov exponent 
of the multidimensional single-patch map; in the 
global criterion 3, the maximum reproductive rate [r 
= sup, IF'(x)~] is replaced by the maximum of the 
matrix norm of the jacobian derivative of F. Similar 
conditions can also been obtained for systems involv- 
ing continuous space and/or continuous time. 

33. It is an immediate consequence of condition 1 that 
locally stable, nonchaotic solutions of the single- 
patch map are always locally stable as coherent 
solutions (16) of the metapopulation. The reason is 

Despite the central role for synapses in neu- 
ronal function, mechanisms underlying syn- 
apse formation remain incompletely under- 
stood. Recently, proteins containing PDZ 
motifs have been proposed as molecular scaf- 
folds for receptors and cytoskeletal elements 
at synapses (1-4). The prototypical PDZ pro- 
tein, postsynaptic density-95 (PSD-95ISAP- 
90), is a membrane-associated guanylate ki- 
nase (MAGUK) concentrated at glutamater- 
gic synapses (5, 6) .  PSD-95 may participate 
in synapse development because it clusters at 
synapses before other postsynaptic proteins 
( 7 ) , and because discs large, a PSD-95 ho- 
molog in Drosophila, is necessary for proper 
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development of larval neuromuscular junc- 
tions (8).Despite numerous studies it remains 
uncertain whether PSD-95 participates in 
synapse development in mammals. Targeted 
disruption of PSD-95 in mice does not alter 
synaptic structure (9) ,possibly because three 
other MAGUKs and dozens of other PDZ 
proteins occur at brain synapses. This molec- 
ular redundancy has obscured understanding 
of functions for PSD-95 and other PDZ pro- 
teins in the brain. 

We overexpressed PSD-95 to help de- 
fine its roles (10). Green fluorescent pro- 
tein (GFP)-tagged versions of PSD-95 tar- 
get faithfully to postsynaptic sites in hip- 
pocampal neurons, despite being overex-
pressed 5 to 10 times above endogenous 
levels (11, 12). To evaluate the effects of 
PSD-95 on synaptic development, we ana- 
lyzed cultures at early developmental stag- 
es, day in vitro (DIV) 10 to 12, and noted 
an increase of glutamate receptor subunit-1 
(GluR1) immunofluorescence at postsynap- 
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tic sites of neurons transfected for PSD-95 
(Fig. 1A). This increase was detected both 
in permeabilized cells with an antibody to a 
cytosolic GluRl epitope (Fig. 1A) and in 
live cells with an antibody to an extracellular 
site (13). When compared with neighboring 
untransfected cells, neurons overexpressing 
PSD-95 exhibited synaptic GluRl labeling 
-250% of control. By contrast, PSD-95 over- 
expression did not alter synaptic clustering of 
N-methyl-D-aspartate (NMDA) receptor-1 
(NRI) (Fig. 1B). These results are surprising 
because PSD-95 directly binds to NMDA re- 
ceptors (NMDARs) but not to GluRs (1, 3). 
This suggests that PSD-95 may have an unex- 
pected role in synaptic assembly. 

We wondered whether these postsynaptic 
effects of PSD-95 overexpression occur in 
both excitatory pyramidal neurons and inhib- 
itory interneurons. Glutamic acid decarbox- 
ylase (GAD)-negative pyramidal neurons 
had a punctate distribution for PSD-95 and 
GluRl at spiny protrusions of the dendritic 
membrane, whereas the GAD-positive inter- 
neurons showed more linear clustering along 
the dendritic shaft (Fig. 1, C and D). Quan- 
titating the intensity of synaptic staining 
showed that PSD-95 transfection selectively 
enhanced GluRl clustering in both pyramidal 
cells and interneurons (Fig. 1, D and E) and 
the synaptic GluRl fluorescence intensity 
correlated with the PSD-95 expression (13). 
Overexpression of other postsynaptic pro- 
teins, including Ca2+/calmodulin-dependent 
protein kinase I1 (CaMKII) and nNOS, did 
not affect GluRl clustering (13). 

To determine whether this PSD-95-medi- 
ated enhancement of GluRl clustering aug- 
ments postsynaptic function, we measured 
miniature excitatory postsynaptic currents 
(mEPSCs) (14). Each recorded cell was iden- 
tified as excitatory or inhibitory by injecting 
with Lucifer yellow and double labeling for 
GAD-65 (Fig. 2A). GAD-positive interneurons 
in our cultures had larger and more numerous 
mEPSCs than GAD-negative pyramidal neu- 
rons (Fig. 2, B, and C,), consistent with differ- 
ences in GluRl clustering detected anatornical- 
ly (Fig. 1C). For both pyramidal cells and in- 
terneurons, transfection with PSD-95 augment- 
ed the amplitude of mEPSCs, indicating that the 
additional GluRs recruited by PSD-95 are k c -  
tional (Fig. 2, B and C). The frequency of 
mEPSCs was also enhanced by PSD-95 trans- 
fection (Fig. 2, B to E). 

Changes in mEPSC frequency generally 
reflect presynaptic effects (IS); we therefore 
assessed whether postsynaptic expression of 
PSD-95 might alter the presynaptic terminal. 
Staining for synaptophysin and synaptic ves- 
icle protein 2 (SV-2) was enhanced in axon 
terminals contacting postsynaptic sites of 
PSD-95-transfected pyramidal cells (synap- 
tophysin density = 257 + 35% of control; 
SV-2 = 245 + 24% of control) [Fig. 3, A and 

D (13)], as well as interneurons (synaptophy- 
sin density = 203 + 6% of control). We also 
labeled transfected cultures with FM4-64, 
which marks sites of synaptic vesicle endo- 
cytosis (16). Labeling by FM4-64 was mark- 
edly enhanced at presynaptic sites that op- 
pose postsynaptic sites labeled by PSD-95- 
GFP (FM4-64 intensity = 184 + 17% of 
control) (Fig. 3B), suggesting a larger presyn- 
aptic vesicle pool size and supporting our 
physiological data of increased presynaptic 
release (Fig. 2). 

Does the enhancement of synaptic func- 

tion by PSD-95 require its targeting to syn- 
aptic sites? We transfected neurons with a 
PSD-95 mutant (PSD-95:C3,5S) lacking 
NH2-terminal palmitoylation, which is re- 
quired for synaptic clustering (11). PSD-95: 
C3,5S occurred diffisely in hippocampal 
neurons (Fig. 3C). It did not enhance GluRl 
clustering but instead partially disrupted 
GluRl clustering in pyramidal cells (Fig. 3, C 
and D). Neurons transfected with this mutant 
also failed to display augmented mEPSC am- 
plitude and frequency {untransfected: ampli- 
tude = 9.14 + 0.37 PA, frequency = 1.57 ? 

SD-95 GFP (j! 

Fig. 1. Expression of PSD-95 enhances synaptic clustering of AMPA but not NMDA receptors. (A) 
Hippocampal neurons were transfected with PSD-95-CFP, fixed at DIV 12, and stained for CluR1 
or NR1. Higher magnification micrographs of the boxed regions are shown in the panels to the 
right. Clusters of CluR1 are more intense in spines from the neuron transfected with PSD-95 
(arrowheads) than in spines from the neighboring untransfected neuron (arrows). (B) NR1 staining 
is equally intense in spines from transfected (arrowheads) and untransfected (arrows) neurons. (C) 
CluR1 shows spiny clusters (arrowheads) in CAD-negative pyramidal cells and forms shaft clusters 
(arrows) in CAD-positive interneurons. (D and E) CluR1 clustering is selectively enhanced both in 
pyramidal cells and in interneurons overexpressing PSD-95-CFP, whereas NR1 is not. ***P < 
0.001. Scale bars, 10 km. 
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Fig. 2. PSD-95 overex- A 
pression increases the 
amplitude and frequen- 
cy of AMPA receptor- 
mediated miniature 
synaptic currents. (A) 
To determine neuro- 
transmitter pheno- 
types for all PSD-95- 
CFP-transfected and 
-untransfected cells, 
Lucifer yellow was in- 
jected during record- 
ing, and cultures were 
later stained for CAD- 
65, which identifies 
this cell as an inhibito- 
ry interneuron. Both 
PSD-95-overexpress- 
ing pyramidal cells (B) 
(n = 16, 13) and inter- 
neurons (C) (n = 19, 
10) show increased 
mEPSC amplitudes and 
frequencies (**P < 
0.01, ***P < 0.001). 

PSD-95 GFP ' 

L 

Lucifer Yelloi- 

B1 Pyramidal Cells 
14 Amplitude 14 1 Frequency 

c1 lntemeuronr c2 
2 4 ,  Amplitude 1 Frequency 

PSD-95-transfecteb urn- PSOOSGFP u- PSOOSOFP u r n -  pBD.OSGFP 
cells have increased 
mEPSC amplitude Pyramidal Cells E Interneurons 
when compared with UntraMfeded UntraMfeded 
neighboring untrans- d 
fected cells for both 
pyramidal cells (B,, PSD-85 GFP 

Am@ 
PSD-95 GFP 

n = 8 pairs) and inter- 
I@ 

neurons (C,, n = 9 
pairs). (D and E) Cur- 1 
rent traces from neigh- 
boring untransfected (top) and PSD-95-CFP-expressing (bottom) pyramidal cells (D) and interneurons (E). mEPSG in untransfected pyramidal cells are 
marked with an asterisk 

Fig. 3. Postsynaptic expression of PSD-95 en- A 
hances presynaptic development. (A) PSD-95- 
CFP-transfected hippocampal neurons were 
fixed at DIV 10 and stained for CIuR1 and syn- 
aptophysin. At synapses onto neurons trans- 
fected with PSD-95 (arrowheads), both CluR1 
and synaptophysin (Syn) staining are more in- 
tense than at synapses onto untransfected neu- 
rons (arrows). (B) Hippocampal neurons trans- k_"_._, -r 
fected with PSD-95-CFP and incubated with 15 
p M  FM4-64 in the presence of 90 mM KC1 for 
45 s show enhanced staining of FM4-64 at sites 

C1' 

opposing PSD-95-CFP clusters (arrowheads) 
than at untransfected synapses (arrows). (C) Ex- 
pression of the palmitoylation-deficient mutant 
form of PSD-95 (PSD-95:C3,5S) reduces cluster- 
ing of CIuR1. (D) Quantitative analysis of syn- 
aptic changes resulting from PSD-95, PSD-95: 

I 
C3,5S (C3,5S), and PSD-95ACK transfections 
(***P < 0.001). Scale bars, 10 pm. 

n c. 

I. - 

II) - - - 
d - - - 

~ E C I  CIL r c n  r~ . .a*  C.,W. 
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Untfandded PSD-@S QFP 

Fig. 4. PSD-95 overexpression enhances spine maturation. Hippocampal neurons (DIV 21) express- 
ing PSD-95-CFP were filled with Lucifer yellow, fixed, and analyzed for number and size of spines. 
Nearby untransfected cells were chosen randomly and filled as controls. (A) Two filled pyramidal 
cells from the same coverslip demonstrate the increased spine size and density in the transfected 
cells. Scale bars, 10 pm (upper). 2 Fm (lower). (B) The density of spines was augmented in cells 
expressing PSD-95-CFP (n = 17 each). (C) Neurons expressing PSD-95-CFP showed an increased 
density of spines > I  pm in diameter. * * P  < 0.01, ***P < 0.001. 

1 .OO Hz; PSD-95:C3,5S: amplitude = 8.60 + 
0.60 pA [not significant (NS), P = 0.41, 
frequency = 0.79 2 0.24 Hz [NS, P = 
0.4411. The palmitoylation-deficient mutant 
of PSD-95 thus failed to enhance GluR1 clus- 
tering or presynaptic maturation and may 
function as a partially dominant-interfering 
mutant. 

pre- and postsynaptic markers at early devel- 
opmental stages, we wondered if there might 
be associated morphological changes at later 
stages. We therefore allowed neurons to de- 
velop in culture for 3 weeks, filled them with 
Lucifer yellow, and compared the morpholo- 
gy of transfected cells with that of their 
neighbors. Dendritic spines detected in PSD- 

Overexpression of PSD-95 also augment- 95-transfected neurons were both more nu- 
ed postsynaptic clustering of a PSD-95-asso- merous and larger than those in untransfected 
ciated protein, guanylate kinase associated neurons (Fig. 4). The modest increase in 
protein (GKAP) (1 7), but clustering of a spine count may have resulted from a prolif- 
noninteracting protein, CaMKII, was not af- eration of spines or from the inclusion of 
fected (13). We wondered whether the in- enlarged spines that would otherwise have 
crease in synaptic GKAP might mediate en- 
hanced GluR clustering by PSD-95, because 
GKAP binds to an actin-associated postsyn- 
aptic complex containing Shank (18). How- 
ever, neurons transfected with PSD-95 lack- 
ing the GK domain still showed enhanced 
postsynaptic clustering of GluRl and presyn- 
aptic aggregation of synaptophysin in the ab- 
sence of augmented GKAP clustering (13) 
(Fig. 3D). The GKAP-Shank complex does 
not, therefore, appear to be necessary for 
enhanced synaptic development by PSD-95. 

Given that PSD-95 enhances a number of 

been undetectable. Most notable was the in- 
creased density of large spines >1 p,m in 
diameter (Fig. 4C). 

PSD-95 can drive maturation of synapses, 
not only of postsynaptic components but also 
of presynaptic terminals. The selective en- 
hancement of GluRl versus NRl clustering 
correlates with previous anatomical studies 
showing that the number of NMDARs re- 
mains relatively constant, whereas the num- 
ber of synaptic GluRs increases during devel- 
opment (19, 20) and the magnitude of GluR 
quanta1 response increases as synapses ma- 

ture (21). It is not clear whether the increase 
in size of synaptic spines and the increase in 
GluRl clustering induced by PSD-95 are par- 
allel processes or if one triggers the other 
(22). Also unclear is the mechanism underly- 
ing the enhanced GluRl clustering, which 
presumably involves an intermediary pro- 
tein(~), because PSD-95 does not bind GluRl 
(23). 

The enhanced size of axon terminals con- 
tacting neurons transfected with PSD-95 and 
the increased frequency of mEPSCs can be 
explained by the hypothesis that PSD-95 con- 
veys a retrograde signal for presynaptic devel- 
opment. The increased frequency of mEPSCs 
presumably reflects the increased probability of 
release associated with an increased vesicle 
pool size (24). This result may explain why the 
PSD-95 knockout mouse has augmented paired 
pulse facilitation (P), which would be consistent 
with a decreased probability of release in the 
mutant. The transsynaptic influence of PSD-95 
is reminiscent of rapsyn, a nicotinic acetylcho- 
line receptor clustering protein essential for dif- 
ferentiation of motor neuron terminals (25). 
PSD-95 may communicate with the axon 
through neuroligin, a PSD-95-associated cell 
adhesion molecule that links to the nerve ter- 
minal by means of neurexins (26, 27). Very 
recent studies show that neuroligin expression 
in heterologous cells can trigger presynaptic 
development (28). 

In addition to sculpting developing syn- 
apses, PSD-95 may contribute to synapse 
stabilization and remodeling in adult brain 
(29). Targeted disruption of PSD-95 alters 
activity-dependent synaptic plasticity and 
learning (9). Because PSD-95 clustering is 
controlled by its PDZ domains, palmitoyl- 
ation, and intramolecular SH3lGK domain 
interaction (11, 30, 31), it will be of interest 
to determine whether these sites are regulated 
by neural activity to modulate synaptic struc- 
ture and plasticity. 
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Histoplasma capsulatum is an effective intracellular parasite of macrophages 
and causes the most prevalent fungal respiratory disease in the United States. 
A "dimorphic" fungus, H. capsulatum exists as a saprophytic mold in soil and 
converts to the parasitic yeast form after inhalation. Only the yeasts secrete 
a calcium-binding protein (CBP) and can grow in calcium-limiting conditions. To 
probe the relation between calcium limitation and intracellular parasitism, we 
designed a strategy to disrupt CBP7 in H. capsulatum using a telomeric linear 
plasmid and a two-step genetic selection. The resulting cbp7 yeasts no longer 
grew when deprived of calcium, and they were also unable to destroy mac- 
rophages in vitro or proliferate in a mouse model of pulmonary infection. 

Histoplasma capsulatum is a pathogenic fun- 
gus that is a major cause of respiratory and 
systemic mycosis, especially in imrnunocom- 
promised individuals (I).Histoplasmosis oc- 
curs worldwide but is endemic in the Missis- 
sippi and Ohio River valleys in the United 
States, where the organism thrives in soil in 
its mycelial (mold) form. As with most other 
dimorphic fungal pathogens, conversion to a 
unicellular haploid yeast form occurs after 
inhalation and exposure to the warmer tem- 
perature of the respiratory tract (2). There, H. 
capsulatum is readily engulfed by macro-
phages, in which the yeasts survive and pro- 
liferate within the normally hostile environ- 
ment of phagolysosomes (3). The character- 
istics of this particular intracellular compart- 
ment are poorly understood, although we 
have previously demonstrated that Histoplas-
ma-laden phagolysosomes fail to acidify (4). 
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Studies with Salmonella typhimurium, which 
also survives within phagolysosomes of mac- 
rophages, have suggested that this compart- 
ment is low in Ca2+ concentration (5). 

The latter observation may have particular 
relevance for H. capsulatum, as we have 
observed a major difference in calcium de- 
pendence between the saprophytic (mycelial) 
form and the parasitic (yeast) form. His-
toplasma capsulatum yeasts are capable of 
growing in a calcium-deprived environment 
and secrete a 7.8-kD calcium-binding protein 
(CBP); in contrast, mycelial cultures do not 
secrete CBP and require calcium for growth 
(6) .  The CBP structural gene, CBPI, has 
been cloned and sequenced, and a potential 
calcium binding site is predicted from the 
secondary structure of CBP (7). Purified CBP 
has also been shown to increase the associa- 
tion of 45CaC1, with H. capsulatum yeasts 
after they have been transferred to low-calci- 
um medium (7). To verifi the functional role 
of CBP in calcium acquisition andlor vim- 
lence, we devised a generally applicable 
gene-disruption strategy for Histoplasma: 
Linear telomeric plasmids and a two-step ge- 
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