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FIG. 4. Colocalization of the intracellular growth mutant with late endosomal/lysosomal marker LAMP-1 or LAMP-2 in J774 mouse macro-
phage cells by confocal laser-scanning microscopy. J774 macrophages were incubated with the L. dumoffii mutant or wild-type strain for 4 h.
(A) Late endosomes and lysosomes stained with rat monoclonal antibody 1D4B, specific for LAMP-1, and Cy3-labeled anti-rat secondary antibody
(red) are shown on the left. Bacteria stained with rabbit polyclonal antibody specific for L. dumoffii Tex-KL and Alexa488-labeled anti-rabbit
secondary antibody (green) are shown in the middle. Merged images showing LAMP-1-positive bacteria (yellow) and LAMP-1-negative bacteria
(green) are shown on the right. (B) Data were collected from about 100 intracellular bacteria in total. The percentage that is LAMP-1 or LAMP-2
positive was calculated by dividing the number of colocalizing intracellular bacteria by the total number of intracellular bacteria scored. The
average and standard deviation described here were calculated from three coverslips per strain in two independent experiments.

undertaken to understand the intracellular life cycle of L.
pneumophila, very few species other than L. pnewmophila have
been examined phenotypically. The aim of this study was to
uncover how L. dumnoffii survives and replicates in mammalian
cells and to identify the genes of L. dumoffii needed for intra-
cellular growth. We isolated 4 mutants that were defective in
intracellular growth in macrophages and alveolar epithelial
cells among 790 independently derived Tn903dIllacZ mutants
of L. dumoffii. The defect in intracellular growth of these four
mutants cannot be attributed to a defect in adherence or entry,
because almost equal numbers of mutants and wild-type cells
were present within mammalian cells at 0 h postinfection. Two
of the four mutants had a transposon insertion in either the
dotC or icmB homologues (5, 51, 60). The dot/icm genes are

required for intracellular multiplication of L. preumophila (5,
51, 60). Our results suggest that the dotC and icmB genes of L.
dumoffii and L. pneumophila appear to perform similar func-
tions. We propose that the dotficm genes are involved in the
pathogenesis of most Legionella species, since these genes are
important in the intracellular growth of these distinct Legio-
nella species.

One of the mutants defective in intracellular growth was
shown to have a transposon insertion in the gene which had
sequence similarity to the djld gene (16). Cloning and se-
quence analysis of this gene revealed that the primary structure
of L. dumoffii DjlA showed homology to other bacterial DjlA
proteins (10, 16, 73). DjlA is the third DnaK cochaperone of E.
coli, containing a J domain highly conserved in the Dnal/
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FIG. 5. Distribution of a lysosomal marker, BSA-gold, in phagosomes containing the wild-type strain or the djl4 mutant strain. To label the
Iysosomal compartment, J774 cells were incubated with 15-nm BSA-gold overnight, washed, and then chased for 3 h. Cells were then infected with
wild-type strain (A) or djl4 mutant strain (B). At 4 h postinfection, the cells were fixed and processed for electron microscopy. Arrows in panel
A indicate phagosomes containing no detectable gold; arrowheads in panel B indicate phagolysosomes containing BSA-gold; asterisks indicate,

lysosomes containing BSA-gold. Bar, 0.5 pm.

Hsp40 family of molecular chaperones, including Dnal and
CbpA (16, 27, 65). CbpA is 39% identical to DnaJ along its
entire length (64), while DjlA does not have any sequence
similarity other than the J domain to DnaJ and CbpA in E. coli
(26, 37). DjlA is unique in its structure and location in the
Dnal family. The J domain resides in the C terminus of DjlA
but in the N terminus of other DnaJ family proteins. The N
terrninus of DjlA is integrated into the inner membrane
through the single TMD, and the C-terminal J domain is lo-
cated in the cytoplasm (16), while the whole of DnaJ and CbpA
is localized in the cytoplasm. Moderate overproduction of djl4
can trigger the synthesis of the colanic acid capsule in E. coli,
mediated by the two-component regulatory system RcsC-
RcsB, cooperating with DnaK and GrpE, but not Dnal (15, 27,

37, 73). Unlike CbpA, DjlA could not adequately complement
bacteriophage \ growth in a DnaJ-null background or restore
bacterial growth above 40°C or below 16°C in the dnalJ cbpA
null background in E. coli (15, 26, 37). The DjlA deletion
mutant exhibits no apparent growth phenotype in E. coli (15,
16, 26). Thus, the true role of DjlA has been unclear.

We demonstrated that the djl4 mutant of L. dumoffii exhib-
ited a defective growth phenotype in mammalian cells and
protozoan hosts. Phagosomes containing wild-type L. durmofii
excluded the late endosomal/lysosomal markers LAMP-1 and
LAMP-2 and a lysosomal marker, BSA-gold, and were sur-
rounded by RER in J774 macrophages, while djl4 mutant-
bearing phagosomes contained LAMP-1, LAMP-2, and BSA-
gold and were not surrounded by RER (Fig. 4 to 6). It has been

FIG. 6. Transmission electron micrographs of J774 mouse macrophages infected by the wild-type L. dumoffii (A) and the djl4 mutant
HOLD254 (B) at 8 h after infection. (A) Wild-type L. dumoffii-containing phagosomes were surrounded by RER (arrows). (B) HOLD254-
containing phagosomes appeared to harbor much debris resulting from fusing lysosomes. Bar, 1.0 pm.
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FIG. 7. Sensitivities of in vitro-grown stationary-phase wild-type L. dumofii (open bars), the djl4 mutant strain (hatched bars), and the djl4
complemented strain (solid bars) to oxidative stress, osmotic stress, acid stress, and heat shock (10 mM hydrogen peroxide for 30 min, 5 M sodium
chloride for 30 min, pH 3 for 5 min, and 48°C for 60 min, respectively). Stationary-phase cultures were exposed to each stress as described in
Materials and Methods. The percentage of viable bacteria was calculated by dividing the CFU obtained from plating the bacteria onto BCYE agar
plates following exposure to the indicated stress by the CFU of the bacteria obtained from plating the bacteria onto BCYE agar plates prior to
exposure to the stress and multiplying by 100. Experiments were performed at least three times, and the results represent the mean and standard
deviation. Results were analyzed for significance by analysis of variance and by a two-tailed, unpaired ¢ test. Asterisks indicate significant differences
between the djl4 mutant and two other strains. (*, P < 0.01; **, P < 0.001).

reported that L. pneumophila is targeted into RER-surround-
ing phagosomes that do not fuse with lysosomes in mammalian
cells (25, 33), while L. micdadei is targeted into RER-free
phagosomes that are thought to fuse to lysosomes in mamma-
lian cells (3, 36). Doyle et al. (20) reported that virulent L.
longbeachae-containing phagosomes were surrounded by RER
but avirulent L. longbeachae-containing phagosomes did not
have RER. Our observations suggest that L. dumoffii might
replicate in phagosomes which have not fused with lysosomes
and are able to recruit host cell organelles, similar to that
reported for L. pneumophila. The djl4 mutant seemed to be
intact (Fig. 5B), and no loss of CFU was observed during the
infection (Fig. 1A and 2A). It is possible that the mutant
bacteria are in either a late endosomal or a nondegradative
lysosomal compartment, as described by Joshi et al. (35). The

frequency of recruitment of L. dumoffii RER at 8 h is lower
than that reported for L. pneumophila (32). We suspect that
association with ER and avoidance of lysosomes by L. dumoffii
is temporary, as shown for L. pneumophila (63).

Although the precise function of DjlA is unclear, it does not
seem to play a direct role in intracellular trafficking. DjlA
might contribute to folding or transportation of the proteins,
such as Dot/Icm proteins, which play an important role in
intracellular survival and growth. Most of the Dot/Icm proteins
are located in the bacterial membranes, where they may asso-
ciate to form a large transport complex, the type IV secretion
apparatus (17, 43, 51, 60, 61). DjlA might cooperate with
Dot/Icm proteins through their interaction in the membranes,
since the N-terminal portion of DjlA is located in the cytoplas-
tic membrane (16, 37). It has been reported that the two-
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component regulatory system, PhoP-PhoQ, of Salmonella en-
terica serovar Typhimurium plays an essential role in survival
within macrophages (28). It is possible that DjlA promotes L.
dumoffii to adapt to intracellular environments and to coordi-
nate with the two-component signal transduction systems. In
vitro, DjlA-deficient mutants showed an increased susceptibil-
ity to several stresses, including oxidative stress, that might be
encountered by bacteria in mammalian celis. DjIA might pro-
tect the genes or proteins, including Dot/Icm and catalase-
peroxidase (7), that are important for intracellular growth,
from harmful stress in a direct or indirect manner. Several lines
of evidence for the important role of stress proteins in intra-
cellular growth and virulence have been reported for intracel-
lular pathogens; these include DnaK of Brucella suis (38), ClpC
and ClpP of Listeria monocytogenes (24, 54), Lon of B. abortus
(53), and GsrA of Yersinia enterocolitica (69). In L. pneumo-
phila, at least 30 proteins are included during the intracellular
infection of macrophages and at least 13 of these proteins,
including GroEL (Hsp60), GroES, and GspA, are also induced
by several stress conditions in vitro (1, 2, 21). Recently, Ped-
ersen et al. (50) demonstrated direct evidence for the role of
the stress protein of L. pneumophila, HtrA, during intracellular
growth in mammalian cells but not in protozoan cells. Our data
indicated that DjlA plays an important role during intracellular
growth in both mammalian and protozoan cells. Besides Dot/
Icm proteins, stress proteins or molecular chaperones might
play an important role in the intracellular growth of the Le-
gionella species.

In conclusion, we showed the essential role of L. dumofii
Dot/Icm homologues and DjlA during the intracellular infec-
tion of mammalian cells and protozoa. The precise mechanism
of DjlA involvement in intracellular multiplication, including
interaction with DnaK, remains to be elucidated. Further in-
vestigation of specific substrates with which DjlA interacts will
lead to a better understanding of the intracellular survival
mechanism in the Legionella species.
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Abstract: We developed a novel method of evaluating bio-
film architecture on a synthetic material using green fluo-
rescent protein-expressing Escherichia coli and red fluores-
cence staining of exopolysaccharides. Confocal laser
scanning microscopy observation revealed the time course
of the change in the in situ three-dimensional structural
features of biofilm on a polyurethane film without structural
destruction: initially adhered cells are grown to form cellular
aggregates and secrete exopolysaccharides. These cells were
spottily distributed on the surface at an early incubation
time but fused to form a vertically grown biofilm with
incubation time. Fluorescence intensity, which is a measure
of the number of cells, determined using a fluorometer and
biofilm thickness determined from confocal laser scanning

microscopy vertical images were found to be effective for
quantification of time-dependent growth of biofilms. The
curli (surface-located fibers specifically binding to fibronec-

- tin and laminin)-producing Escherichia coli strain, YMel, sig-

nificantly proliferated on fibronectin-coated polyurethane,
whereas the curli-deficient isogenic mutant, YMel-1, did not.
The understanding of biofilm architecture in molecular and
morphological events and new fluorescence microscopic
techniques may help in the logical surface design of bioma-
terials with a high antibacterial potential. © 2004 Wiley
Periodicals, Inc. ] Biomed Mater Res 70A: 274-282, 2004

Key words: biofilm; green fluorescent protein; confocal laser
scanning microscopy; Escherichia coli; curli

INTRODUCTION

The biomass of bacteria and extracellular materials
including exopolysaccharides (EPS) that accumulate
on synthetic substrates is called a biofilm." Once a
biofilm is formed on artificial implants in the body,
serious, often life-threatening events or situations such
as “septic shock,” defined as a systemic response to
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infection, occur, which cannot be managed by antimi-
crobial drug administration due to a high level of
resistance to drug diffusion into the well-stabilized
biofilm bioarchitecture.® Implanted artificial prosthe-
ses, which are often associated with biomaterial-based
biofilms, include cardiovascular implants, orthopedic
replacements, intraocular implants, and intravascular
catheters. Biliary stents and urinary catheters are often
occluded by biofilms of Escherichia coli, resulting in
complications in patients.* For cardiovascular im-
plants, a second surgery to replace a bacterial-infected
implant with a new one is often necessary.

The microbial colonization, and the nature and ar-
chitecture of biofilms on synthetic polymers have been
studied over a few decades. Previous studies have
revealed various aspects of biofilms qualitatively as
well as quantitatively, particularly focusing on ad-
hered and proliferated cells by microscopy, plate
counting, or dye-staining technique.>® Electron mi-
croscopy has been used to observe the three-dimen-
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sional (3D) structural features of biofilms.” However,
this method often destroys biofilms because of com-
plicated fixation procedures such as dehydration and
fails to show an “as-is” structure.' Therefore, the
formation of an as-is 3D structure of a biofilm of E. coli
on synthetic polymers has not yet been fully under-
stood.

Confocal laser scanning microscopy (CLSM) enables
the high-resolution fluorescence imaging and deep
optical sectioning of biological structures with negli-
gible background interface. Additionally, CLSM en-
ables a biofilm to be observed under hydrated condi-
tions, thus maintaining an as-is structure without
structure destruction.* When combined with fluores-
cent probes, CLSM can be effectively used for the
visualization of biofilm components. In recent years,
green fluorescent protein (GFP) from jellyfish Aequoren
victoria has emerged as an in situ marker of living cells.
EPS, which are produced by E. coli and which serve as
structural anchors for bacterial cells in biofilms, can be
specifically stained with a fluorescent dye, rhodamine-
labeled lectin.'**® The co-use of GFP-expressing E. coli
and rhodamine-labeled lectin under CLSM enables us
to obtain in-depth information on the distribution
state of the bacterial and EPS components of 3D bio-
films.

The objective of this study was to perform an in situ
visualization of the 3D structure of E. coli-based bio-
film on polyurethane (PU) films. In situ monitoring
using the CLSM technique enabled us to analyze the
time-dependent construction of 3D-structured bio-
films on a synthetic polymer. Two E. coli strains, curli-
producing (YMel) and curli-deficient (YMel-1), were
used."*'® Curli are surface organelles of E. coli, which
are composed of thin fibers with a diameter of approx-
imately 2 nm that mediate binding to adhesive pro-
teins specific to fibronectin and laminin found in the
eucaryotic extracellular matrix.'® The significant role
of curli in biofilm formation on a fibronectin-pre-
coated substrate was clearly demonstrated.

MATERIALS AND METHODS

Bacterial strains and plasmid

The E. coli strains used in this study were the curli-pro-
ducing strain YMel and the curli-deficient isogenic mutant
strain YMel-1, both of which were transformed by electro-
poration with the gfpmut3* gene encoding plasmid DNA
(pJBA27) and expressing a stable green fluorescent protein
(Gfpmut3*) as previously reported.” E. coli from the frozen
bacterial solution was cultured in 3 mL of modified Luria-
Bertani medium containing 50 wg/mL ampicillin and 3 g/L
NaCl at 37°C for 18 h under aerobic conditions, and then
scaled up to a concentration of approximately 2 X 10° colony
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forming units per milliliter (CFU/mL), which was deter-
mined by the plate count method. Then they were diluted to
a concentration of 2 X 10° CFU/mL, which was used as an
initial concentration for experiments.

CLSM

The biofilms were examined by CLSM (Radiance 2000;
BioRad, Hercules, CA). Square PU sheets (obtained from
Olympus Optical Co., Ltd., Tokyo, Japan), which were cut to
fit a six-well cell culture cluster, were sterilized using ethyl-
ene oxide, placed in a six-well cell culture cluster using
sterilized forceps, and incubated with E. coli cell suspension
(2 X 10° CFU/mL) under static condition. After 3-, 6-, 12-,
and 24-h incubations, culture medium was removed and
phosphate-buffered saline (PBS) was gently added to pre-
vent drying of the biofilms. To visualize the EPS of the
biofilms, rhodamine-labeled concanavalin A (5 pg/mL; Vec-
tor Laboratories, Burlingame, CA), which specifically binds
to p-(+)-glucose and p-(+)-mannose groups on EPS, was
used. One hundred microliters of this fluorescent solution
was carefully applied on top of the biofilms grown on the
PU sheet. After a 30-min incubation in the dark at room
temperature, the excess staining solution was removed by
four rinses with PBS. Images were recorded at an excitation
wavelength of 488 nm and an emission wavelength of 515 =
30 nm for GFP and at an excitation wavelength of 514 nm
and an emission wavelength of 600 = 50 nm for rhodamine-
labeled concanavalin A.

Electron microscopy

For negative staining, E. coli cells, harvested from the
biofilm formed on the PU sheet after a 24-h incubation, were
mixed with distilled water, and the suspension was allowed
to sediment for 2 min on a grid. After washing with distilled
water, the specimen was negatively stained with 2% uranyl
formiate and air dried before transmission electron micros-
copy (H-7000E; Hitachi, Tokyo, Japan).

For scanning electron microscopy (SEM), the biofilm
grown on a glass slide (Matsunami Glass Industries Ltd.,
Osaka, Japan) after a 24-hr incubation was fixed in 2%
glutaraldehyde (Electron Microscopy Sciences, Hatfield, PA)
in 0.1M phosphate buffer for 1 h at room temperature. The
fixed samples were dehydrated for 20 min at each step in an
ascending acetone series, sputter-coated with platinum, and
evaluated by SEM (JSM-840A; JEOL, Tokyo, Japan).

Bacterial adhesion study

The adhesion of bacteria was studied under static condi-
tion. Round PU sample sheets sterilized by ethylene oxide
were placed in a 24-well cell culture cluster using sterilized
forceps and incubated with E. coli. After 3-, 6-, 12-, and 24-h
incubations, the round PU sheets were rinsed with PBS,
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Figure 1. CLSM photographs of biofilms on PU at 3, 6, 12, and 24 h of incubations. (A) top view; (B) oblique view. Bar: 100
wm. Green and red areas indicate E. coli (expressing GFP) and EPS (stained with rhodamine-labeled concanavalin A),
respectively. Irregular dark spots indicate water channels (white arrowheads).

placed in 15-mL Eppendorf tubes with 2 mL of PBS and
sonicated for 60 s. Complete detachment of bacterial cells
from the round sheets after 60-s sonication was confirmed
by.CLSM. Then, 100 wL of the solution containing detached
bacterial cells was placed in a 96-well cell culture cluster and
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fluorescence intensity was measured with Molecular Imager
FX (BioRad). Viable bacterial cells (CFU/cm?) were also
counted by the plate count method. Experiments were run
with five samples, and the mean and standard deviation
were recorded.
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Figure 2. (A) CLSM photographs of vertical section of biofilms on PU at 3, 6, 12, and 24 h of incubations. Bar: 100 um. (B)
Biofilm thickness was determined by measuring the present images at 3, 6, 12, and 24 h of incubations. Ten vertical lines were
randomly chosen for the analysis of each image. Values are expressed as means = SD.

Protein coating of materials

Round PU sheets were incubated with bovine fibronectin
(Itoham Foods Inc., Hyogo, Japan), bovine vitronectin (Yagai
Co., Yamagata, Japan), and bovine serum albumin (Itoham
Foods) at 1 mg/mL (0.1%) at 37°C for 24 h. Then, Luria-
Bertani medium containing E. coli (2 X 10° CFU/mL) was
poured over the protein-precoated round PU sheets and
adherence was examined.

Statistical analysis

Statistical analysis was performed with the StatView 5.0
program (Abacus, Berkeley, CA). Data are shown as

means = SD. Statistical analysis was performed by analysis
of variance. Differences at p < 0.05 were considered signif-
icant.

RESULTS

CLSM observation

To observe the 3D structure of the biofilm formed
on the PU film, GFP-expressing YMel was cultured on
the substrate under static condition for up to 24 h.
After gentle washing with PBS, EPS generated during
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biofilm formation was stained with rhodamine-la-
beled concanavalin A. The biofilm was observed using
CLSM with time. Figure 1 shows (A) top-view and (B)
oblique-view images of biofilms. At 3 h of incubation,
adhered YMel cells (green color) randomly distributed
without aggregate formation, and the EPS (red)
formed regionally exhibited a thin cloudlike structure.
At 6 h of incubation, the number of adhered YMel cells
increased to form heterogeneous mosaic colonies com-

posed of small aggregates that are scattered all over

the substrate, and high-intensity red EPS regions
tended to enlarge to cover the majority of the surface,
thus initiating the formation of 3D structural con-
structs. The coexisting regions composed of gréen cells
and red EPS were observed as a yellow region [Fig.
1(2B)]. At 12 h of incubation, the surface was com-
pletely covered with green (a major continuous matrix
phase), yellow, and some spotty red regions (a dis-
persed domain). A small number of irregular dark
spots were observed, which are supposed to be water
channels, as described in the Discussion section. At
24 h of incubation, almost the entire surface area was
yellowish-green, and the oblique-view CLSM image
suggests that a thick biofilm was formed.

Figure 2(A) shows the time-lapse images of the ver-
tical sections of biofilms. At the initial phase, spotty
aggregates and single cells, which scattered horizon-
tally but elongated vertically, were observed. At 6 h of
incubation, the number of aggregates increased hori-
zontally and formed a filmlike structure which en-
abled thickness measurement. At 12 h of incubation,
the biofilm appeared more tightly packed. At 24 h of
incubation, the vertical cross-sectional image revealed
that EPS (yellow area) are predominantly located in
the midlayer of the biofilm. To examine change in
thickness with time, 10 vertical lines were randomly
chosen for the measurement on each image for 6-, 12-,
and 24-h incubations. Figure 2(B) shows that the av-
erage thickness of biofilms gradually increased with
incubation time within the experimentally observed
period.

Electron microscopic observation

The biofilm grown on glass for 24 h was observed
using SEM. Figure 3 shows that E. coli and EPS, the
matrix of the biofilm, formed a complex 3D structure.
Irregularly shaped spaces resembling water channels
were observed among dense structures. To confirm
the expression of curli, which specifically bind to fi-
bronectin and laminin, on the surface of E. coli YMel in
the biofilm, negative staining was performed. Figure 4
shows a fine structure composed of thin fibers that
suggest curli expression in YMel, but such a structure
was not found in the curli-deficient mutant YMel-1.
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Figure 3. SEM photographs of biofilm on a glass slide at
24 h of incubation. Solid and broken lines indicate water
channel regions and the dense parts of the biofilm, respec-
tively.

Quantitative analysis

To quantify YMel cells that adhered to the PU film,
round PU sheets that were incubated with YMel cells
for up to 24 h postplating under static condition were
subjected to gentle washing with PBS to remove non-
adhering YMel cells, and then sonicated in PBS to
detach all the adhered YMel cells. The fluorescence
intensity of PBS containing detached YMel cells was
measured with a fluorometer. In principle, the fluo-
rescence intensity derived from GFP should correlate
with the number of detached viable YMel cells by the
plate count method. In fact, as shown in Figure 5, the
fluorescence intensity highly correlated with the num-
ber of viable cells (correlation factor: 0.9997). The effect
of the initial concentrations of YMel cells (2 X 10%, 2 X
10% and 2 X 10° CFU/mL) on proliferation was stud-
ied (Fig. 6). The fluorescence intensity of PBS contain-
ing detached YMel cells increased as the initial cell
concentration increased for up to 12 h of incubation.
The higher the initial cell concentration, the higher the
growth rate. However, after 12-h incubation, the flu-



BIOFILM FORMATION PROCESS

YMel (biofilm at 24 hr)

[y

b4
-
.
o ®
L
o
"
o .

279

YMel (planktonic state)

~ YMel-1 (biofilm at 24 hr)

Figure 4. Transmission electron microscopic photographs by negative staining. (A) YMel in biofilm at 24 h; (B) YMel in
planktonic state; (C) YMel in biofilm at 24 h with high magnification; and (D) YMel-1 in biofilm at 24 h. Arrows demonstrate

curli.

orescence intensity remained almost constant, irre-
spective of the initial cell concentration.

Precoated-protein-dependent bacterial adhesion

To evaluate the effect of precoated proteins on bac-
terial adhesion, YMel was examined on round PU
sheets precoated with the following proteins: fibronec-
tin, vitronectin, and albumin (note that fibronectin and
vitronectin are cell-adhesive, and albumin is non—-cell-
adhesive). As shown in Figure 7, for up to 12 h of
incubation, there was a small significant difference in
the number of adherent cells, irrespective of the type
of precoated protein. However, at 24 h of incubation,
the difference in the number of adherent cells was
noted. The highest cell proliferation was observed on
the fibronectin-coated surface, followed by the vitro-
nectin-coated one, the proliferation potential of which
was slightly higher than the noncoated surface; how-
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£ 32
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g E
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Viable Bacterial Count
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Figure 5. Correlation between fluorescence intensity and
viable bacterial count in bacterial adhesion study at 24 h of
incubation. The solution containing E. coli detached from PU
sheets was diluted to different concentrations. Values are
expressed as means * SD.
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Figure 6. Time-dependent adhesion and proliferation of E.
coli on PU. Initial concentration of bacterial cells: 2 X 10° (4),
2 X 10* (@), 2 X 105, (¢) CFU/mL (n = 5). Values are
expressed as means * SD.

ever, there is only a small statistical difference be-
tween them. For the albumin-coated surface, although
its initial adhesion potential is almost the same as that
of the adhesive-protein-coated surfaces, minimal pro-
liferation occured even with prolonged incubation
time.

The curli-deficient mutant strain YMel-1 was used
to determine the role of curli in bacterial adhesion. The
curli-producing strain, YMel, and the curli-deficient
isogenic mutant strain, YMel-1, were examined on PU
surfaces with or without fibronectin coating. The num-
ber of adherent cells, measured by the plate count
method, shows that the adhesion of YMel-1 was less
than that of YMel to both fibronectin-coated and non-
coated substrates. Precoating the PU sheets with fi-
bronectin did not increase the adhesion of YMel-1 (Fig.
8), indicating that curli participate in fibronectin-me-
diated bacterial adhesion.
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n  Control
(noncoated)

=

Figure 7. Bacterial adhesion to and proliferation on PU
precoated with proteins at 3, 6, 12, and 24 h of incubations
(n = 5). Control is noncoated PU. Values are expressed as
means * SD.
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Figure 8. Bacterial adhesion and proliferation of curli-pro-
ducing strain, YMel, and curli-deficient isogenic mutant
strain, YMel-1 in fibronectin-coated PU and noncoated PU at
24 h of incubation (n = 5). Adhesion was determined by the
plate count method. Values are expressed as means == SD.

DISCUSSION

Bacterial adhesion is an important initial step in
infection at the site of implanted biomaterials, which
often causes life-threatening events in clinical situa-
tions."”> Among bacteria capable of foreign-body-in-
duced infection, E. coli is an important pathogen in the
blockade of biliary stents or urinary catheters. The
understanding of biofilm formation on synthetic bio-
materials and the quantitative detection method for
biofilm are key issues leading to the surface design of
biomaterials with a high antibacterial adhesion poten-
tial. Electron microscopy has been used to examine
biofilms on wvarious materials.’ However, sample
preparation for electron microscopic observation re-
quires sample dehydration, during which biofilms are
often easily collapsed, structurally damaged, or de-
stroyed. These dehydrated samples provide a deceiv-
ingly simplistic view of biofilms.°

To overcome this problem, we utilized fluorescent-
compound-labeled E. coli strains that were trans-
formed with a plasmid harboring the gene encoding
GFP from jellyfish Aequorea victoria as an in situ cell
marker. EPS are mainly responsible for the morphol-
ogy and function of biofilms, and are considered to be
key components that determine the physicochemical
and biological properties of biofilms.'**® The co-use of
GFP for bacteria and a fluorescent-compound-labeled
marker specific to EPS in CLSM study provides new
insights into the structure and nature of biofilm for-
mation.

In our study, the imaging of 3D fine structures was
acquired using fully hydrated samples for CLSM
without any complex fixation such as the dehydration
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Figure 9. Scheme of time-dependent formation of biofilm architecture.

necessary in electron microscopy. In the early phase [3
h after plating: Figs. 1 and 2(A)], E. coli YMel emitting
green fluorescence spottily aggregated on the PU sur-
face and then vertically elongated. The number of
aggregates increased with incubation time and scat-
tered EPS-rich domains were observed [Figs. 1 and
2(A)]. Finally, a 3D structure including water channels
was formed. The thickness of the biofilm increased
with time, reaching to several tens of microns at 24 h
after plating [Fig. 2(B)]. The channels as integral parts
of the biofilm structure, which were identified as a
black spotty area at 12 and 24 h of incubations (Fig. 1),
are, in essence, the lifeline of the system, because they
provide a means of circulating nutrients as well as
exchanging metabolic products such as oxygen.’® In-
terestingly, a dense interpenetrable structure of bio-
film composed of E. coli and EPS, which was observed
as the yellow region in Figures 1 and 2, existed at the
middle part of the thick biofilm. Such time-dependent
morphological events including bacterial adhesion,
the secretion and organization of EPS, colony forma-
tion, and biofilm formation with water channels are
shown in Figure 9.

As for the quantification of E. coli cells in biofilms,
the fluorescence intensity of GFP expressed by ad-
hered E. coli cells, which is directly proportional to the
viable-bacterial count obtained by the plate count
method (Fig. 5), allows us to easily and rapidly deter-
mine the number of adhered E. coli cells as compared
with the conventional plate count method which re-
quires overnight culture to detect colony formation.
The growth rate of the E. coli cells examined for up to
24 h showed that the number of adhered and prolif-
erated E. coli cells increased exponentially with time

up to 12 h, and then appeared to increase at a mark-
edly reduced rate with prolonged time, regardless of
the initial bacterial cell concentration.

Many studies have reported that bacterial adhesion
to and biofilm formation on material surfaces are
affected by the type of protein adsorbed to the sur-
faces.®"# In the present study, three kinds of protein
were preadsorbed: fibronectin and vitronectin as cell-
adhesive proteins, and albumin as a non—cell-adhe-
sive protein. Regardless of the presence or absence
and the type of preadsorbed protein, there was only a
small difference in the number of bacterial adhesion
up to 12 h. Among the proteins tested, only fibronectin
exhibited a markedly high proliferation activity only
at 24 h of incubation, whereas albumin exhibited a
high inhibitory activity against bacterial proliferation
at 24 h of incubation. There is a small difference in
bacterial proliferation activity between the vitronec-
tin-coated and noncoated PU surfaces. This may be
because the E. coli YMel does not produce curli in the
early phase for up to 12 h of incubation but produces
abundant curli (Fig. 4) in the biofilm at 24 h of incu-
bation, although YMel does not produce curli in the
planktonic state at 37°C.%* These results are consistent
with the finding by Kikuchi et al:* that curli were
expressed in biofilm after growth at 37°C. Because
curli specifically bind to fibronectin and are associated
with biofilm maturation, curli-mediated biofilm for-
mation occurred on the fibronectin-coated PU surface
with a prolonged incubation time. However, the curli-
deficient isogenic mutant, YMel-1, did not enhance
bacterial adhesion and proliferation on the fibronec-
tin-coated PU surface (Fig. 8).

In conclusion, we developed a novel method of deter-
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mining morphological events during biofilm formation
on synthetic polymers using GFP-expressing E. coli un-
der CLSM observation, without the destruction of very
fragile 3D structures, which may help logical surface
design with a high antibacterial potential.

The authors thank T. Kikuchi, K. Yasutake, E. Koga, and

M. Sato for technical assistance, and T. Kanemaru and A.
Takade for electron microscopic examination.
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Developmental switch from GABA to glycine release
in single central synaptic terminals

Junichi Nabekura!">> Shutaro Katsurabayashi®%, Yasuhiro Kakazu!, Shumei Shibata', Atsushi Matsubara?,
Shozo Jinno?, Yoshito Mizoguchil, Akira Sasaki® & Hitoshi Ishibashi!

Early in postnatal development, inhibitory inputs to rat lateral superior olive (LSO) neurons change from releasing predominantly
GABA to releasing predominantly glycine into the synapse. Here we show that spontaneous miniature inhibitory postsynaptic currents
(mIPSCs) also change from GABAergic to glycinergic over the first two postnatal weeks. Many ‘mixed’ mIPSCs, resulting from co-
release of glycine and GABA from the same vesicles, are seen during this transition. Immunohistochemistry showed that a large
number of terminals contained both GABA and glycine at postnatal day 8 (P8). By P14, both the content of GABA in these mixed
terminals and the contribution of GABA to the mixed mIPSCs had decreased. The content of glycine in terminals increased over the
same period. Our results indicate that switching from GABAergic to glycinergic inputs to the LSO may occur at the level of a single
-presynaptic terminal. This demonstrates a new form of developmental plasticity at the level of a single central synapse.

GABA and glycine are the major inhibitory transmitters in the mam-
malian central nervous system. Although they act at separate recep-
tors, they can be co-released from single synaptic terminals projecting
onto spinal motor neurons and brainstem trigeminal neurons?.
Postsynaptic clusters of both glycine and GABA, receptors appear to
be co-localized at the subsynaptic membrane®*. Furthermore,
mIPSCs recorded from spinal neurons include both GABAergic and
glycinergic components, suggesting that both GABA and glycine are
co-released from a single synaptic vesicle®S. Hence, at spinal cord
synapses, GABA and glycinergic transmission is closely related, and
this could have important implications for the strength and timing of
motor neuron inhibition”.

The coordinated combination of GABAergic and glycinergic
inhibitory transmission is also functionally critical in the lateral and
medial superior olive auditory relay neurons (LSO and MSO neurons,
respectively)®®. In the normal development of the auditory system,
inhibitory synaptic transmission in the LSO and MSO changes from
being predominantly GABAergic to being predominantly glyciner-
gic®®. Structural reorganization of the inhibitory synapses between the
medial nucleus of the trapezoidal body (MNTB) and the LSO also
occur throughout developmentlo, and it is unclear whether this switch
from GABA to glycine occurs via a selective loss of GABAergic
synapses and an increase in glycinergic synapses, or whether this trans-
mitter switch occurs at individual synapses. Developmental changes in
receptor subunit expression patterns have been observed in the LSO,
but there have been no reports of a presynaptic change in the nature of
the released neurotransmitter at the level of a single synapse. In the
present study, we further elucidate the mechanisms contributing to

this neurotransmitter switch, particularly focusing on whether pre-
synaptic changes occur and whether they occur at single synapses.

RESULTS

Evoked IPSCs (eIPSCs) were recorded from LSO neurons in response
to electrical stimulation of the ventromedial part of the LSO slice
preparation. Both CNQX (1075 M) and APV (10~ M) were added to
the external solution to block glutamatergic responses. In LSO neu-
rons from P2 rats, bicuculline (10~ M) inhibited the eIPSC by about
70%, but only caused a mild (about 15%) inhibition in P14 rats
(Fig. 1a,b). The bicuculline-insensitive component of the eIPSC was
completely abolished, at all ages, by adding strychnine (10~ M). The
inhibitory effects of bicuculline on muscimol and glycine responses
were stable in potency throughout development (Fig. 1c). Thus,
inhibitory synaptic transmission to LSO neurons changed from
predominantly GABAergic to predominantly glycinergic during
development. The switch is evident by P7, which is somewhat earlier
than observed in the gerbil LSO, although it is virtually completed by
this time for inhibitory inputs to the rat MSO®.

To elucidate the underlying cause of this switch from predominantly
GABAergic to predominantly glycinergic inputs, we concentrated on
the nature of miniature IPSCs (mIPSCs), which are considered to be
single quantal events!>!3, We mechanically dissociated LSO neurons
with adherent presynaptic terminals'* (Fig. 2a) and recorded mIPSCs
ata Vi of ~60 mV in the presence of CNQX (107> M), APV (10~ M)
and tetrodotoxin (TTX; 3 X 1077 M). This preparation allows us to
Ineasure spontaneous synaptic currents under good space-clamp con-
ditions and without complications from other neurons or glial®. We
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initially pharmacologically isolated GABAergic and glycinergic com-
ponents of mIPSCs in LSO neurons from P6-7 rats (Fig. 2b, left). In
the presence of bicuculline (5 x 107 M), glycinergic mIPSCs were
observed with a relatively fast decay time constant (fit from 90-10% of
the mIPSC amplitude, Ty, = 7.2 + 1.3 ms, mean * s.em., 7 = 5 neu-
rons, Fig. 2¢,d). In the same neurons, GABAergic mIPSCs, in the pres-
ence of strychnine (3 x 10~ M), were observed with a much slower
decay time constant (Tgapa = 73.6 £ 4.5 ms, n = 5, Fig. 2¢,d). In three
other neurons, the mIPSC decay in the presence of another selective
GABA , antagonist, SR-95531, was fit with a similar time constant as
observed in the presence of bicuculline ('cgly = 8.3 £ 2.2 ms). These
results are consistent with previous reports that GABAergic mIPSCs
are characterized by a longer current decay time than are glycinergic
mIPSCs®1516 and indicate that the mIPSCs contain both GABA,
receptor-and glycine receptor—-mediated components. Indeed, in con-
trol conditions, mIPSCs with two components were also detected

(Fig. 2b, right). The decay of these dual-component, ‘mixed’ mIPSCs

Figure 2 Pharmacological and kinetic isolation of GABAergic, glycinergic
and mixed mIPSCs in voltage-clamped, isolated LSO neurons.

(a) Photograph of a mechanically dissociated LSO neuron from P7 rats
showing adherent functional synaptic boutons stained green with FM1-43,
FM1-43 (1 mM) was added to the perfusate with 20 mM K* for 3 min, then
washed out with Ca2*-free, standard extraceliular solution. Arrowheads
indicate examples of stained synaptic boutons. (b) Left, averaged mIPSCs
recorded in the presence of strychnine (300 nM, GABAergic mIPSC, biue,
n=121) and in the presence of bicuculline (5 pM, glycinergic miPSC, red,
n =96) from a LSO neuron isolated from a P7 rat. Right, a ‘mixed’ mIPSC
with a decay composed of both fast and slow components, recorded in the
absence of any receptor antagonists in a LSO neuron from a P7 rat.

(c¢) Distribution of the decay time constants of GABAergic (blue bars,
strychnine 300 nM) and glycinergic m{PSCs (red bars, bicuculline, 5 uM)
in an LSO neuron from P7 rat. Bin size, 1 ms. (d) Mean decay time
constants for the three types of mIPSCs (mean = s.e.m., n= 5 in each
case). The mixed mIPSCs were fit by the sum of two exponential equations
with time constants Ty, and g, that corresponded to the decay time
constants of the pharmacologically isolated glycinergic (t,,) and GABAergic
(tgaga) MIPSCs, respectively.

Figure 1 Developmental change in the bicuculline sensitivity of IPSCs
recorded in LSO neurons in response to electrical stimulation of the
ventromedial aspect of the LSO brain slice. (a) Five representative averaged
evoked |PSCs,. recorded from P2, P7 and P14 rats, in the absence (Contro})
and presence of 103 M bicuculline (+BIC). We used bicuculline rather
than strychnine to discriminate between GABA, and glycine receptor
responses because the potency of strychnine on muscimol (which affect
GABA, receptors) responses varied during development (unpublished data).
(b) Mean data showing the relative inhibition of elPSCs by bicuculline, in
LSO neurons from different developmental stages (n = 6, respectively).
Evoked IPSCs were recorded using standard whole-cell patch-clamp
techniques. Vi was 0 mV. {c) Inhibition of 10-5 M muscimol and 3 x 1072
M glycine evoked responses by 3 x 1076 and 10-5 M bicuculline, in LSO
neurons from PO-2 (strip columns), P6-8 (open columns) and P14-16
(closed columns) rats. Response amplitudes are plotted relative to that
observed in the absence of bicuculline (n =5 or 6 in each case). The-
relative inhibitory effect of bicuculline on GABA, and glycine receptor
mediated responses was constant throughout development.

was fit with the sum of two exponentials, a T¢,; and Ty, which were
6.2 = 0.9 ms and 58.7 + 10.3 ms, respectively (n = 5; Fig. 2d). These
time constants were very similar to the pharmacologically isolated T,
and Tgapy, and this excellent agreement between Ty, and Tgaps, and
between Ty, and T, was found throughout development. In neurons
from P1-2 rats, Ty, was 7.3 £ 3.4 ms (n = 5) and Ty, was 8.3 £ 2.5 ms
(1 = 5), whereas T, was 84.2 + 8.5 ms (n = 5) and Tgap, Was 92.9 £
10.2 ms (n = 5). In neurons from older rats (P16-17), 1, was 3.4 =
14 ms (n=5) and Tgy Was 3.7 & 1.5 ms (n = 5), whereas Tq,, was
42.2+6.4ms (n=5) and Tgup, Was 38.2 £ 7.2 ms (n= 5). These results
show that these mixed mIPSCs reflect co-release of GABA and glycine
from a single vesicle. They also show how the mIPSC decay constants
get faster during development, presumably reflecting changes in
receptor subunit composition'”.

Just as was observed for the eIPSCs, the chemical nature
of mIPSCs also changed from predominantly GABAergic to predomi-

nantly glycinergic (Fig. 3). In the absence of any strychnine or
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bicuculline, individual mIPSCs which were fit to either Tg,, or Tgg,
were defined as glycinergic and GABAergic events, respectively
(Fig. 3a). In P1-2 neurons, the proportion of total mIPSCs whose
decay times indicated that they were GABAergic was 63.0 + 7.5%, and
in neurons from P16-17 the proportion was 16.0 £ 6.5%. At the same
ages the proportions of glycinergic mIPSCs were 13.6  2.8% and
55.3 + 5.2%, respectively (Fig. 3b). The remainder of the mIPSCs had
dual-component decay times (mixed mIPSCs). The incidence of these
mixed mIPSCs was highest at P6-7 where they comprised 34.9 + 2.5%
of all mIPSCs (1 = 10). In P1-2 and P16-17 rats, mixed mIPSCs com-
prised 23.4 + 2.3% (n = 10) and 28.6 + 3.2% (n = 12), respectively, of
the total mIPSCs.

The mixed mIPSCs result from co-release of GABA and glycine
from a single vesicle. To address whether the response to single vesi-
cles shows a developmental change from GABAergic to glycinergic,
we analyzed the relative contribution of the GABAergic (ygapa) and
glycinergic (y,),) components to the total peak amplitude (y) of the
mixed mIPSCs (Fig. 4a). If neurotransmitter switching also occurs at
the level of single synapses, the GABAergic component in the mixed
mIPSCs would be expected to decrease with age and the glycinergic
component would increase. The absolute amplitude of the glyciner-
gic component increased with age: 15.6 + 3.2 pA at P1-2,27.9 £ 3.6

Figure 4 Developmental decrease in the contribution of the GABAergic
component to mixed mIPCSs. {a) Example of a mixed mIPSC to illustrate
the meaning of y (the peak mIPSC amplitude) and ygaga (the amplitude of
the mIPSC due to the GABAergic component). Individual events were fit
with the double exponential function: y = yp+ yrgr € C¥7a0 4y glofuslow)
in Which Yiaer and Yo were defined as ygycine @nd Ygaga and their sum as y.
(b) Distribution of ygags in mixed mIPSCs from typical P6 (open bars) and
P16 (black bars) LSO neurons. miPSCs from P6 and P16 neurons were
scaled so as to make their peak amplitudes equivalent. Note that the
GABAergic component (ygaga) of the mixed mIPSCs in P16 LSO neurons
was smaller than that in P6 LSO neurons. Bin size, 2 pA. (¢) Comparison of
the mean absolute peak amplitude of mixed miPSCs (y, open bars) and the
mean amplitude of the GABAergic component (ygaga. closed bars) in
different age groups. Note the steady increase in y throughout development
and the smaller contribution of ygaga in the P16-17 rats. (d) Relative
contribution of the GABAergic component to the peak amplitude of the
mixed mIPSCs (ygapa/y) at different developmental stages. Note the
marked decrease in ygapa/y after P6-7.

ARTICLES

Figure 3 Developmental change in mIPSCs recorded in isolated LSO
neurons. (a) Typical examples of GABAergic, glycinergic and mixed mIPSCs
in a P6 LSO neuron. Horizontal bars indicate how the miIPSC decay, from
90% to 10% of the peak ampiitude, was fit with one or two exponential
functions (see Fig. 2b). The traces were obtained from a P6 LSO neuron.
(b) Relative proportion of GABAergic (closed columns), glycinergic (open
columns) and mixed mIPSCs {(gray columns) in LSO neurons from P1--2,
P6-7 and P16-17 rats. The proportion of mIPSCs of each type are
expressed relative to the total number of mIPSCs recorded in each neuron
(>200 events in each neuron), and are the mean =+ s.e.m. of results from
10-12 neurons in each age group.

pA at P6-7 and 43.4 + 8.2 pA at P16~17 (n = 10-12 neurons at each
age). The amplitude of the GABAergic component also increased
from P1-2 (10.5 + 2.9 pA, n = 10) to P6-7 (19.0 £ 1.5 pA, n = 10),
before declining again in older rats (13.3 £ 1.7 pA at P16-17,n =12,
Fig. 4c). The relative contribution of the GABAergic component to
the total mixed mIPSC amplitude (ygapa/y) was not significantly
different between P1-2 and P6-7 rats, but was decreased in older
(P16-17) rats (38.9 + 3.5% at P1-2, 53.2 & 5.9% at P6-7 and 25.8 =
3.9% at P16-17, Fig. 4b,d). Thus, the contribution of GABA to the
response to a single vesicle declines in older rats, whereas that of
glycine increases, consistent with neurotransmitter switching occur-
ring at a single synapse.

The above results demonstrate a developmental switch from
GABAergic to glycinergic neurotransmission at single synapses but
do not distinguish whether this change occurs presynaptically (that is,
a single terminal switches from GABA to glycine release), or post-
synaptically (that is, a change in subsynaptic receptors from GABA,
to glycine®!! with a constant co-release of GABA and glycine
throughout development!®), or a combination of both. The mean
responses of LSO neurons to exogenous GABA and glycine were not
significantly different throughout development. Specifically, GABA (3
% 107> M) induced an inward current at a2 Vi of =60 mV of 305 + 68
PA in neurons from P0-2 rats, 409 + 38 pA from P7 rats and 364 + 82
PA from P14 rats (n = 5 or 6 neurons at each age). At the same ages the
response to glycine (10~ M) was 297 + 57 pA at P0~2, 349 £ 84 pA at
P7and 305 £ 58 pA at P14 (n =5 or 6). Therefore, there does not seem
to be any gross developmental change in the response of the extra-
synaptic receptors, although this may not reflect what is occurring at
the subsynaptic receptors.
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Figure 5 Quantitative analysis of GABA and
glycine content in presynaptic terminals using
immunogold staining and electron microscopy.
(a) Typical electron micrographs of a synapse on
to an LSO neuron; in a P8 (left) and P14 (right)
rat. The large (20 nm) gold particles indicated
with blue arrow heads are coated with antibodies
specific to GABA, whereas the smaller (10 nm)
gold particles are coated with antibodies to
glycine (red arrowheads). T, presynaptic terminal;
S, soma of postsynaptic cell. (b) Summary of
group data from the immunogold experiments in
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synapses observed contained glycine, but
significant quantities of GABA were only
colocalized in these synapses from the P8
neurons. The number of glycine particles was greater in P14 synapses than
in P8 synapses (P < 0.05, unpaired ftest). The specificity of each antibody
was examined using control experiments (Supplementary Fig. 2).

‘We also examined any presynaptic changes during development by
looking directly at the composition of transmitters in single presynaptic
terminals using an immunogold technique and electron microscopy
(Fig. 5). Many terminals showed a background stain of about 1-5 gold
particles/im?, so only terminals with a total number of GABA- and
glycine-reactive particles greater than this background level were con-
sidered to be clearly inhibitory synapses and included in the subsequent
analysis (Supplementary Fig. 1 online). At P8, 38/58 terminals satisfied
this criterion, and at P14, 41/80 terminals were included. At P14, the
density of glycine-reactive gold particles in a single terminal was 18.6 +
1.5/um? (mean * s.em., n = 41), which was significantly larger than
observed at P8 (11.8 + 1.2 particles/um?, n = 38, P < 0.05, unpaired
t-test, Fig. 5b). In contrast, the GABA particle density in single terminals
significantly decreased over the same period, from 4.9 + 1.8/m? at P8
(n = 38) to 0.9 = 0.30/pum? at P14 (n = 41; P < 0.05). The percentage of
terminals where both GABA- and glycine-reactive gold particles were
observed, decreased from 50% at P8 (19/38 terminals) to 32% (13/41) at
P14. Hence, switching of inhibition from GABAergic to glycinergic is
also reflected in an increase in glycine content in terminals, a decrease in
the proportion of terminals containing GABA, and a decrease in the
extent of GABA in terminals where both transmitters are present.

One mechanism that potentially could decrease the amount of
GABA in single presynaptic terminals is a decrease in the synthesis of
GABA in the LSO. To investigate this possibility, we used immuno-
histo-chemistry and confocal microscopy to examine levels of the
GABA synthesizing enzyme, glutamic acid decarboxylase (GAD). For
comparison, we also stained for glycine in these experiments. The
glycine antibody staining in the LSO markedly increaseed in intensity
during development, whereas GAD antibody staining (which recog-
nizes both GAD 65 and GAD 67) seemed to decrease in intensity over
the same period (Fig. 6). At higher resolution (Fig. 6g-1), similar
changes in the number of GAD- and glycine-reactive puncta are seen,
although several terminals still showed clear GAD staining even at
P18 (Fig. 6k). This developmental pattern of glycine staining parallels
that observed in the immunogold experiments (Fig. 5). The decrease
in GAD staining suggests that a decrease in GABA synthesis con-
tributes to the decrease in the GABA content in individual terminals.

GABA (particiesium?) |

Finally, we examined whether the extent of occupation of the post-
synaptic GABA receptor clusters changes during the transitional
period when the contribution of GABA to mIPSCs is changing. In
three out of seven neurons from P6 rats, diazepam (3 X 1077 M)
increased the mean amplitude of mIPSCs by about 6-16%. This sug-
gests that, for these three neurons, the GABA content in a single vesi-
cle does not saturate the subsynaptic GABA , receptors. Given that the
concentration of GABA in the synaptic cleft at individual release sites
is typically sufficient to saturate postsynaptic GABA, receptor clus-
ters in central neurons!®, this result further supports the decreased
content of GABA in single vesicles and suggests that the presynaptic
decreases in GABA may occur before significant decreases in the
number of postsynaptic receptors!!.

DISCUSSION

In the present study, we used both electrophysiological analysis of
mIPSCs and immunohistochemistry to show that the neurotransmit-
ter phenotype of single presynaptic inhibitory terminals changes
from GABAergic to glycinergic during the first two postnatal weeks.
An initial period of expansion of both MNTB terminal arborizations
and LSO dendrites in the first one or two postnatal weeks is followed
by a refinement of these processes and a loss of synaptic specializa-
tions!®. Recent studies indicate that the functional elimination of
inhibitory inputs from MNTB to the LSO may occur before the struc-
tural changes, even within the first two weeks?. If synapse elimina-
tion and refinement were solely responsible for this presynaptic
switch, terminals would need to be selectively eliminated based on
subtle differences in their relative presynaptic GABA and glycine con-
tent, and sequentially replaced with glycinergic terminals containing
an increasing amount of glycine and a decreasing amount of GABA.
We strongly favor a much simpler hypothesis; that the concentration
of glycine increases, while that of GABA decreases, in single terminals.
This inference is also supported by the decrease in GAD levels (Fig. 6).
Considering that the vesicular inhibitory amino acid transporter
(VIAAT) can pump both GABA and glycine into the presynaptic vesi-
cles?!, this developmental change in terminal GABA/glycine content
is then reflected in the vesicular content of GABA/glycine and the
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Figure 6 Immunohistochemical staining of GAD
and glycine in the developing LSO.
Immunofluorescent double-labeled confocal
laser scanning microscope images for glycine
(a,d,g.j), glutamic acid decarboxylase (GAD;
b,e,h,k) and when both images are merged
(c,f,i,). Both lower-magnification images (a-f)
and higher-power images (g-1) from sections from
P5 (a—c, g-i) and P18 rats (d-f, j-1) are shown.
At P5, there is weak glycine immunoreactivity
throughout the LSO but intense GAD
immunoreactivity (a~c). The high-power images
(g~i) further show that oniy a few glycine-positive
puncta exist in the LSO, whereas there are
numerous GAD-positive puncta. At P18, the low-
power images (d-f) show the intense glycine
immunoreactivity and the weak GAD
immunoreactivity in the LSO. The high-power
images (j-1) reveal that many glycine-positive
puncta are present in the LSO, but there are only
a few GAD-positive puncta. Arrowheads indicate
example boutons containing both glycine and
GAD immunoreactivity. The scale bar in a applies
to the low-power images (a—f; 100 um); the scale
bar in g applies to the high-power images

(g-1; 10 um). Under our experimental conditions,
soma staining for GAD and glycine in the LSO
neurons is not shown as clearly as that for the
presynaptic boutons. Staining and image-
capturing conditions were optimized for
visualization of boutons.

decay time course of the mixed mIPSCs. Our
preliminary data indicate that VIAAT is
expressed at relatively high levels in the rat
LSO. A change in the content of neurotrans-
mitter, from noradrenaline to acetylcholine,
has also been found in peripheral sympa-
thetic nerve terminals following innervation
of their targets in the sweat gland?»%3,
A switch from GABA to glycine has already been reported for IPSCs
evoked by stimulation of multiple MNTB inputs®11, but here we pro-
vide new evidence that neurotransmitter switching at a central
synapse can occur at the level of a single presynaptic vesicle.

One intriguing result from the present study is that although the
switch from GABAergic to glycinergic eIPSCs was evident at P7
(Fig. 1) and there was a decline in the proportion of GABAergic
mIPSCs over the same period, the contribution of GABA to the mixed
mIPSCs did not significantly decrease until after the second postnatal
week (Fig. 4). One possible explanation for this difference is that
switching of terminal and vesicle neurotransmitter content may
occur over a shorter time period in individual terminals, but these
effects in a population of terminals may not be apparent until later.
For example, pure GABAergic terminals may be converted to a mixed
phenotype in the first postnatal week, while at the same time, other
mixed terminals are converted to pure glycinergic terminals (and
hence would no longer be included in the population of mixed
mIPSCs). If such temporal heterogeneity does occur, one may not
expect to see changes in the population responses until all the termi-
nals had already showed significant switching.

Presynaptic changes in neurotransmitter content, that is, an
increase in glycine and a decrease in GABA, can be added to the range
of changes in inhibitory synaptic transmission and its modulation
that have been reported in the LSO throughout development.

ARTICLES

Morphological changes include extensive remodeling of pre- and
postsynaptic elements. In the first postnatal week, expansion of
MNTB afferents is apparent in the gerbil LSO, and this is followed by
a more prolonged period (for up to 4 weeks) of refinement and eli-
mination of both the terminal boutons and the LSO dendrites!®19,
For the rat LSO, the number of dendritic end-points begins to decline
during the first postnatal week, although the most marked decreases
in the relative size of LSO dendrites and their fields occurs after P14
(ref. 24). Synapse elimination and functional reorganization of
MNTB-LSO connections have also been recently demonstrated in the
rat??. In this previous study, the functional refinement of the
inhibitory inputs was completed by P8, suggesting that functional
refinement of the inhibitory inputs may precede structural refine-
ments. The shift from GABAergic to glycinergic eIPSCs in the gerbil
occurs slightly later than observed for rat LSO (Fig. 1) and MSO
inputs®—it is only about 40% complete by P8 (ref. 8). If synapse eli-
mination is in fact completed by P8 in the rat, this would further sup-
port our hypothesis of changes in transmitter content in preexisting
synapses. Our demonstration of mixed mIPSCs also indicates that
glycine and GABA, receptors are colocalized at LSO synapses.
Changes in receptors and their associated accessory proteins have also
been reported in the developing LSO. Gephyrin immunoreactivity is
very low at birth in the gerbil LSO but increases markedly over the
first few weeks®. Antibody staining for GABA, receptor subunits B2
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and B3 shows a parallel decline over this period®. Expression of the
glycine ol receptor subunit increases markedly over the first
2 weeks!0, replacing the neonatal (presumed a2) receptor isoform.
This subunit switch is likely to contribute to the briefer decay times of
glycinergic mIPSCs over the course of development?”. The increased
amplitude of glycinergic mIPSCs could also reflect changes in sub-
synaptic receptors, although we did not observe any developmental
change in the amplitude of responses to exogenous glycine.

What could be the functional significance of the switch from
GABAergic to glycinergic transmission? Both GABA and glycine depol-
arize neonatal LSO neurons due to their high intracellular ClI~ con-
tent?627, The depolarizing GABA/glycine responses in the rat LSO
convert to hyperpolarizing responses during the first two postnatal
weeks?0, This occurs because, in more mature neurons, the outwardly
directed CI~ transporter, KCC-2, is integrated into the plasma mem-
brane and becomes functional?®. The longer-duration GABAergic
responses observed in this study and others® would be expected to pro-
duce a more prolonged depolarization than glycine would produce,
thereby allowing greater Ca®* influx. In fact, Ca®* transients in response
to MINTB stimulation have been observed in rat and mice LSO neurons
during the first postnatal week?. The Ca®* transients generated by
exogenous GABA were also larger than those generated by exogenous
glycine (although the synaptic Ca’* tramsients were similar for
GABAergic and glycinergic inputs)®®. GABA-induced membrane depo-
latization in immature neurons has been shown to be important for
neuronal maturation®®32, The aggregation of glycine receptors by
gephyrin, for example, is promoted by Ca?* influx through channels in
the postsynaptic membrane?3. Thus, GABA-induced elevation of Ca?*
might be similarly important for insertion of glycine receptors into the
subsynaptic membrane in developing LSO neurons.

Another possible contribution from the GABAergic inhibition in
the younger rats concerns GABAg receptor-mediated responses. In
LSO neurons from P4-P8 rats, postsynaptic GABAg receptors medi-
ate a form of frequency-dependent synaptic plasticity’»3>. Hence
GABAergic neurotransmission may also be important in developing
LSO neurons due to actions via GABAg receptors.

In the adult, the briefer hyperpolarizing responses mediated by
glycine receptors would be more appropriate for accurate processing of
temporal differences in the sound input from both ears. Our results
show that, in addition to synaptic remodeling and changes in postsy-
naptic receptors, changes in the neurotransmitter content of presynap-
tic terminals and their vesicles also contribute to the developmental
switch from GABAergic to glycinergic inhibition in the rat LSO.

METHODS

All experiments were performed in accordance with the Guiding Principles for
the Care and Use of Animals approved by the Council of the Physiological
Society of Japan.

Electrophysiology. Wistar rats, at 1-17 d after birth (P1-P17), were quickly
decapitated under ether anesthesia. Coronal midbrain slices containing the
LSO were made (280-350 pm thickness) as previously described®. The jonic
composition of the internal (patch pipette) solution for the whole-cell record-
ings contained 50 mM CsCl, 30 mM Cs,S0,, 0.5 mM CaCl,, 2 mM MgCl,,
5 mM EGTA, 5 mM TEA-Cl, 5 mM Mg-ATP and 10 mM HEPES. pH was
adjusted to 7.2 with Tris-base. QX-314 (5 mM, Research Biochemicals) was
added to the internal solution to block voltage-dependent Na* channels. The
external solution for the brain slice recordings contained 124 mM NaCl, 5 mM
KCl, 1.2 mM KH,PO,;, 1.3 mM MgSO,, 2.4 mM CaCl,, 10 mM glucose, 24 mM
NaHCO3, and was well-oxygenated with 95% O,/5% CO,.

Single LSO neurons were mechanically dissociated from brain slices, so as to
preserve functional presynaptic nerve terminals'® (Fig. 2a). The internal patch-
pipette solution for these recordings was as described above. The standard

external solution contained 150 mM NaCl, 5 mM KCI, 1 mM MgCl,
2 mM CaCly, 10 mM HEPES and 10 mM glucose (pH 7.2). Antagonists and
agonists were applied to acutely dissociated LSO neurons using a Y-tube
perfusion device?’. Neurons were pre-incubated with receptor antagonists for
at least 30 s before recording data or applying agonists.

Spontaneous mIPSCs were acquired using pClamp 8.2 (Axon Instruments)
and analyzed using both pClamp 8.2 and the MiniAnalysis program
(Synaptosoft). Events were detected using an amplitude threshold of 2 pA and
events were further rejected or accepted on the basis of their rise and decay
times. Large numbers of mIPSCs (>200) were obtained from each neuron
recording. mIPSC decay time constants were obtained by fitting a double
exponential function to the mIPSC decay from the time period corresponding
to between 90% and 10% of the peak mIPSC amplitude. Individual events
were fitted (with >150 iterations) to the function: ¥ = yg + Ypue €759 + ygo,
el-</wslow) ;mIPSCs where considered to have a mono-exponential decay when
the relative contribution of one of the exponential distributions was <1%.
Thus, the decision about whether a single mIPSC decayed with a single or dual
components was completely objective. The proportion of GABAergic, glycin-
ergic or mixed mIPSCs, in each recording, was automatically determined from
the distribution of mIPSC decays. Numerical values are presented as means *
standard error of the mean (s.e.m.).

Post-embedding immunohistochemistry. Rats were deeply anesthetized with
sodium pentobarbital (100 mg per kg body weight) and transcardially perfused
with saline, followed by 15 min perfusion with fixative (a mixture of 2.5% glu-
taraldehyde and 4% paraformaldehyde in 0.1 M phosphate buffer). The brain-
stemn was removed and incubated overnight (4 °C) in the same fixative.
Subsequently, small blocks of brainstem, containing the LSO, were treated with
1% OsO,, dehydrated in ethanol and propylene oxide, and embedded in
Durcupan (ACM Fluka). Ultrathin slices were cut and mounted on nickel grids.
Postembedding double immunogold labeling of GABA and glycine was per-
formed as described®®. The GABA antibody (1:8,000, gift of O.P. Ottersen,
University of Oslo, Oslo, Norway) was visualized using an IgG coupled to
20 nm gold particles (GAR 20; 1:20, British Biocell International). The glycine
antibody (1:1,000, Biogenesis) was visualized using a Fab fragment coupled to
10 nm gold particles (GEAR 10; 1:20, British Biocell International). The ultra-
thin specimens were initially incubated for GABA immunogold labeling, fol-
lowed by that for glycine labeling. Specimens were exposed to formaldehyde
vapor for 1 h at 80 °C to avoid any interference between the sequential incuba-
tions. Specimens only stained positive for the 20 nm gold-conjugated particles
when they were incubated with the GABA-specific antibody while the smaller
gold-conjugated particles were only observed when specimens contained the
glycine-specific antibody (Supplementary Fig. 2 online). The specificity of the
antibodies under our conditions was tested>. Brain sections were processed
alongside control sections containing a series of different amino acids gluter-
aldehyde-conjugated to brain macromolecules. For quantification of the
amount of presynaptic glycine and GABA we manually counted the number of
gold particles observed within presynaptic terminals that could be clearly seen to
synapse onto the soma. Many terminals examined contained a low level of stain-
ing for GABA and glycine reactive gold particles (14 particles/im?). A second
population contained a greater density of gold particles (Supplementary Fig. 1
online). The presence of >5 particles/llm? was the only criteria used to accept
inhibitory terminals for study. To compare particle density across different ter-
minals and specimens, results are expressed as particles/um? Three rats from
each age group were used and the specimens derived from rats at the two differ-
ent ages were grouped together. Sections contained terminals that synapsed on
to the soma, or on the larger proximal dendrites.

Immunocytochemistry. Rats were deeply anesthetized with sodium pentobar-
bital (100 mglkg body weight), and then were transcardially perfused with
phosphate buffered saline (PBS, pH 7.4) followed by a mixture of
2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M phosphate buffer
(pH 7.4). The brains were left in situ for 1-2 h at room temperature (22-24 °C)
and then were removed from the skull. Small blocks containing the LSO were
separated from the brain and then sliced transversely into 50 pm-thick serial
sections. The thin sections were incubated in 30% sucrose in 0.1 M phosphate
buffer (pH 7.4) for 1 h, and were then freeze-thawed in liquid nitrogen.
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