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Carbonic anhydrase VI (CA VI), encoded by type A transcripts of the gene Car6, is a secretory product of
salivary glands and is found in the enamel pellicle. Because higher caries prevalence is associated with
lower salivary concentrations of CA VI in humans, we tested whether CA VI protects enamel surfaces from
caries induced by Streptococcus mutans, using Car6−/− mice, in which salivary CA VI expression is absent.
We detected aberrant Car6 type A transcripts in Car6−/− mice, likely targets for nonsense-mediated mRNA
decay. Expression of the intracellular stress-induced isoform of CA VI encoded by type B transcripts was re-
stricted to parotid and submandibular glands of wild type mice. The salivary function of Car6−/− mice was
normal as assessed by the histology and protein/glycoprotein profiles of glands, salivary flow rates and pro-
tein/glycoprotein compositions of saliva. Surprisingly, total smooth surface caries and sulcal caries in Car6−/−

mice were more than 6-fold and 2-fold lower than in wild type mice after infection with S. mutans strain
UA159. Recoveries of S. mutans and total microbiota frommolars were also lower in Car6−/− mice. To explore
possible mechanisms for increased caries susceptibility, we found no differences in S. mutans adherence to sal-
ivary pellicles, in vitro. Interestingly, higher levels of Lactobacillusmurinus and an unidentified Streptococcus species
were cultivated from the oral microbiota of Car6−/− mice. Collective results suggest salivary CA VI may promote
caries by modulating the oral microbiota to favor S. mutans colonization and/or by the enzymatic production of
acid within plaque.
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1. Introduction

As the portal for ingestion of water and food nutrients, the
oral cavity is constantly under attack by microbiota from the external
environment. The flow of saliva combined with salivary microbial-
interacting constituents and with factors that can buffer and re-
mineralize tooth surfaces function together to help protect the hard
oral surfaces frommineral dissolution (i.e., caries) by acidogenic micro-
organisms such as Streptococcus mutans. S. mutans is the organismmost
consistently associated with dental caries worldwide, but is further
linked to bacterial endocarditis [1] and to atheromatous plaques [2],
suggesting an interconnection between oral infections and cardiovascu-
lar diseases. Hence, efforts to understand and treat oral diseases have
potential ramifications to serious systemic disease processes.

First discovered in ovine saliva [3], carbonic anhydrase VI (CA VI) is
the only secretory isozyme of the CA gene family. It is also found in
other secretory systems such as lacrimal glands [4,5], tracheobronchial
glands [6] and nasal glands where it may function in olfaction [7]. It is
also found in high concentrations in colostrum, suggesting a role in
the development of the alimentary tract [8]. In the diverse system
of salivary glands CA VI is produced in the parotid and submandibular
glands [9] as well as minor salivary glands of the tongue, including
von Ebner's glands [10]. Although many carbonic anhydrase isoforms
are key enzymes for pH regulation in tissues and biological fluids, CA
VI does not appear to regulate the pH of whole saliva, but instead may
function in oral microenvironments [11]. For example, CA VI within
von Ebner's gland secretions bathing taste receptors of the
circumvallate and foliate papillae [10] may function in the growth
and development of taste buds [12–14].

CA VI is also a component of the enamel pellicle, a thin layer of
proteins between teeth enamel and overlying bacterial plaque [15].
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A higher prevalence of caries is associated with lower concentrations
of CA VI in the saliva of human subjects, thus raising the hypothesis
that CA VI serves to protect enamel surfaces from caries, possibly
through the removal of bacterial derived hydrogen ions within the
microenvironment near the enamel surface by catalyzing the interac-
tion of hydrogen ions with salivary bicarbonate ions to form CO2 and
H2O [16]. An attractive model to test this hypothesis are mice in which
targeteddeletion of the gene encoding CAVI, Car6, display an absence of
CA VI expression in salivary glands as confirmed in Western blots and
by immunohistochemistry [17,18]. The targeted deletion in Car6−/−

mice removes Car6 exon 3 and part of exon 4, leaving the 3′-end of
this latter exon. Both exons are normally incorporated into the two
known isoforms of CA VI expressed by the Car6 gene, the secreted en-
zyme (type A) and an intracellular form (type B) [19]. Type B transcripts
use a promoter within intron 1, are stress-induced inmouse NIH 3T3 fi-
broblasts and were initially detected in salivary tissue, although the
type of salivary tissue was not specified [19]. Expression of the type B
isoform by the three different major salivary glands inmice is therefore
unclear, as is whether its deleted expression alters salivary function.
Moreover, it is not known whether the transcriptional machinery in
Car6−/− mice reads through the inserted neomycin cassette to reach
the remaining exon 4 splice site and, if so, whether it is utilized during
pre-mRNA splicing to create an aberrant translated message that may
disrupt salivary function.

In the current study, we assessed whether the loss of Car6 gene
expression has a significant impact on the cellular structure of the
major salivary glands and on salivary constituents and flow. Further-
more, consequences from the absence of CA VI on the functions
of saliva related to protection against caries development were tested,
both in vitro and in vivo.

2. Materials and methods

2.1. Materials

Unless indicated, all materials were from Sigma Chemical Co., St.
Louis, MO. All kits were used according tomanufacturer's instructions.

2.2. Animals and collection of glands

The University of Florida IACUC committee approved all animal
procedures. Construction of the Car6−/− mouse model in the
C57BL/6 genetic background has been described previously [17,18].
Animals were anesthetized by CO2 inhalation and killed by sectioning
the aorta. Mice were genotyped as described previously [18]. Unless
indicated, tissues were excised, blotted on filter paper, flash frozen
in liquid nitrogen and stored at −80 °C.

2.3. Caries experimental protocol and scoring

The caries protocol was similar to that reported previously [20]
with modifications. Briefly, timed pregnancies were established
using twenty breeding pairs of heterozygous (+/−) Car6 mice. Fe-
males were negative for indigenous S. mutans as determined by
streaking oral swabs on Mitis Salivarius agar (Becton, Dickinson and
Co., Sparks, MD) with 1% Tellurite solution (Becton, Dickinson and
Company), 20% sucrose, and 0.2 units/ml bacitracin (MSB) [21].
Pups were marked for identification with ear clips at 14 days of age
and genotyped. At 16–17 days of age, each dam with pups were
transferred to a BSL2 suite of the vivarium in microisolator cages con-
taining a wire bottomed insert and a thin layer of corn-cob bedding
underneath. S. mutans UA159 from a frozen low-passage aliquots
were grown overnight in Brain Heart Infusion medium+0.5% glucose
(BHI; Becton, Dickinson and Co.) and concentrated to approximately
1010 CFU/ml by centrifugation. The dams and pups were then inocu-
lated by oral swabbing, which delivers about 10 μl (108 CFU) of the
concentrated solution. The diet was converted to powdered Diet
2000 (56% sucrose) with 5% sucrose water. Pups and dams were re-
inoculated each of the next two days. At 21 days of age, pups were
weaned and caged in pairs with non-littermates of the same sex.
Pups were screened for S. mutans colonization 5 days after the initial
infection by plating oral swabs on MSB. Non-infected mice were inoc-
ulated and subsequently tested as before. All were positive for S.
mutans colonization. Mice wereweighedweekly. Mice were sacrificed
seven weeks after the initial inoculation. The left and right mandibles
from twelve mice in each group were removed aseptically to assay for
bacterial colonization of the molars (see below). The skulls and
remaining mandibles were defleshed over an 18–24 h period by
Dermestid beetles (Dermestes maculates) as described by Tanzer
[22]. Buccal, lingual and proximal surfaces of all molars were scored
for smooth surface caries with the aid of an Olympus dissectingmicro-
scope (Model SZX16). The teeth were then stained with murexide
(0.024% w/v in 70% ethanol) and prepared for sectioning along the
midline in order to score sulcal caries and to determine severity scores
of proximal surfaces. Skulls and mandibles were prepared for section-
ing by embedding in Embed-It Low Viscosity Epoxy (Polysciences,
Warrington, PA) to a level about 1 mm below the enamel crown.
Epoxy blocks were mounted in a custom made vice attached to a
Narishige micromanipulator (Narishige International USA, Inc, East
Meadow, NY) and the exposed teeth sectioned with a double-sided
diamond-coated abrasive disk (0.15 mm thick, Abrasive Technology,
Lewis Center, OH) attached to a hand piece (Foredom model 44T,
Foredom Electric Co., Bethel, CT) and motor unit (Foredom
Model SM; 18,000 RPM). The hand piece is mounted on a ball-bearing
slider that restrictsmovement of the abrasive disk along the alignedmid-
line of the three molars. The teeth were sectioned under a light flow of
water.

Scoring was according to Larson's modification of the Keyes' scor-
ing system and was conducted by a single calibrated and blinded ex-
aminer [23,24]. The linear evaluations of enamel lesions were
expressed as E, while severities were expressed as Ds, Dm and Dx
(slight dentin involvement, moderate dentin involvement or pene-
trates the dentin, respectively). To stabilize variances, caries scores
were expressed as proportions of their maximum possible values
(124 for smooth surface caries and 56 for sulcal surface caries) and
then the arcsine of the square root of the proportions calculated, as
described previously [20].

2.4. Recoveries of S. mutans and total bacteria from molars

The mandibles from twelve mice in each caries group (wild type
and Car6−/−) were aseptically extracted and underwent dissection
to remove loose tissue on the bone near the molars. The bone was
sectioned about 2 mm anterior to the first molar and 2 mm posterior
to the third molar. Each pair of prepared mandible/molars from each
mouse were sonicated on ice in 5 ml of ice-cold sterile 0.9% saline
using three pulses of 10 s with 30 s intervals, at 50% power with a
Branson Digital Sonifier 250. Sonicates from two non-cagemates
were pooled. From each 10 ml we removed 200 μl to prepare 10-
fold serial dilutions that were plated (50 μl per 60 mm plate) onto
MSB agar and onto blood agar to estimate colonization of the molars
by S. mutans (MSB agar) and by total bacteria (blood agar). Colony
forming units (CFU) were then determined from 48 h cultures.

2.5. Preparation of cDNA

Preparationwas as described previously [25]. Briefly, frozen tissues
or growing cell cultures were homogenized directly in TRIzol® Re-
agent (Invitrogen, Carlsbad, CA), total RNA isolated using standard
protocols and then treated with DNase I using Ambion's DNA-free™
Reagent Kit (Applied Biosystems, Foster City, CA). Removal of genomic
DNA was verified by the inability of the sample to amplify the mouse
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microsatellite marker D1Mit46 (UniSTS 116254). DNase I treated RNA
was reverse transcribed with random primers (High Capacity cDNA Ar-
chive kit, Applied Biosystems), resultant cDNApurified (QIAquick® PCR
purification system, Qiagen, Valencia, CA) and quantified (Quant-iT™
dsDNA HS assay kit, Invitrogen).
2.6. RT-PCR of Car6 transcripts

PCR reactions (10 ng cDNA)were: 3 min at 94 °C; 40 cycles of 30 s at
94 °C, 30 s at 52 °C and 90 s at 72 °C followed by 1 min at 72 °C. Prod-
ucts were resolved in 1.5% agarose gels made in TAE buffer. Primers
were from Invitrogen and included: Car6 type A, exon 1, 5′-UTR, for-
ward (5′-TGCATTCAGGGCTACAGCATC-3′) and exon 8, 3′-UTR, reverse
(5′-GGGTTAATCAGAGACTCGCTGAAG-3′); Car6 type B, exon 2, 5′-UTR,
forward (5′-TGCTGGGCTTAGTTTAGAGCTTTC-3′) and the same reverse
primer as for type A; and beta-actin forward (5′-CACCTTCCAGCA-
GATGTG-3′) and reverse (5′-AAATCCTGAGTCAAAAGCG-3′). Reactions
were run in the FailSafe PCR System (Epicentre, Madison, WI), buffers
G, B and C for type A, type B and beta-actin primers, respectively. PCR
products were confirmed by direct sequencing of gel-purified bands
(QIAquick Gel Extraction Kit; Qiagen). NIH 3T3 mouse fibroblasts
were grown in Dulbecco modified Eagle medium in the presence
of 10% fetal bovine serum to 80–90% confluency then treated
with 2 μg/ml tunicamycin (Sigma) for 10 h before isolation of
RNA. Sequencing was performed at the University of Florida Inter-
disciplinary Center for Biotechnology Research (ICBR) using Ap-
plied Biosystems 3100 Genetic Analyzer ABI and Big Dye version
3.1 chemistry.
2.7. Comparison of indigenous oral bacteria

The oral cavities of Car6 +/+ and Car6 −/− littermates were
swabbed with sterile cotton applicators pre-wetted with sterile saline
and applicator tips vortexed vigorously in 1 mL of BHI medium. Each
medium was diluted 3-, 10-, and 100-fold. Duplicate sheep blood
agar plates (100 mm) were then streaked with 50 μl of each dilution.
Plates were incubated 24 h at 37 °C under aerobic (air - 5% CO2) and
anaerobic conditions. Total recovered CFUs for each of the six distinct
colony morphotypes were calculated from the 24 h and 48 h plates.
Isolate plates were then prepared from the aerobic plates from each
of three mice of each genotype by streaking colonies representative
of each colonymorphotype on blood agar and culturing under aerobic
conditions. A single colony from each isolate plate was subjected to
colony PCR [26] using degenerate primers as reported by Paster et al.
[27] that are complementary to the 5′- and 3′-ends of the 16S
rRNA gene (D88, 5′- GAGAGTTTGATYMTGGCTCAG-3′; E94, 5′-
GAAGGAGGTGWTCCARCCGCA-3′). PCR conditions were: 5 min at 95 °C;
5 cycles of 1 min at 95 °C, 1 min at 47 °C and 2 min at 68 °C; 25 cycles
of 1 min at 95 °C, 1 min at 53 °C and 2 min at 68 °C; followed by 10 min
at 68 °C. Reactions (25 μl) were run using the AccuPrime Taq DNA
Polymerase High Fidelity kit (Invitrogen) with 100 μM primers. PCR
products were purified from 1.2% agarose gels and sequenced directly,
as described above for Car6 transcripts, using the same primers as for
PCR as well as the internal primers E341F - 5′-CCTACGGGAGGCAGCAG-
3′ and E907R - 5′-CCGTCAATTCMTTTRAGTTT-3′ [28]. High quality
sequences from each colony were aligned using ClustalW alignment
(MacVector, v12.0.3; MacVector, Inc, Cary, NC) to yield each full-length
sequence. The three full-length sequences for each colony morphotype
from each mouse genotype were compared and a consensus
sequence derived by ClustalW. Consensus sequences were compared to
two sets of 16S rRNA gene reference sequences, Human Oral Microbiome
Database (HOMD) [29] 16S rRNA RefSeq and sequences of the Ribosome
Database Project, release 10 [30]. Alignments were performed via the
BLAST server at HOMD (www.homd.org/index.php).
2.8. SDS-PAGE

Frozen glands were immediately weighed (Mettler MT-5 microbal-
ance; Mettler Toledo, Columbus, OH) and 10–20 mg wet weight of
tissue placed in 300 to 500 μl of the appropriate sample buffer supplied
for each gel type (Bis-Tris or Tricine, see below for gel types). Samples
were then sonicated (4×10 s pulses at 30 s intervals) with a Branson
Digital Sonifier 250 at 30% amplitude (Branson Ultrasonic Corp.,
Danbury, CT), boiled 10 min and centrifuged (10,000 g×10 min) at
4 °C. Supernatant volumes equivalent to 150–200 μg wet weight of
original tissue were applied directly to either 4%–12% NuPAGE
Bis-Tris gradient gels (Invitrogen) or 10%–20% Novex Tricine Gels
(Invitrogen). Gels were stained for proteins with Coomassie blue
using standard protocols, or to assay highly glycosylated glycoproteins
the gels were stained with Alcian blue as described previously [31].
Digital images of gels were obtainedwith a ScionGrayscale 1394Digital
Camera (Fotodyne, Hartland, WI).

2.9. Histochemistry

Animals were anesthetized by CO2 inhalation, the superior and
inferior vena cava exposed and cut, then the vasculature perfused
via the aorta for 3 min with ice-cold PBS containing 1 unit/ml heparin
at a rate of 5 ml/min. The perfusate was then switched to 4% parafor-
maldehyde in PBS for 20 min. Tissues were excised and incubated in
the same fixative for 5 h with rocking, washed three times in PBS
for 10 min, then embedded in paraffin. Sections (5 μm) were de-
paraffinized and stained with hematoxylin and eosin. Images were
captured with a Micropublisher 5.0 RTV digital camera (Q Imaging,
Pleasanton, CA) using QCapture Pro software (v5.01, Q Imaging) on
a Leica DM LB2 microscope (Leica Microsystems, Bannockburn, IL)
equipped with 100 W high-pressure mercury lamp and Chroma
fluorescent filter cubes (Chroma Technology Corp., Rockingham, VT).

2.10. Timed collection of stimulated whole saliva

Mice (N6 weeks of age) were weighed and then anesthetized
(ketamine, 75 mg/kg, plus xylazine, 8 mg/kg, IP). Saliva secretion
was stimulated by subQ injection of 5 mg/kg pilocarpine/0.5 mg/kg
isoproterenol (resting saliva flow is too low to measure in mice).
Each mouse was positioned on its side with its head slightly down
and the pool of saliva collecting next to the cheek transferred to a
1.5 ml centrifuge tube on ice at regular intervals using a 200 μl
pipette. A new collection tube was incorporated at 5 min intervals
over a 20 min period. Mice were then euthanized by CO2 asphyxiation
and exsanguinated. Tubes were centrifuged (2000×g×4 min) to
pellet debris and the volume of saliva in each tube was measured by
drawing the supernatant into a tip attached to a calibrated adjustable
pipette. Saliva secretion is expressed as μl (5 min)−1 (g body
weight)−1.

2.11. Adherence of S. mutans to saliva-coated hydroxyapatite-discs

Adherence assays incorporated the cell permeableDNA-binding stain
(SYTO-13, Invitrogen) to quantify bacteria bound to hydroxyapatite discs
(0.25 in. diameter circular discs, Clarkson Chromatography Products Inc.,
South Williamsport, PA) positioned in the bottom of wells of 96-well
plates (CulturPlate-96 Black, Perkin Elmer,Waltham,MA). To limit inter-
ference from indigenous bacteria within saliva samples, we used
S. mutans UA159 containing the ΩKm element integrated into the gtfA
gene, thus conferring kanamycin resistance (kindly provided by Dr. RA
Burne). Disruption of gtfA gene expression does not alter carbohydrate
metabolism except for melibiose and raffinose and was shown not to
effect caries development in rats [32]. Saliva samples streaked onto
blood agar containing 1 mg/ml kanamycin failed to produce colonies
under aerobic or anaerobic conditions (not shown). All wells were

http://www.homd.org/index.php


Fig. 1. Car6 transcripts in the major salivary glands of wild type and Car6−/− mice.
A: Exon usage for transcripts of type A and type B are shown. Gray areas represent
untranslated regions. Below is a diagram of the genomic locus and its modification by
the targing vector to create the targeted locus in which exon 3 and part of exon 4 are de-
leted. The neo and thymidine kinase (TK) cassettes are under control of the phosphoglyc-
erate kinase promoter. See Pan et al. [17] for targeting vector details. B: RT-PCR of random
primed cDNA from the three major salivary glands from wild type (+/+) and Car6−/−

mice to probe for Car6 transcripts using primer pairs targeting the distinct 5′-UTRs of
type A and B transcripts, with the reverse primer in exon 8. Primers to type A transcripts
produce the expected 1070 bp products in all three glands from wild type mice. Products
of 828 bp are detected in parotid and submandibular glands of Car6−/− mice and from
subsequent sequencing correspond to aberrant type A transcripts with exons 3 and 4
omitted.When probed for type B transcripts, products are detected in only submandibular
and parotid glands ofwild typemice. Tunicamycin-treatedNIH3T3 cells serve as a positive
control for type B transcripts [19]. Beta-actin controls are shown below. SLG, sublingual
gland; SMG, submandibular gland.
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washed three timeswith adherence buffer (AB) consisting of 50 mMKCl,
1.0 mMKPO4, 1.0 mM CaCl2 and 0.1 mMMgCl2, pH 6.5. Whole stimulat-
ed saliva samples were collected on ice as described above and stored at
−80 °C. Thawed saliva from a single animal was used for each assay. Sa-
liva was brought to an appropriate volume with AB containing 1 mg/ml
kanamycin (ABK) using 15 strokes of a siliconized ground-glass homog-
enizer and this suspension used to prepare additional saliva dilutions in
ABK by conventional pipetting. Wells containing hydroxyapatite discs
received either 100 μl diluted saliva or 100 μl ABK (no saliva controls).
Plates were incubated 1 h at 37 °C on a rotary shaker (Titer Plate Shaker,
Lab-Line Instruments Inc., Melrose, IL) at 300 rpm. Discs were washed
twice with 200 μl ABK. All washing steps were with an 8-channel elec-
tronic pipette, setting 3 (BIOHIT, Helsinki, Finland).

Low-passage frozen cell aliquots were cultured overnight in BHI
containing 1 mg/ml kanamycin. Cells in suspension were centrifuged
(5000 g×15 min), resuspended in pre-warmed semi-defined biofilm
medium (BM) containing 1% glucose and 1 mg/ml kanamycin, and
then incubated 4 h at 37 °C in air-5% CO2 [33]. Pelleted cells were
resuspended in 10 ml ABK to a concentration of 3×109 cells/ml and
sonicated to de-chain the cells using three pulses of 15 s with 60 s
intervals, at 60% power with a Branson Digital Sonifier 250. Cells
were pelleted and resuspended in ABK to an OD600 of 0.75 (109

cells/ml). Aliquots (100 μl) of this cell suspension were added to
half of the freshly washed discs. The other half received 100 μl ABK
and served as “saliva-only” background controls. Plates were
incubated 1 h at 37 °C with rotary shaking as described above.
Hydroxyapatite discs were then washed twice at 37 °C with 200 μl
of AB for 1 min with rotary shaking at 300 rpm and 100 μl AB added
to each well. To develop a standard curve of cell numbers versus
fluorescence, 100 μl of the concentrated cell suspension and appropri-
ate 10-fold dilutions were added to wells without discs. To quantify
bacteria, 100 μl of 10 μM SYTO-13 was added to each well,
plates incubated in the dark for 25 min at room temperature and
fluorescence read (488 nm ex/509 nm em) using a Synergy 2 Multi-
Mode Microplate Reader (BioTek, Winooski, VT) at sensitivity 70. All
experimental conditions were performed in triplicate. The mean
fluorescent reading for each experimental condition (saliva+cells),
after subtracting the mean for the appropriate saliva-only controls,
were converted to cell numbers based on the standard curve. Values
for each experimental condition were then normalized to the mean
for cells bound to discs without saliva (100%). The correlation
coefficients of linear regressions of standard curves were N0.998.
Mean fluorescence of the saliva-only background controls ranged
from 22 to 35% of the mean for each associated experimental
condition (saliva+cells).

2.12. Statistical comparisons

Statistical comparisons between wild type and Car6−/− mice were
conducted using the unpaired, two tailed t-test with Prism 5.0 software
(GraphPad Software, Inc., San Diego, CA).

3. Results

3.1. Expression of type A and B Car6 transcripts in major salivary glands
of wild type and Car6−/− mice

Shown in Fig. 1A is an exon map of transcripts type A and B
compared to the genomic Car6 locus. Also shown is a map of the target-
ing vector and resultant targeted locus used in creation of Car6−/−mice.
Transcription of the targeted locus is expected to produce tran-
scripts without exons 3 and 4, due to deletion of exon 3 and loss of
the 3′-splice site of exon 4. As shown in Fig. 1B, PCR products for
type A transcripts (1070 bp) are expressed in all three major salivary
glands of wild type mice. Interestingly, products for aberrant type A
transcripts (those missing sequences from exons 3 and 4; 828 bp)
are detectable at much lower levels in parotid and submandibular
glands of Car6−/− mice, thus verifying that the sequence remaining
from exon 4 after targeted deletion is not spliced. Products for type B
transcripts (1137 bp) are detected only in parotid and
submandibular glands of wild type mice, whereas aberrant type B
transcripts (895 bp predicted size) are not detected in the glands
of Car6−/− mice.
3.2. Phenotypic characterization of the salivary function of Car6−/− mice

As shown in Fig. 2, deletion of CA VI expression has no apparent
effect on the fine morphology of acinar and ductal cell types in the
three major salivary glands. In addition, stimulated secretion of
whole saliva by wild type and Car6−/− mice are equivalent, indicating
salivary functionwith respect to fluid flow is not affected (Fig. 3A).We
further find no apparent differences in protein profiles in the three
major glands by SDS-PAGE (Fig. 3B). Expression of the high molecular
weight mucin, Muc19, by sublingual glands and the low molecular
weight mucin, Muc10, by submandibular glands are unaffected in
Car6−/−mice (Fig. 3C). Apparent in Fig. 3D is themarkedly similar ex-
pression profiles of proteins in whole stimulated saliva fromwild type
and Car6−/− mice, albeit for the absence of a major band at 38 kDa,
consistent with previous Western blots demonstrating no detectable
expression CA VI of similar size in parotid and submandibular glands
[18]. We also found the consistent lower expression in saliva samples
from Car6−/− mice of a light band of unknown identity at about
63 kDa. Fig. 3E provides confirmation that the composition of highly
glycosylated glycoproteins in whole stimulated saliva is not altered
in Car6−/− mice. The absence of CA VI in Car6−/− mice combined
with no significant disruptions in salivary functions (i.e., glandular
protein/glycoprotein profiles, glandular cell morphologies, salivary
flow and saliva protein/glycoprotein composition) allows for the



Fig. 2. Hematoxylin and eosin stained paraffin sections (5 μm) of the three major sali-
vary glands, parotid (A and B), submandibular (C and D) and sublingual (E and F), from
wild type (A, C, E) and Car6−/− (B, D, F) mice. Acinar cells and ductal cells in each of the
three gland types display similar morphologies in wild type and Car6−/− mice. A and B:
Parotid serous acinar cells (arrows) and striated ducts (arrowheads). C and D: Seromu-
cous acinar cells (arrows) and granular ducts (arrowheads) of submandibular glands. E
and F: Sublingual mucous acinar cells (arrows), striated ducts (black arrowheads) and
intercalated ducts (white arrowheads). Scale bar in F=30 μm.

Fig. 3. Comparisons between wild type and Car6−/− mice in salivary flow and by protein a
stimulated whole saliva by wild type (closed squares) and Car6−/− (open circles) mice. Se
genotype. Comparisons of the mean values between the two groups at each time point in
major glands and from saliva samples of wild type (+/+) and Car6−/− mice. Mobilites of
from parotid (150 μg wet wt.), submandibular (SMG; 200 μg wet wt.) and sublingual (SL
blue. (C) Homogenates from SMGs (150 μg wet wt.) and SLGs (150 μg wet wt.) glands run
Muc19 mucin glycoproteins in SLGs and the smaller Muc10 in SMGs. Parotid gland homoge
(6 μl/lane) from female mice run on a 10–20% gradient gel and stained with Coomassie blu
absence of CA VI. A faint band at approximately 63 kDa appears down-regulated in Car6−/−

gel and stained with Alcian blue.
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assessment of the contribution of salivary CA VI to caries development
in mice challenged with S. mutans.

3.3. Caries development and recovery of bacteria

Shown in Table 1 are results of caries development in Car6−/− and
wild type mice infected with S. mutans UA159. Of the 20 breeding
pairs of heterozygous mice that were mated, 11 females became preg-
nant and delivered a total of 69 pups. Of these, 21 were of the wild
type phenotype but only 15 were homozygous mutants. One pup died
prior to initiating the caries protocol, thus the Car6−/− group contained
14mice. Nevertheless, we find significant and surprising differences be-
tween the two strains. Total smooth surface caries is more than 6-fold
lower in Car6−/−mice and the proportional differences between the
two genotypes increases further with increasing levels of caries sever-
ities (i.e., Ds, Dm and Dx). In wild type mice the localization of smooth
surface caries was mostly confined to buccal and lingual surfaces with
a trend towards higher levels on lingual surfaces. This same trend con-
tinued in Car6−/− mice, but lingual and buccal caries scores were more
than 5-fold and 7-fold lower, respectively, compared to wild type mice.
Proximal smooth caries was low in wild type mice and nonexistent in
Car6−/− mice. Total sulcal caries was more than 2-fold less in Car6−/−

mice and as with smooth surface caries, the differences between the
two strains of mice became more pronounced with increasing severity
scores.Weight gains bymales and females during the caries experiment
weremarkedly similar between the two genotypes and all mice consis-
tently appeared healthy and were active (Fig. 4A). The lower caries
levels in Car6−/− mice are consistent with the recoveries of S. mutans
and total microbiota after sonication of mandibular molars (Fig. 4B).
Recovered S. mutans levels were 7-fold lower in Car6−/− mice
compared to the wild type. The mean total cultivable microbiota was
less in Car6−/− mice, but given the large variations in CFU values
obtained, this difference is not statistically significant.

3.4. Adherence of S. mutans to saliva-coated hydroxyapatite discs

CA VI expression is associated with higher recoveries of S. mutans
frommolars as well as increased caries suggesting CA VI may promote
the adherence of S. mutans to hard surfaces, possibly by direct interac-
tion with S. mutans or indirectly through complexation of CA VI with
nd glycoprotein expression in saliva and the three major salivary glands. (A) Flow of
e Materials and methods for details. Values are means±SD from five animals of each
dicated no statistical difference (PN0.05). (B-E) SDS-PAGE of homogenates from the
molecular size markers are indicated to the left of each gel panel. (B) Homogenates
G; 150 μg wet wt.) glands run on 10–20% gradient gels and stained with Coomassie
on 4–12% gradient gels and stained with Alcian blue to detect high molecular weight
nates do not stain with Alcian blue (not shown). (D) Stimulated whole saliva samples
e. Absence in the Car6−/− sample is a prominent band at 38 kDa, consistent with the
mice saliva. (E) Stimulated whole saliva samples (9 μl) were run on a 4–12% gradient

image of Fig.�2
image of Fig.�3


Table 1
Comparisons of the development caries and their severities on molar smooth and sul-
cal surfaces between wild type and Car6−/− mice.

Wild type (+/+) Car6 (−/−)

N=20 N=14

Smooth surfaces
Total - E 6.60 (2.04) 1.00 (0.49)†

Total - Ds 3.75 (1.36) 0.43 (0.25)†

Total - Dm 1.95 (0.87) 0.14 (0.14)
Total - Dx 1.00 (0.56) 0 (0)
Buccal E 2.65 (1.11) 0.36 (0.23)†

Buccal Ds 1.45 (0.63) 0.21 (0.21)†

Buccal Dm 0.75 (0.35) 0.14 (0.14)
Buccal Dx 0.40 (0.23) 0 (0)
Lingual E 3.35 (0.77) 0.64 (0.34)†

Lingual Ds 1.80 (0.56) 0.21 (0.15)†

Lingual Dm 0.90 (0.40) 0 (0)
Lingual Dx 0.40 (0.24) 0 (0)
Proximal E 0.60 (0.36) 0 (0)
Proximal Ds 0.50 (0.35) 0 (0)
Proximal Dm 0.30 (0.21) 0 (0)
Proximal Dx 0.20 (0.14) 0 (0)

Sulcal surfaces
E 10.65 (2.29) 4.71 (0.98)†

Ds 8.90 (2.34) 2.21 (0.53)†

Dm 4.30 (1.39) 0.50 (0.27)†

Dx 2.65 (1.05) 0.07 (0.07)†

Values are means (SE) of Larson's modified Keyes' scores. N=number of mice in each
group. Total smooth surface caries is the sum of buccal, lingual and proximal caries. E,
lesion at least in white opaque enamel; Ds, lesion extends at least into dentine; Dm,
dentine is exposed or missing; Dx, dentine is missing.

† Pb0.05 compared to wild type.
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other salivary constituents. To explore this hypothesis we
developed a fluorescent microtiter plate assay to compare adherence
of S. mutans to hydroxyapatite discs coated with whole stimulated
saliva from wild type and Car6 −/− mice. It has long been established
that S. mutans binds avidly to untreated hydroxyapatite, whereas
formation of a salivary pellicle reduces total S. mutans adsorption
sites by more than 50% [34]. In assay development, we therefore
first determined cell loading per microtiter well to obtain near
saturation binding to untreated hydroxyapatite while providing a
wide dynamic range in quantifying a reduction in adherent cells. As
shown in Fig. 5A, 108 cells per well resulted in more than a 2-fold ex-
cess of cells, a near saturating amount (Fig. 5A insert). In standard
curves to convert fluorescence to cell numbers, 108 cells represent
Fig. 4. Body weight and microbiota recoveries frommice in the caries experiment. (A) Body
during the experiment. (B) Recoveries of total microbiota and S. mutans from sonication of m
and total bacteria on blood agar. Values are means (SE) from 6 pairs of mandibles prepared
the upper end of a linear range that spans 4 log units (Fig. 5B). The
adherence of S. mutans to hydroxyapatite discs was increasingly
reduced by treatment with increasing concentrations of saliva from
wild type mice (Fig. 5C). Interestingly, maximal inhibition of
adherence was about 50%, consistent with whole human saliva [34],
and was saturable at saliva concentrations of 6.3% and higher. As
shown in Fig. 5D, there were no differences in S. mutans adherence
between saliva samples from wild type and Car6 −/− mice at all saliva
concentrations tested.

3.5. Comparison of indigenous oral bacteria

We further hypothesized that loss of CA VI in saliva may alter the
indigenous oral microbiota, whichmay impact subsequent colonization
by S.mutans.We thus carried out an initial assessment of the indigenous
oral microbiota of each mouse genotype. Colonies of six distinct
morphologies were observed consistently on blood agar plates under
aerobic and anaerobic culture conditions after streaking oral swabs
from mice of both genotypes. No additional colony morphologies
were apparent with extended culture. Characteristics of each colony
morphotype are given in Table 2. For taxonomic assignment of each
colony morphotype, we conducted colony PCR of 16S rRNA gene
sequences from single isolates cultured under aerobic conditions from
three mice of each genotype. High quality sequences for each colony
morphotype were at least 99.8% identical, regardless of host genotype.
We therefore derived a consensus sequence from the three reads of
each colony morphotype for each mouse genotype. Consensus
sequences ranged from 1420 to 1472 base pairs and were aligned to
sequences of the Ribosome Database Project (RDP), release 10, using
the BLAST server at Human Oral Microbiome Database (HOMD). 16S
rRNA gene sequences from both the hemolytic-gray colonies and the
non-hemolytic white colonies of cocci most closely align to sequences
from uncultured bacteria and hence do not have species designations,
but are assigned to the genus Streptococcus. Sequences from the four
other colony morphotypes each align with identities of 97.5% to 100%
to cultured bacteria of known species. For comparisons, each consensus
sequence was also aligned to the annotated HOMD 16S rRNA reference
sequences from the human oral microbiome. Results are shown in
Table 3. Because the highest scoring alignments were identical when
comparing consensus sequences between wild type and Car6 −/−

mice, only the lowest alignment score and percent identity for each
pair of consensus sequences are given.

We further determined total recoveries of each colony morpho-
type from aerobic and anaerobic cultures from Car6 −/− and wild
weights (means±SEM) of male (circles) and female (squares) mice at weekly intervals
andibular molars. Recoveries by CFU (colony forming units) of S. mutans on MSB agar
from each group. *; Pb0.05 for Car6−/− mice compared to the wild type (+/+).

image of Fig.�4


Fig. 5. Microtiter plate and fluorescent-based assay of S. mutans adherence to hydroxyap-
atite discs treated with and without whole stimulated saliva from wild type and Car6−/−

mice. (A) Comparisons of cell adherence to untreated hydroxyapatite with increasing cell
loading (number of cells added) expressed as either the percent of cells added to wells or
as the total number of cells bound (insert). Results are means (SEM) from 3 separate ex-
periments. (B) A representative standard curve of fluorescence intensity due to increasing
numbers of cells stainedwith SYTO-13 inwells without hydroxyapatite discs. (C) Fluores-
cence due to cells bound to hydroxyapatite discs treatedwith increasing concentrations of
saliva from wild type mice. Fluorescence was normalized to that for cells bound to
untreated hydroxyapatite (100%). Results are means (SEM) from 4 separate experiments.
(D) Comparison of S. mutans adherence to hydroxyapatite discs treated with increasing
concentrations of saliva fromwild type (black bars) and Car6 −/− mice (open bars). Fluo-
rescence was normalized to that for cells bound to untreated hydroxyapatite (100%). Re-
sults are means (SEM) from 6 separate experiments. PN0.05 for wild type compared to
Car6 −/− at each saliva concentration (unpaired, two tailed t-test).
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type mice. Results are shown in Fig. 6. There were no significant dif-
ferences in the total recovered CFUs for each colony morphotype
between the two culture conditions. Interestingly, the non-
hemolytic white colonies of cocci and the colonies aligned to L.
murinus were recovered at significantly higher levels from Car6 −/−

mice versus wild type mice under each culture condition, although
the significance was slightly less than 95% (P=0.066) for L. murinus
in aerobic cultures.
Table 2
Characteristics of distinct colonies isolated on blood agar from oral swabs of wild type
and Car6−/− mice.

Colony appearance Cell appearance Gram stain Catalase activity

Large gray Short thin rods − +
Large yellow Large cocci + +
Gray (α-hemolytic) Cocci - chains + −
Medium white Cocci - chains + −
Medium white Medium to long rods + −
Small gray Short rods + +

Colony appearance on blood agar was identical under aerobic and anaerobic
conditions. Cell appearance was determined under light microscopy (100×).
4. Discussion

In evaluation of Car6 gene expression in wild type mice we found
predominant expression of type A transcripts in parotid and subman-
dibular glands, consistent with the previous immunohistochemical
localization of CA VI enzyme in serous acini of parotid glands and in
seromucous acini of submandibular gland [18]. In contrast, expres-
sion in sublingual glands was sparse, suggesting it is not a product
of the mucous acinar cell type that is predominant in this gland.
Instead, it is likely a product of ductal cells as reported for sublingual
glands of rats [35]. In Car6−/− mice we find evidence in parotid and
submandibular glands for spliced type A transcripts resulting from
transcriptional read-through of the inserted neo cassette, but without
inclusion of the remaining exon 4 sequence. Splicing occurs from
exon 2 directly to exon 5, and thus produces aberrant type A
transcripts predicted to contain four premature termination codons
within the sequences encoded by exons 5 and 6 (not shown). Such
mRNA is a candidate for nonsense-mediated mRNA decay, in which
aberrant transcripts are detected during the pioneer round of
translation, are segregated to an intracellular pool associated with
RNA decay machinery and do not produce protein [36]. Detection
by RT-PCR of these aberrant transcripts is likely due to the high rate
of Car6 transcription in acinar cells of submandibular and parotid
glands and result in overloading of the RNA decay pathway. These
aberrant transcripts do not result in protein production as evidenced
by the absence in Car6−/− mice of proteins immunoreactive to a CA VI
polyclonal antibody [18], nor in the current study do we detect an
aberrant protein in saliva or the major salivary glands by SDS-PAGE.

Type B transcripts are detected in wild type mice at apparently
low levels in parotid and submandibular glands, but not sublingual
glands. The absence of aberrant type B transcripts in all three glands
of Car6−/− mice suggests either the transcriptional machinery does
not read through the neomycin cassette or that RNA decay processes
in affected cells are able to efficiently degrade the lower levels of
nonsense mRNA. In light of the regulated expression of type B
transcripts by the ER stress-related transcription factor C/EBP
homologous protein (CHOP) [19,37], our detection of type B CA VI
transcripts in glands of wild type mice may represent low levels of
ER stress intrinsic to serous and seromucous salivary acinar cells
during heightened and/or prolonged periods of secretion during
eating. Indeed, up-regulation of the ER stress response and acinar
cell damage is associated with high levels of secretagogues in the
pancreas [38].

A recent initial comparison of the transcriptomes of submandibu-
lar glands, stomach, and duodenum between wild type and Car6−/−

mice by cDNA microarray analysis indicated that potentially 94, 56,
and 127 genes are up- or down-regulated, respectively, at least 1.4-
fold in Car6−/− mice [18]. Interestingly, the great majority of the
putative differentially expressed genes are not shared among the dif-
ferent tissues. Functional clustering of the transcripts identified by
cDNA microarray in each tissue suggests that catabolic processes,
stress responses and/or immune system processes may be affected
in Car6−/− mice. Although validation of gene expression differences
by real-time RT-PCR remains to be completed, we find that the
absence of expression of Car6 type A and/or type B transcripts has
no apparent affects on salivary or gastrointestinal physiology as
assessed by salivary structure/function, weight gain, general
appearance and activity level. Any changes in gene expression may
be due, in large part, to the loss of type B proteins and compensatory
stress-related cellular responses to preserve homeostasis.

In light of no significant differences between wild type and Car6−/−

mice in the structure and function of salivary glands other than dele-
tion of CA VI expression, we assessed the contribution of CA VI deletion
to caries development in mice when inoculated with S. mutans and ad-
ministered a highly cariogenic diet. An intriguing finding is the marked
protective effect of CA VI deletion against both smooth surface and
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Fig. 6. Total recoveries in colony forming units (CFUs) for each of six distinct colonymor-
photypes from the oral cavities of Car6 +/+ and Car6 −/− mice. Oral swabs were vortexed
in BHI medium and 50 μl of three different dilutions streaked onto duplicate blood agar
plates cultured under aerobic or anaerobic conditions. Each colony morphotype is identi-
fiedby its taxonomic species assignment from the RDPdatabase as given in Table 3, except
for the hemolytic gray colonies and non-hemolytic white cocci colonies, both ofwhich are
assigned as members of the genus Streptococcus. Results are means (SE) from cultures of
oral swabs from 11 Car6 +/+ and 9 Car6 −/− mice. *; Pb0.05 for Car6−/− compared to
Car6 +/+. #; P=0.066 for Car6−/− mice compared to Car6 +/+.

1574 D.J. Culp et al. / Biochimica et Biophysica Acta 1812 (2011) 1567–1576
sulcal caries. These results thus contradict our original hypothesis that
CA VI serves to protect enamel surfaces from caries. This hypothesis
was based upon a human study in which caries prevalence was associ-
ated with lower concentrations of CA VI in the saliva of subjects with
poor oral hygiene [16]. Other confounding factors may have contribut-
ed to this apparent association. For example, patients deficient in CA II
also have markedly reduced levels of salivary CA VI [39]. Because CA II
is expressed within the cytoplasm of salivary acinar cells that secrete
CA VI [9], lower levels of CA VI in saliva may therefore reflect other
metabolic affects that compromise the protective qualities of saliva,
possibly leading to the perception of poor oral hygiene. Supporting
this explanation are previous results indicating a positive correlation
between salivary levels of CA VI and amylase in a similar human sub-
ject population as the aforementioned caries study [11]. Alternatively,
our results may indicate important differences in CA VI function be-
tween different species. Comparison of CA VI proteins between
mouse (261 residues) and human (308 residues) reveal 74% similarity
Table 3
Alignments of 16S rRNA gene sequences of colonies isolated on blood agar from oral swabs

Colony Reference Genus Spec

Sequences

Large gray RDP Actinobacillus mur
HOMD Haemophilus aegy

Large yellow RDP Staphylococcus sapr
HOMD Staphylococcus warn

Gray (α-hemolytic) RDP Streptococcus Una
HOMD Streptococcus sang

White (cocci) RDP Streptococcus Una
HOMD Streptococcus para

White (rods) RDP Lactobacillus mur
HOMD Lactobacillus saliv

Small gray RDP Corynebacterium mas
HOMD Corynebacterium diph

High quality consensus 16S rRNA sequences from colony PCR of single isolates under aero
Human Oral Microbiome Database (HOMD) [29] to two sets of 16S rRNA reference sequen
10 [30]. Highest scoring alignments were identical between consensus sequences from
identities for each pair of consensus sequences are given. Percent identities are the total nu
and 57% identity, but with the larger human enzyme having 57 resi-
dues of unique 5′-end sequence of unknown function compared to
the mouse enzyme (NCBI BLASTP 2.2.25).

The lower levels of caries associated with Car6 deletion suggests
this enzyme does not contribute significantly to the removal of
bacterial derived hydrogen ions at enamel surfaces. Nishimori and
co-workers [40] suggested that CA VI at enamel surfaces might
function to catalyze the hydration of CO2 (derived from the
metabolism of plaque bacteria) to produce bicarbonate and protons,
therefore promoting the acid-induced demineralization of enamel.
They point out that purified human CA VI has moderately high
activity for the CO2 hydration reaction and is inhibited in the reverse
reaction by the abundant salivary anion, bicarbonate (KI=0.80 mM).
The concentration of bicarbonate in saliva increases from about 2 mM
under non-stimulated conditions to about 40 mM at maximal secre-
tion rates [41]. The reverse dehydration reaction of CA VI should
therefore be mostly inhibited during all phases of salivary secretion.
Human CA VI was shown to be enzymatically active when bound to
enamel, in vitro [15] and to retain its activity after incubation for
30 min at pH 2.2 [42]. At pH 6.4, rat CA VI loses about 50% of its
peak activity whereas rat CA I is inactive [34]. CA VI activity at
lower pH values has not been reported to our knowledge. CA VI is
thus acid resistant and may retain significant enzymatic activity as
plaque pH falls to levels that promote the further colonization of
acidogenic bacteria and the dissolution of enamel surfaces. The
bacteria within the acid plaque may also use bicarbonate produced
by the hydration reaction to help buffer cytosolic pH.

Regardless of CA VI enzymatic activity, its expression is associated
with increased caries development and recovered S. mutans from
molar teeth. Our results do not support a role for CA VI in promoting
S. mutans adherence to hard surfaces. Alternatively, we postulated
that loss of salivary CA VI alters the commensal oral microbiota. We
identified six distinct colony morphotypes from oral swabs of mice,
each yielding nearly identical 16S rRNA gene sequences when
compared between mice genotypes. Hence, we did not detect species
unique to wild type or Car6 −/− mice. For each colony morphotype,
the highest scoring aligned sequence from the RDP database is
associated with mice. Actinobacillus muris [43], L. murinus [44] and
Staphylococcus saprophyticus [45] are murine commensal oral
bacteria. Corynebacteria are commensals of the skin and mucous
membranes of humans and animals, with C. mastitidis recently
identified as an opportunistic infectious resident of the epidermis of
laboratory mice [46]. Sequences from the non-hemolytic white
colonies of cocci and the hemolytic-gray colonies most closely align
to sequences assigned to the genus Streptococcus and each were
isolated from either mouse epidermis [47] and cecum [48],
of wild type and Car6 −/− mice.

ies GenBank
accession

Score (bits) % Identities

is AF024526 2154 98.5
ptius M75044 1902 93.9
ophyticus EU855227 2257 100
eri L37603 2169 98.3

ssigned EU453973 2126 99.7
uinis AF003928 2076 96.7
ssigned FJ893080 2090 97.7
sanguinis II AY278635 1986 95.2
inus AF157049.1 2261 100
arious AF089108.2 1959 94.9
titidis AY834747.1 2081 97.5
theriae X82059 1882 94.5

bic conditions from three mice of each genotype were aligned by the BLAST server at
ces, HOMD 16S rRNA RefSeq and sequences of the Ribosome Database Project, release
wild type and Car6 −/− mice. Thus, only the lowest alignment score and percent
cleotide mismatches per total matching nucleotides, including gaps.

ncbi-n:AF024526
ncbi-n:M75044
ncbi-n:EU855227
ncbi-n:L37603
ncbi-n:EU453973
ncbi-n:AF003928
ncbi-n:FJ893080
ncbi-n:AY278635
ncbi-n:AF157049.1
ncbi-n:AF089108.2
ncbi-n:AY834747.1
ncbi-n:X82059
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respectively. Streptococci represent the most abundant bacteria
recovered from oral swabs, with streptococci from the hemolytic-gray
colonies the most highly recovered species from mice of both
genotypes. The sequences from these two colonies align best to
members of the sanguinis group of streptococci from the annotated
human oral microbiota. Our results are thus consistent with previous
observations in which streptococci represent predominant
commensals of the oral microbiota in humans and in laboratory mice
[45,49]. Moreover, as in prior studies that characterized the oral
microbiota of mice from cultivatable bacteria [44] or from
pyrosequencing [45] we detected a low number of species compared
to humans, likely influenced by modern vivarium procedures to
establish disease-free colonies. Interestingly, we find higher recoveries
from Car6 −/− versus Car6 +/+ mice of L. murinus and of the non-
hemolytic species putatively assigned as streptococci, supporting our
hypothesis that CA VI expression influences the commensal oral micro-
biota. Because S. mutans can be antagonized by indigenous oral lactoba-
cilli as well as by other streptococci [50–52], our results suggest these
changes in the oral microbiota in response to the absence of salivary
CA VI present a more competitive environment for S. mutans
colonization.

Collectively, our results suggest that salivary CA VI may promote
caries by modulating the oral microbiota to favor S. mutans coloniza-
tion and/or by the enzymatic production of acid within plaque. Corre-
lations to human CA VI may include in vitro comparisons of human
and murine CA VI activities under acidic conditions or the assay of
caries susceptibility in a human CA VI knock-in mouse model.
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