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Humans and chimpanzees share >99% identity in most proteins. One rare difference is a human-specific
inactivating deletion in the CMAH gene, which determines biosynthesis of the sialic acid N-glycolylneuraminic
acid (Neu5Gc). Since Neu5Gc is prominent on most chimpanzee cell surfaces, this mutation could have affected
multiple systems. However, Neu5Gc is found in human cancers and fetuses and in trace amounts in normal
human tissues, suggesting an alternate biosynthetic pathway. We inactivated the mouse Cmah gene and studied
the in vivo consequences. There was no evidence for an alternate pathway in normal, fetal, or malignant tissue.
Rather, null fetuses accumulated Neu5Gc from heterozygous mothers and dietary Neu5Gc was incorporated
into oncogene-induced tumors. As with humans, there were accumulation of the precursor N-acetylneuraminic
acid and increases in sialic acid O acetylation. Null mice showed other abnormalities reminiscent of the human
condition. Adult mice showed a diminished acoustic startle response and required higher acoustic stimuli to
increase responses above the baseline level. In this regard, histological abnormalities of the inner ear occurred
in older mice, which had impaired hearing. Adult animals also showed delayed skin wound healing. Loss of
Neu5Gc in hominid ancestors ⬃2 to 3 million years ago likely had immediate and long-term consequences for
human biology.

way for Neu5Gc production in humans has been eliminated.
However, the presence of Neu5Gc in human tumors was confirmed chemically (24), and we then found small amounts in
some normal human tissues (36). Taken together, these data
raised the possibility of an alternate biosynthetic pathway for
Neu5Gc biosynthesis (24). However, existing biochemical
pathways allow exogenous Neu5Gc to be metabolically incorporated into cultured human cells (3). We therefore suggested
that Neu5Gc in normal human tissues, tumors, and fetuses
originates with dietary sources (36), which include red meat
and milk products. Genetic elimination of the single-copy
CMAH gene in a model system can address this controversy.
Given that CMAH is present only in the deuterostome lineage
of animals (vertebrates and “higher” invertebrates) (31) and
the ethical and practical limitations of primate studies, the
logical candidate is the mouse.
Sias are also binding sites for many pathogens and toxins,
and the single-oxygen-atom difference between Neu5Ac and
Neu5Gc can affect these processes (25, 30, 32, 35). However,
complete elimination of Sias is not an evolutionary option,
since this causes embryonic lethality (33), likely because Sias
are also important mediators of many intrinsic receptor-binding
processes, such as those involving Siglecs (Sia-binding immunoglobulin superfamily lectins) (10, 39). Some Siglecs preferentially bind Neu5Ac-containing structures, e.g., myelinassociated glycoprotein (Siglec-4/MAG) on neuronal membranes,
which stabilizes the axonal myelin sheath (8), and sialoadhesin

Sialic acids (Sias) are nine-carbon sugars typically found at
the terminal end of mammalian glycoconjugates, serving roles
such as being receptors for pathogens or mediating cell-cell
interactions or cell signaling by endogenous lectins. Since they
are so widespread on all mammalian cell surfaces, alterations
in the Sia repertoire could have diverse effects on multiple
biological systems. The most common mammalian Sias are
N-acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic
acid (Neu5Gc). Neu5Gc is generated by hydroxylation of
CMP-Neu5Ac to CMP-Neu5Gc, catalyzed by CMP-Neu5Ac
hydroxylase (CMAH). Although abundant in many mammals,
including the chimpanzee and other great apes (our closest
evolutionary relatives), Neu5Gc is difficult to detect in humans
(37). (The term “great apes” is used in the colloquial sense,
since genomic information no longer supports this species
grouping [13]. These species are now grouped with humans in
the family Hominidae.) However, Neu5Gc was found in human
tumors and fetal samples (11, 15, 16, 18, 24, 27, 37) and assumed to be an “oncofetal” antigen, i.e., the result of a gene
being expressed in tumors and fetuses but not in adults. An
exon deletion/frameshift mutation in the human CMAH gene
was then discovered (7, 17, 37), indicating that the major path-
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on macrophages (5). These and other functions of Sias were
likely altered by the loss of Neu5Gc production in the human
lineage. We report an initial study of the consequences of
inactivating the Cmah gene in mice, asking questions about the
source of human “oncofetal” Neu5Gc, as well as some other
features of the human condition. Rather than focusing on a
single consequence of the mutation and analyzing it in detail,
we report a variety of phenotypes arising from this human-like
mutation in mice, some reminiscent of the human condition
(20).

MATERIALS AND METHODS

from the deletion allele, while a product of 490 bp is generated from the
wild-type (WT) allele.
Animal care. All animals used were maintained in an access-controlled barrier
facility under specific-pathogen-free conditions. Studies were performed in accordance with Public Health Service guidelines and approved by the Animal
Subjects Committee of the University of California, San Diego. Animals were fed
either a normal chow diet or a soy chow diet (AIN-93 M; Dyets, Bethlehem, PA).
DMB-HPLC analysis of Neu5Gc content in cells and tissues. Cells or tissues
were homogenized and subjected to acid hydrolysis using 2 M acetic acid at 80°C
for 3 h to release Sias from cellular glycoconjugates. After centrifugation at
20,000 ⫻ g, the supernatant was filtered through a Microcon 10 unit, dried down,
and reconstituted in water. Aliquots were derivatized with 1,2-diamino-4,5-methylene dioxybenzene (DMB) and analyzed by high-performance liquid chromatography (HPLC). To remove base-labile O-acetyl esters, samples were first
incubated with 0.1 M NaOH for 30 min at room temperature.
Immunohistochemistry. Tissues were frozen in optimal cutting temperature
compound and archived at ⫺70°C. Prior to staining, sections were air-dried for
30 min and fixed in 10% buffered formalin for 30 min, and endogenous peroxidase activity was quenched and nonspecific binding sites blocked with 5%
human serum in phosphate-buffered saline (PBS) for 30 min. Sections were then
incubated with the chicken anti-Neu5Gc antibody in 5% human serum–PBS at a
1:200 dilution at room temperature for 2 h. After washing, horseradish peroxidase-conjugated donkey anti-chicken immunoglobulin Y (IgY) antibody in PBS
at a 1:100 dilution was applied for 1 h. Control sections were incubated with
secondary reagent only or a control chicken IgY antibody. Specific binding was
detected using the AEC substrate kit.
Behavioral and cognitive assessment of CMAH-deficient mice. Four separate
groups of 7 to 10 null mice and WT controls were subjected the behavioral tests.
The first cohort consisted of 4-month-old male mice (n ⫽ 10 Cmah⫹/⫹ mice; n ⫽
10 Cmah⫺/⫺ mice) run in the entire battery. The second cohort consisted of
4-month-old male mice (n ⫽ 10 Cmah⫹/⫹ mice; n ⫽ 7 Cmah⫺/⫺ mice), which
were subjected to the rotorod, open field, startle response, and prepulse inhibition (PPI) tests. The third cohort of 3-month-old male mice (n ⫽ 10 Cmah⫹/⫹
mice; n ⫽ 10 Cmah⫺/⫺ mice) was tested in the complete battery, and a forth
cohort of 10-month-old mixed-sex mice (n ⫽ 3 male Cmah⫹/⫹ mice; n ⫽ 5
female Cmah⫹/⫹ mice; n ⫽ 6 male Cmah⫺/⫺ mice; n ⫽ 4 female Cmah⫺/⫺ mice)
was subjected to the rotorod and threshold-to-startle response tests.
The test battery assessed mice on a variety of parameters, including gross
physical assessment, sensorimotor reflexes, motor activity (initiation of movement, open field, wire hang, grip strength, cage top hang test, rotorod and pole
test), nociception (hot plate and tail flick), acoustic startle, sensorimotor gating
(PPI), and learning and memory (fear conditioning, passive avoidance, and water
maze). The test battery was run as described previously (9, 23), with the exception of the rotorod test for the first cohort. Locomotor coordination and balance
were measured by placing mice on an accelerating, 3-cm-diameter, rotating drum
(UGO Basile, Varese, Italy) for three trials with a minimum 15-min interval
between trials. The rotarod started with a rotating speed of 4 rpm and increased
to 40 rpm over a 5-min period. The mean latency to fall over the three trials was
recorded. For the first cohort of mice only, three additional days of testing (four
trials per day) were administered to assess motor learning.
Studies of inner ear histology and ABR. For histology, inner ears were harvested after intracardiac perfusion with 4% paraformaldehyde, postfixed overnight, decalcified in 8% EDTA, and embedded in Araldite. Sections were stained
with toluidine blue for light microscopy. To assess the auditory brainstem response (ABR), a loudspeaker was coupled to the ear of anesthetized mice and
subcutaneous electrodes were inserted at the vertex and behind the pinna, with
ground on a rear leg. ABRs were averaged over 512 trials using a Tucker-Davis
Technology System III unit. Clicks and 25-ms tone bursts (4, 8, 12, 16, 24, and 32
kHz) were delivered at 20/s, starting at 90 dB and decreasing in 5-dB steps to
reach threshold.
Wound healing assay. Murine cutaneous wound repair was evaluated as described previously (22). Sex- and age-matched adult mice were anesthetized by
isoflurane inhalation and shaved, and hair was removed by chemical depilation
(Nair). A single 4-mm wound was made with a dermal biopsy punch on the dorsal
skin of each mouse. Daily measurements of the wound area were determined by
using digital images of the wounds. The wound edge was defined on each digital
image and the area of the enclosed wound site calculated directly using NIH
image software. Experiments were done with humane care in compliance with
institutional guidelines and with approval of the VA San Diego Healthcare
System subcommittee on animal care, protocol no. 05-041.
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Generation of targeting construct pFlox-Ex-SL for elimination of CMAH
expression. A 10-kb genomic DNA region spanning the CMAH gene that includes the 92 bp corresponding to exon 6 of the murine CMAH gene was isolated
from a bacterial artificial chromosome clone by digesting the clone with EcoRI,
with subsequent Southern blotting using a radiolabeled probe corresponding to
exon 6. The 10-kb piece was subcloned into pBluescript II KS(⫹), generating the
construct pBS-35. Mapping of the restriction sites of the 10-kb fragment was
performed by digesting pBS-35 with various restriction enzymes. A 535-bp fragment containing exon 6 was isolated from pBS-35 by digestion with NheI and
XbaI and cloned into the BamHI site in the pFlox vector. A 1,150-bp intronic
region directly upstream of the 535-bp fragment was isolated by digestion with
NheI and subcloning into the pBluescript II KS(⫹) vector. This was then used for
PCR using forward primer CGGCTCGAGTGAGCTACATGAGAT and reverse primer GGGCTCGAGTAATCACCAAGCAAA, thereby adding XhoI
restriction sites to the ends of the 1,150-bp fragment. The PCR product was
subcloned into the pBluescript II KS(⫹) vector, which was then digested with
XhoI and cloned into the Xho site in the pFlox-Exon vector, creating the
pFlox-Ex-S vector. Next, a 4,850-bp fragment directly downstream of the 535-bp
fragment was excised from pBS-35 by digestion with XbaI and NheI and cloned
into the XbaI site in the pFlox-Ex-S vector, generating the final targeting construct, pFlox-Ex-SL.
Generation of Cmahⴚ/ⴚ mice. The pFlox-Ex-SL plasmid DNA was purified by
a standard cesium chloride method and linearized by digestion with the restriction enzyme NotI. The solution containing digested plasmid DNA was then
subjected to sequential phenol, 1:1 phenol:chloroform, and chloroform extraction. The aqueous phase containing the linearized DNA was then subjected to
sodium acetate precipitation. The resulting DNA pellet was washed two times in
ice-cold 70% ethanol, air dried, and resuspended in Tris-EDTA. The generation
of the transgenic mice was performed by the University of California, San Diego
(UCSD), Transgenic Mouse Core. In brief, the linearized transgenic constructs
were electroporated into embryonic stem cells (ES cells) isolated from the
129/SvJ mouse strain. The ES cells then underwent drug selection, subclone
isolation, and growth of isolated clones. Each clone was grown in triplicate
plates, one that was kept by the Transgenic Mouse Core as a master plate that
was frozen at ⫺80°C and two that were returned to investigators for the identification of homologous recombinants. DNA was purified from each clone and
subjected to screening by PCR and Southern blot analysis as described below.
Homologous recombinants were thawed, expanded, and reconfirmed by PCR
and Southern blot analysis. For the generation of the Cmah⫺/⫺ mouse, homologous recombinant clones were subjected to transfection with a Cre recombinase
expression vector, ganciclovir drug selection against the presence of thymidine
kinase, subclone isolation, and growth of isolated clones. The desired type of
recombination was then identified by PCR analysis. Karyotyping was then performed, and two of the best clones were selected for blastocyst injection. Chimeric mice were then generated and bred to C57Bl/6 females to allow germ line
transmission of the transgene.
PCR genotyping analysis of Cmahⴚ/ⴚ mice. To genotype the mice, DNA
isolated from toe clips was used for PCR analysis. Toe clips performed to mark
the identities of the mice were collected and digested in 20 l of buffer containing 50 mM Tris, pH 8.0, 20 mM NaCl, 1 mM EDTA, 1% sodium dodecyl sulfate,
and 250 g/ml proteinase K at 55°C until the soft tissue dissolved. The sample
was then diluted with 180 l of water and boiled to inactivate the enzyme. For
genotyping of CMAH⫺/⫺ mice, PCR primers UpExon6 (CCAGGAGGAGTTA
CCCTGAA) and DwExon6 (CGAGGACAGCCCAGAGACTA) were designed
based on the published murine CMAH sequence. Analysis was performed using
the following PCR cycle: 94°C for 5 min; 40 cycles of 94°C for 30 s, 53°C for 30 s,
and 72°C for 1 min; and 72°C for 5 min. A PCR product of 305 bp was generated
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FIG. 1. Generation of the human-like Cmah⫺/⫺ mouse. The targeting construct and final targeted Cmah allele are shown.

RESULTS AND DISCUSSION
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Generation of Cmah null mice. Two laboratories independently produced Cmah⫺/⫺ mice using different approaches,
and most results are combined here for optimal presentation.
One Cmah⫺/⫺ strain was generated by Neo cassette insertional
mutagenesis in mouse ES cells, which disrupted the reading
frame of the Cmah gene, and a resulting mouse-specific B-cell
defect not present in humans has been described elsewhere
(28). The second ES-cell targeting caused a human-like deletion of exon 6 of the Cmah gene, using loxP sites and Cre
recombinase expression in ES cells (Fig. 1). Both strains were
viable and fertile under standard vivarium conditions and were
fully backcrossed to a C57Bl/6 genetic background (⬎10 generations) prior to performing the studies reported here (unless
otherwise stated, all studies were done at UCSD in compliance
with institutional guidelines and with the approval of the
IACUC). No obvious differences between the two strains were
noted in any of the studies.
CMAH disruption causes complete deficiency in Neu5Gc
expression. An earlier screen of tissues from Cmah⫺/⫺ mice
with the Neo cassette insertion showed no detectable Neu5Gc
using an HPLC method (⬍2% of total Sias) (28). Here we
checked to see if even small traces are present, generated via
any alternate pathway. Standard mouse chow contains significant amounts of Neu5Gc, presumably because of animal-based
additives (detected by acid release, derivatization with DMB),
and analysis by HPLC [DMB-HPLC]; data not shown). Null
mice of both types were therefore weaned on a soy-based
vegan diet confirmed to be free of Neu5Gc by DMB-HPLC
(data not shown). Multiple tissues from such adult animals
were analyzed for Neu5Gc expression by immunohistochemistry using a sensitive chicken polyclonal antibody specific for
Neu5Gc (36). While WT mice showed complex staining patterns (Fig. 2A), there was no staining in most null tissues. The
only exception was weak and variable staining in the mucinous
secretions of the gut epithelium and pancreas (see Fig. 2A). To
pursue this further, Sias in glycopeptides and lipid extracts
were analyzed by DMB-HPLC. While WT mice showed easily
detectable Neu5Gc in most tissues, none was detected in any
tissues of the null animals, including the pancreas, the small
intestine, and the colon (data not shown). Complete Neu5Gc
absence was confirmed by mass spectrometric analysis of DMBderivatized Sias (36) from these organs (data not shown). Thus,
the weak antibody staining represents an artifact, likely caused
by a high density of other Sia types in mucinous secretions of
these organs.
We also did not see accumulation of Neu5Gc in tissues of

FIG. 2. Cmah⫺/⫺ mice are deficient in Neu5Gc. (A) Neu5Gc expression was studied by immunohistochemistry in multiple tissues from
multiple animals using a chicken anti-Neu5Gc antibody, and examples
are shown. The few null tissues staining weakly positive were studied
by acid hydrolysis, DMB-HPLC, and mass spectrometry analysis,
showing no evidence of Neu5Gc. (B) Increased 9-O acetylation of
Neu5Ac in Cmah null mice. The CHE-FcD probe was precomplexed
with horseradish peroxidase-conjugated goat anti-human IgG at an
optimized ratio and applied to sections of tissues from WT and
Cmah⫺/⫺ animals. Magnification, ⫻100. Brownish-red color represents positive staining.
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TABLE 1. Sias of erythrocyte ghosts and plasma proteins of WT
and Cmah null micea
% of total Sias
Genotype

WT
⫺/⫺

Cmah

Sample (nb)

Ghosts (3)
Plasma (5)
Ghosts (3)
Plasma (5)

Neu5Ac

O-acetylated
Neu5Ac

Neu5Gc

O-acetylated
Neu5Gc

49–59
18–25
55–72
85–90

23–36
1–4
28–45
10–15

7–18
71–81
⬍0.5
⬍0.5

⬍0.5
⬍0.5
⬍0.5
⬍0.5

a
Plasma and erythrocyte ghosts were subjected to mild acid hydrolysis and the
released Sias studied by DMB derivatization and HPLC as described in Materials
and Methods. Most O-acetylated Sias had a single O-acetyl ester at the 7, 8, or
9 position, and these are quantitated together, since the esters can easily migrate
from the 7 or 8 position to the 9 position.
b
n, no. of samples.

over the background level of staining seen in unfed animals
(Fig. 3A, right panel), nor was there any chemical evidence of
Neu5Gc incorporation, by DMB-HPLC analysis (not shown).
Of course, this 5-day Neu5Gc feeding is short in comparison to
the prolonged exposure of the human fetus to the maternal
diet for ⬎250 days. We therefore also studied Cmah⫺/⫺ fetuses
growing in a Cmah⫹/⫺ female. In this case, all newborn pups
showed strong anti-Neu5Gc antibody reactivity, even when
they were genotypically Cmah⫺/⫺ (Fig. 3C). Thus, Cmah⫺/⫺
fetuses are capable of incorporation of Neu5Gc from maternal
sources.
Although oral feeding did not cause Neu5Gc incorporation
into adult or fetal mouse tissues, we did find incorporation into
tumors. MMTV-PyMT transgenic Cmah⫺/⫺ mice were fed
with 1.5 mg of free Neu5Gc per ml in the drinking water for 1
month after onset of spontaneous mammary tumor growth.
Positive staining with the anti-Neu5Gc antibody was detected

FIG. 3. No alternative pathway for Neu5Gc biosynthesis in fetuses
or tumors. Neu5Gc expression was studied by immunohistochemistry
as with Fig. 1. (A) Fetuses from Cmah⫺/⫺ female mice with or without
1 mg/ml free Neu5Gc in the drinking water showed similar staining
patterns with the anti-Neu5Gc antibody, indicating that reactivity is
not due to uptake and incorporation. (B) Cmah⫺/⫺ MMTV-PyMT
transgenic mice were given Neu5Gc (1 mg/ml) free in the drinking
water for 1 month after onset of mammary tumor growth. Positive
staining for the anti-Neu5Gc antibody was detected, indicating that
dietary Neu5Gc can be incorporated into tumors. Magnification,
⫻100. (C) A Cmah⫹/⫺ female mouse was mated to a Cmah⫹/⫺ male
mouse. Pups were studied immediately after birth for Neu5Gc expression. Immunohistochemistry analysis of Cmah⫹/⫹, Cmah⫺/⫺, and
Cmah⫹/⫺ fetuses showed strong reactivity to all organs except for the
brain.

Downloaded from mcb.asm.org at UNIV OF CALIF SAN DIEGO on May 25, 2007

null mice exposed to 1 mg/ml free Neu5Gc in their drinking
water over several weeks (daily water consumption rates were
not affected). Of course, our earlier human ingestion study
(36) showed very little incorporation of a single large oral dose.
Overall, we conclude that the small amounts of Neu5Gc found
in normal human autopsy tissues are not generated by a second
mammalian biosynthetic pathway but likely accumulates from
dietary sources over many years.
Increased O acetylation of Sias. Another common modification of Sia is substitution of the 9-hydroxyl group with an
O-acetyl ester. This modification can modulate recognition by
intrinsic Sia binding molecules, such as Siglecs, as well as the
various pathogen binding proteins (2, 19, 40). In a recent study,
we noted increased O-acetylated Neu5Ac in human samples,
compared with those of great apes (1). This difference could
affect susceptibility to certain common cold viruses that selectively recognize O-acetylated Sias (40). Interestingly, the absence of Neu5Gc in the null animals results in increased 9-O
acetylation of Neu5Ac in plasma and possibly erythrocytes
(Table 1). Increased Sia 9-O acetylation was also found in
some other tissues, such as liver and lung, by immunohistochemistry (Fig. 2B). Thus, these null mice mimic the human
condition of relatively increased 9-O acetylation.
No alternative biosynthetic pathway for Neu5Gc in tumors
or fetuses. We explored an alternative pathway for Neu5Gc
expression as an oncofetal antigen, studying fetal development
and spontaneously developing mammary tumors induced by a
mouse mammary tumor virus-PyMT transgene (14). Fetuses
and tumors from WT animals showed abundant expression of
Neu5Gc (Fig. 3A and B, left panels). In contrast, Cmah⫺/⫺
fetuses growing in null mothers revealed very weak reactivity
within the basal layer of the epidermis, mucinous secretions of
the small intestine, and the stomach (Fig. 3A, middle panel).
There was no Neu5Gc detected in the embryos by the DMBHPLC method, indicating that this is also nonspecific staining,
as in the adult animals. Mammary tumors arising in null mice
showed no detectable Neu5Gc (Fig. 3B, middle panel). Thus,
there appears to be no alternative biosynthetic pathway for
Neu5Gc production in mammalian tumor cells or fetuses.
Incorporation of exogenous Neu5Gc into fetuses and tumors
of Cmah null mice. A Cmah⫺/⫺ female mouse mated to a
Cmah⫺/⫺ male was fed with 1 mg/ml free Neu5Gc in drinking
water from gestation day 13 through 18 and the fetuses analyzed for Neu5Gc expression. There was no definite change
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FIG. 4. Behavioral differences between Cmah⫺/⫺ and WT mice. (A) Startle reflex differences represented by data from the fourth cohort. This
result is representative of similar findings in three of four experiments. (B) ABR thresholds. A cohort of older (9 months) Cmah⫺/⫺ mice had
significantly reduced hearing sensitivity across the frequency range.

addition, Cmah⫺/⫺ mice showed a significantly lower (P ⬍
0.05) startle response to acoustic startle stimuli between 82 and
118 dB (Fig. 4A). The potential hearing difficulties in the
Cmah⫺/⫺ mice found in three of the four cohorts prompted
further investigations into the ABR threshold and inner ear
morphology.
Disturbed hearing and inner ear histology. While 3-monthold Cmah⫺/⫺ mice exhibited normal ABR thresholds, a cohort of 9-month-old mice had significantly reduced hearing
sensitivity across frequencies (Fig. 4B). Nine-month- but not
3-month-old mice had abnormalities in the sensory epithelia of
both the vestibular and auditory inner ears (Fig. 5). Unusual
deposits of apparently acellular material were present on the
apical surface of the vestibular otoconial epithelia, among the
stereociliary bundles (Fig. 5A). This material could potentially
affect the function of the stereocilia through mechanical interference. Alternatively, the material could reflect abnormal processes in the epithelium that decrease hair cell function. The
semicircular canal organs showed a similar abnormality, although more subtly. In one null animal, a fluid-filled cyst was
observed on a canal organ (Fig. 5C). In the cochlea, some
9-month-old mice showed outer hair cell degeneration throughout the cochlea, with collapse of the outer organ of Corti in the
basal (high-frequency) turn (Fig. 5B). In contrast, both the
cochlear and vestibular sensory epithelia of WT mice appeared
normal, even in older animals.
Age-related hearing loss is common in humans, but unlike
the flat loss seen in older Cmah⫺/⫺ mice, human hearing loss
is more prominent at high frequencies. There are many forms
of age-related hearing loss in humans, due to damage to hair
cells, neurons, secretory epithelia, etc. The Cmah⫺/⫺ phenotype may be more similar to forms of late-onset deafness associated with hair cell loss. Though not precisely documented
in the published literature, it is well accepted that humans have
poorer hearing than most other mammals. In the only published study comparing chimpanzees with humans, the former
were reported to be more sensitive than humans to frequencies
above 8 kHz but less sensitive to 250-Hz and 2- to 4-kHz
frequencies. Frequency and intensity difference thresholds are
also greater for chimpanzees (21). Of course, since the CMAH
mutation in humans occurred ⬃3 million year ago, the current
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(Fig. 3B, right panel), albeit at levels lower than those seen in
typical human tumors (36), which presumably accumulate exogenous Neu5Gc for much longer periods of time.
General behavioral and cognitive assessment. Expression of
Neu5Gc in the mammalian brain is very low, even in species
like the mouse and chimpanzee, in which expression in other
tissues can be high (26, 29, 37). Here we show that this is true
even in the fetal state (note the negative staining of the brain
in the WT fetal sections in Fig. 3A and C). Meanwhile, the loss
of Neu5Gc expression in the lineage leading to humans likely
occurred ⬃2.5 to 3 million years ago (37), prior to the emergence of the genus Homo, an evolutionary stage associated
with increasing brain size, tool use, and meat consumption via
scavenging and/or hunting (6, 12, 41). We therefore carried out
a general behavioral and cognitive assessment of Cmah⫺/⫺
mice in comparison to WT controls. The test battery assessed
mice on a variety of parameters (23). No statistically significant
differences were observed in gross physical assessment, sensorimotor reflexes, nociception, and learning and memory in the
two cohorts tested in the complete battery (data not shown). In
the first cohort, Cmah⫺/⫺ mice had impaired motor coordination as measured by the rotorod test (in both 1- and 3-day
protocol), increased vertical activity in the open field test, and
an abnormal startle response to acoustic stimuli and abnormal
sensorimotor gating in the PPI task (data not shown). The
second cohort was tested in these four assays (rotorod, open
field, startle response, and PPI), with significant differences
being replicated for the startle response and PPI test. PPI
differences were also observed in the third cohort. Examination of the PPI data revealed that Cmah⫺/⫺ mice were highly
active in the restraint chamber (data not shown), and this
increased the variability of the PPI measure to such an extent
that an interpretation of the sensorimotor gating ability of the
mice was impossible. Again, Cmah⫺/⫺ mice were more active,
possibly as a result of age-related changes in the inner ear (see
below). Cmah⫺/⫺ mice required higher acoustic stimuli to increase their startle response, a finding for three of four cohorts.
An example shown in Fig. 4A demonstrates that Cmah⫹/⫹
mice startle significantly above the 70-dB background level at
a stimulus of 82 dB (P ⬍ 0.05), whereas Cmah⫺/⫺ mice do not
startle above the background level until 98 dB (P ⬍ 0.05). In
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human condition likely represents a state of adaptation to any
original changes. It also remains to be seen if the inconsistently
reproducible balance problems seen in rotarod tests are also
due to variable inner ear dysfunction. It is interesting to note
that the emergence of the genus Homo seems to coincide with
a shift from a mixed arboreal (climbing) and terrestrial (walking) behavior to a primarily terrestrial lifestyle, associated with
the emergence of striding bipedal running (4, 20). A mild
deterioration of balance in early Homo could have forced these
adaptations.
Defects in wound healing. Strong anecdotal evidence indicates that nonhuman primates heal wounds faster than humans
(34), and it is commonly known that chimpanzees “heal overnight,” both in captivity (Jo Fritz, Primate Foundation of Arizona, personal communication) and in the wild (Pascal Gagneux, personal communication). The rates of induced wound
healing in WT and null mice were therefore determined by
daily measurements of the wound area. Wound repair was
markedly delayed in the null animals, manifested most obviously as a decreased rate of closure between days 4 and 9 after
injury (Fig. 6). Histological examination of wounds in this
period revealed no obvious differences in inflammatory cell
infiltrate, angiogenesis, or keratinocyte morphology. Further
studies are needed to explore the molecular and cellular basis
of this difference.
Conclusions and perspectives. We show here that the human-specific deletion in the CMAH gene very likely resulted in
complete loss of Neu5Gc expression in all tissues. Thus, the
frequent observation of Neu5Gc in human cancers and fetal
tissues is not likely to be due to an alternate “oncofetal” metabolic pathway. Rather, the data support our hypothesis that
the “oncofetal” expression of Neu5Gc (as well as the traces
found in normal human tissues) likely originates with exogenous dietary sources. In support of this, free Neu5Gc can enter
human cells via macropinocytosis to reach the endosomal/
lysosomal system (3). There it can be transported into the cyto-

solic compartment and get activated to CMP-Neu5Gc, which
would eventually enter the Golgi apparatus, where sialyltransferases can catalyze transfer of Neu5Gc to newly synthesized
glycoconjugates. We have also shown that intact humans absorb a portion of ingested Neu5Gc, excrete it into the urine,
and incorporate a small amount into newly synthesized glycoconjugates (36). The more prominent enrichment of Neu5Gc
in carcinomas and fetuses could be due to a higher uptake
by these rapidly growing tissues, perhaps associated with increased macropinocytosis induced by growth factors. Furthermore, hypoxic conditions in tumors have recently been shown
to upregulate expression of the relevant lysosomal Sia transporter (42).
Since Neu5Gc is found in most cell types of great apes, the
biological effects of its genetic loss in the human lineage are
likely to be complex and/or variable. Of course, mice are not
great apes, and we cannot expect that mice with a human-like
deficiency of Neu5Gc will mimic all consequences of Neu5Gc

FIG. 6. Differences in cutaneous wound repair. A single wound was
made with a dermal biopsy punch on the dorsal skin and measurements of wound area done by taking daily digital images. Data represent one experiment, with significance by one-way analysis of variance
of a P value of ⬍0.0001, seven mice per group, and are representative
of similar findings in three experiments.

Downloaded from mcb.asm.org at UNIV OF CALIF SAN DIEGO on May 25, 2007

FIG. 5. Histological abnormalities in inner ears. (A) In the vestibular otoconial epithelia, unusual deposits of apparently acellular material were
present on the apical surface of the epithelium, among the stereociliary bundles. (B) In the cochlear sensory epithelium, the area of the outer hair
cells showed degeneration of the sensory cells throughout the cochlea, with collapse of the outer portion of the organ of Corti in the basal
(high-frequency) turn. (C) Fluid-filled cyst observed on a semicircular canal organ of a null animal.
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loss in a hominid ancestor. Furthermore, ⬎2 million years have
passed since the CMAH inactivation, and the current human
condition likely represents a state of at least partial adaptation.
Realizing these limitations, we have carried out an initial survey of some phenotypic features of these mice, finding subtle
but significant differences reminiscent of the human condition,
such as slowed wound healing and age-related hearing loss.
Many additional studies will be needed to pursue these and
other phenotypic features resulting from this human-like genetic defect. More ethically acceptable studies comparing the
phenotypes of humans and great apes are also needed, since
our knowledge of the great ape “phenome” (defined as “the
body of information describing an organism’s phenotypes, under the influences of genetic and environmental factors”) (38)
is currently quite limited.
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