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ORIGINAL ARTICLE

Double deletion of Panx1 and Panx3 affects skin and bone
but not hearing
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Abstract
Pannexins (Panxs), large-pore channel forming glycoproteins, are expressed in a wide variety of tissues including the skin, bone,
and cochlea. To date, the use of single knock-out mouse models of both Panx1 and Panx3 have demonstrated their roles in skin
development, bone formation, and auditory phenotypes. Due to sequence homology between Panx1 and Panx3, when one Panx
is ablated from germline, the other may be upregulated in a compensatory mechanism to maintain tissue homeostasis and
function. To evaluate the roles of Panx1 and Panx3 in the skin, bone, and cochlea, we created the first Panx1/Panx3 double
knock-out mouse model (dKO). These mice had smaller litters and reduced body weight compared to wildtype controls. The
dKO dorsal skin had decreased epidermal and dermal area as well as decreased hypodermal area in neonatal but not in older mice.
In addition, mouse skull shape and size were altered, and long bone length was decreased in neonatal dKOmice. Finally, auditory
tests revealed that dKO mice did not exhibit hearing loss and were even slightly protected against noise-induced hearing damage
at mid-frequency regions. Taken together, our findings suggest that Panx1 and Panx3 are important at early stages of develop-
ment in the skin and bone but may be redundant in the auditory system.

Key messages
& Panx double KO mice had smaller litters and reduced body weight.
& dKO skin had decreased epidermal and dermal area in neonatal mice.
& Skull shape and size changed plus long bone length decreased in neonatal dKO mice.
& dKO had no hearing loss and were slightly protected against noise-induced damage.

Keywords Pannexin . Hearing . Skin . Bone . Panx1 . Panx3

Introduction

Pannexins (Panxs; Panx1, Panx2, and Panx3), are a family of
three glycoproteins that form large pore channels at the plasma
membrane [1–3] to allow passage of ions and metabolites

through the intracellular and extracellular space [4, 5].
Panx1 is expressed in most mammalian organs [2, 6–10],
while Panx2 has been found to have a more restricted expres-
sion pattern [2, 11]. Panx3 has been reported to be expressed
predominantly in the skin, cartilage, and bone [2, 9, 12].

Panx1 plays a role in many cellular processes such as ATP
release, Ca2+wave propagation, and apoptosis [13–15]. Panx1
channels can be opened through mechanical stimulation, an
increase in intracellular calcium concentration, extracellular
potassium concentration, membrane depolarization, as well
as caspase 3 cleavage [13–16]. Panx1 is highly expressed in
young mouse skin, but decreases in aged skin [17] and is
important in keratinocyte differentiation [18]. We previously
found that Panx1−/− (KO) mice had reduced dermal area, but
increased hypodermal thickness in dorsal skin compared to
wild-type (WT) mice [17]. Panx1−/− mice displayed increased
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fibrosis and delayed wound healing [17]. Panx3 is also
expressed in adult human skin and embryonic mouse skin
tissues and participates in wound healing [16, 18–20].

Panx3 is found in bone and cartilage tissues [21, 22] and is
involved in the differentiation of osteoblasts [23]. Panx3 is
also expressed in pre-hypertrophic chondrocytes and acts to
accelerate their terminal differentiation through increased ATP
release [21]. Our group previously generated a global Panx3−/
− (KO) mouse that was shown to be less prone to surgically
induced osteoarthritis [24]. Although gross skeletal phenotyp-
ic changes were not observed in this global Panx3−/− mice,
analyses of micro-CT images of long bones of adult Panx3−/−

and WT mice revealed that KO mice had shorter long bone
diaphyses, larger areas of muscle attachment, and greater
cross-sectional areas at mid-diaphysis compared to WT mice
[25].

Our group has recently shown that the global Panx1−/−

mouse did not exhibit hearing loss nor changes in the
timing/amplitude of the sound-evoked electrical activity re-
corded in the auditory brainstem [26]. In contrast, studies
using conditional ablation of Panx1 in the cochlea exhibited
severe hearing loss at all frequencies, reduced endocochlear
potential, and reduced cochlear microphonics [27, 28]. In a
recent study, we investigated the role of Panx1 and Panx3 in
noise-induced hearing loss. Although no differences were
found between Panx1−/− mice and their WT littermates,
Panx3−/− mice had slightly better hearing recovery after noise
exposure than WT mice [26].

Illustrating the potential compensation between pannexins,
single Panx1−/− and Panx2−/−mice were subjected to ischemic
stroke and had similar degrees of infarcts compared to controls
[29]. However, Panx1/Panx2 double knock-out mice had
smaller infarct sizes to the brain and better central nervous
system functional outcomes, suggesting that ablation of both
genes was necessary to observe the phenotype [29].

Panx1 and Panx3 share protein sequence homology,
and thus, it is postulated that the lack of gross overt phe-
notypes observed in one Panx null mouse modelcould be
due to functional compensation. In fact, Panx3 was upreg-
ulated in the skin, blood vessels, and the vomeronasal
organ of Panx1−/− mice [17, 30, 31]. To address this com-
pensation issue, we have generated the first Panx1 and
Panx3 double knock-out mouse (dKO) and focused our
characterization on the skin, bone, and the auditory sys-
tem that are known to express both pannexins.

Materials and methods

Generation of dKO mice

Panx3−/− mice were generated in house [24]. Panx1−/−

mice were a kind gift from Genentech Inc. (San

Francisco, CA) and were previously described [32].
Panx3−/− mice were crossed with Panx1−/− mice to gener-
ate offspring heterozygous (HT) for both Panx. These
mice were backcrossed with either Panx3−/− or Panx1−/−

mice to generate Panx1±/Panx3−/− or Panx1−/−/Panx3±.
The HT/KO and KO/HT mice were crossed, and mice null
for both pannexins (dKO) were selected and kept in a
closed colony. C57BL/6 mice were used as controls.
Mice were maintained on a 12-h-light to 12-h-dark cycle
and fed ad libitum. All experiments followed the guide-
lines and protocols for animal care approved by the
Animal Care Committee at the University of Western
Ontario.

Genotyping

Tail tips from P4–5 were digested in EDTA in a protein kinase
solution. PCR was used to verify the lack of exon 2 in both
genes. Primers are listed in Suppl. Table 1. Panx1 #1 flank
floxed exon 2 and yields a 662-bp WT DNA and a 450-bp
Panx1 KO fragment. For Panx3, two reactions were needed.
Reaction 1 uses Panx3 #1 primers flanking exon 2 and yield a
1326 bp WT DNA fragment and a 600-bp DNA fragment
indicates at least one mutant allele. To distinguish between a
Panx3 HT or full KO, a second reaction is conducted using
Panx3 #2 primers where WT and Panx3 HT mice produce a
770 bp band, not seen in a Panx3 KO.

Ribonucleic acid extraction and quantitative
polymerase chain reaction

Two to 3-month-old cochleae, P4-P5 skin, and P4-P5
hindlimb tissues were dissected from mice and flash-frozen
in liquid nitrogen. Ribonucleic acid (RNA) was extracted
using a combination of Trizol and a Qiagen RNeasy mini kit
as was previously described [26]. Primers used are listed in
Suppl. Table 1. Normalized mRNA expression levels were
analyzed using the delta delta CT method which was calculat-
ed using BioRad CFX Manager Software.

Protein extraction and immunoblotting

Protein was extracted from P4-P5 skin and hind limb tissues.
Fifty micrograms of protein were run on a gel and
immunoblotted for Panxs. Positive controls of Panx1 or 3
were ectopically expressed in HEK 293T cells (ATCC) as
previously described [17] (details in Suppl. Methods).

Histology

Histology assays were performed on skin samples collected
from WT and dKO male mice at various ages. Measurements
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from dKO and WT samples were compared using unpaired
sample t tests (GraphPad Prism 7).

Skull shape and size comparisons-imaging

Micro-computed tomography (μCT) images were obtained
from a sample of dKO and WT mice at P0, and at 3 months.
Images were obtained at an isotropic voxel size of 20 μm and
reconstructed as 3D volumes. Adult mouse skulls were
scanned with the eXplore speCZT μCT scanner (GE
Healthcare, Waukesha, WI, USA). (details in Suppl.
Methods).

Data collection: landmarking

Surface reconstructions were generated from μCT vol-
umes of each skull, and 3D landmark coordinate data
was collected using Checkpoint (Stratovan Corporation,
Davis, CA, USA). A set of 45 and 53 homologous skull
landmarks as well as 19 homologous mandibular land-
marks were collected from P0 and 3-month-old mice, re-
spectively [33, 34]. Two landmark trials were conducted
by the same observer and deviations between the two
trials were restricted to 0.05 mm [35] and then averaged
for further analyses.

Fig. 1 Characterization of dKOmice. Representative genotyping gels for
dKO andWT mice for Panx1 and Panx3 exon 2 deletions. R1, reaction 1
(primers Panx3F1 and reverse Panx3R1) primers flank exon 2 and yield a
1326-bp WT DNA fragment and a 600-bp DNA fragment which shows
the presence of at least one mutant allele. To distinguish between Panx3
HT or full KO, a second reaction (RT) is conducted using Panx3F1 and
reverse Panx3RT that yields a 770-bp in the WT but not in the KO. Lines
denote lanes from the same gel shown after removal of extra lanes (a).

Representative pictures of WTand Panx1−/-Panx3−/−mice at 3 months of
age (b). Litter sizes of WT, Panx1−/−, Panx3−/−, and dKO mice at time of
weaning where N = 71, 49, 45, and 36, respectively, one-way ANOVA
followed by post-hoc Tukey’s test (c). Body weights of postnatal day 0
(P0) (WT: N = 6, dKO: N = 8), 2–3-month-old (WT: N = 16, dKO: N =
16), and 16-month-old (WT, N = 4 and dKO, N = 8) WT and dKO mice
(d–f) . Unpaired students t tests **p < 0.01, ***p < 0.001,
****p < 0.0001. N, number of biological replicates
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Geometric morphometric analyses—skull shape
and size

Geometric morphometric statistical analyses were used for
quantification and comparison of subtle shape and size

differences. Landmark data underwent Procrustes superimpo-
sition using the R package geomorph [36, 37] (R Foundation
for Statistical Computing, Vienna, Austria, 2017), and subse-
quent analyses were conducted on Procrustes coordinate data.
Differences in each sections’ shape were compared with a
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non-parametric MANOVA using the ProcD function in the R
package geomorph ([37], R Foundation for Statistical
Computing, Vienna, Austria, 2017); [38].

Principal component analyses

Differences in skull shape were compared using principal
components analysis (PCA) performed on the variance/
covariance matrix of Procrustes coordinates using the
geomorph package in R [37]; R Foundation for Statistical
Computing, Vienna, Austria, 2017). Scores for each individ-
ual for PC1 and PC2 are presented as a scatterplot. Differences
in overall skull size as well as size of the cranial base, cranial
vault, face, and mandible were compared using centroid size.
Differences in size were compared using ANOVA and
Tukey’s post-hoc test. (details in Suppl. Methods).

Limb bone length comparisons

Limb bones of P0 dKO and WT mice were double-stained
with alizarin red/alcian blue as previously described [39].
Differences in length for specific bones were determined
using Welch’s t tests with Bonferroni correction. All analyses
were performed in R (R Foundation for Statistical Computing,
Vienna, Austria, 2017). (details in Suppl. Methods).

Growth plate comparisons of P0 WT and dKO tibiae

Tibiae were dissected from a sample of six WT and five dKO
P0 mice, fixed in 4% paraformaldehyde, decalcified, embed-
ded in paraffin, and sectioned length-wise. Safranin-O/Fast
Green staining was used to visualize the growth plate.
Length of the proximal growth plate as well as the length of
the proliferative and hypertrophic zones were measured using
ImageJ and compared between WT and dKO mice using
Welch’s t tests in R.

Cross-sectional geometrical properties of humerus
and femur

Cross-sectional measures were obtained from 20-μm
thick cross-sections of the right humerus and femur from
μCT scan data (see Suppl. Met.). Statistical comparison
of each geometrical property was performed using
Welch’s two-sample t tests in R (R Foundation for
Statistical Computing, Vienna, Austria, 2017) with
Bonferroni corrections for multiple comparisons.

Hearing assessment using the auditory brainstem
response (ABR)

Hearing levels were determined using the ABR technique,
which was previously described [26]. For ABR waveform
analysis, BioSig software program was used to measure the
amplitudes and latencies of 90-dB sound pressure level (SPL)
click stimuli for each wave and each mouse group tested.
(details in Suppl. Methods).

Noise exposure

For a separate cohort of mice at 1 month of age, an initial ABR
was followed immediately by exposure to a loud 12-kHz tonal
stimulus at 115-dB SPL to both ears for a 1-h time period, as
has been previously described [26].

Results

Characterization of dKO mice

Genotyping of dKO mice showed loss of both Panx1 and
Panx3 (Fig. 1a). Although gross morphology of Panx1−/
-Panx3−/− mice (dKO) did not show any major differ-
ences, adult dKO mice were slightly smaller than WT as
evidenced in representative pictures (Fig. 1b). Weaned
litter sizes of dKO mice were significantly smaller com-
pared to both WT and Panx1−/− weanlings (Fig. 1c).
Additionally, overall body weight of dKO mice was sig-
nificantly decreased at postnatal day 0 (P0), 2–3 months,
and 16 months of age compared to aged-matched WT
controls (Fig. 1d–f). However, qMRI tests revealed that
the lean mass and fat mass normalized to body weight did
not significantly change between WT and dKO mice at
2 months of age (Suppl. Fig. 1).

Panx1 and Panx3 are ablated in the skin, limb,
and cochleae of dKO mice

Panx1 and Panx3 mRNA transcripts were present in the skin,
hindlimb, and cochleae of WT mice and absent in dKO

�Fig. 2 Quantitative polymerase chain reaction (qPCR) and Western blot-
ting confirm ablation of Panx1 and Panx3. Skin (a), hindlimb (b), and
cochleae (c), mRNA transcript levels for Panx1 and Panx3 were assessed
using 18S rRNA or GAPDH to calculate normalized mRNA expression
using the delta CT method. No Panx mRNA was found in the dKO
tissues. Panx1 and Panx3 Western blots for P4 skin (a) and hindlimbs
(b). Panx1 is glycosylated and runs in a multiple-banded pattern (Gly2,
Gly1, Gly0) as shown in human embryonic kidney cells (HEK 293T)
ectopically expressing Panx1 (bracket) and WT skin (not detectable in
hindlimb). Panx3 protein (~ 43 kDa) shown in WT skin, bone, and
transfected HEK 293T cells (bracket). Unspecific bands are evident at
~ 50 and 70 kDa (also in dKO). GAPDH was used as a loading control.
Markers in kDa. Lines in blots indicate that positive control lanes (HEK
Panx) are from the same blot but scanned at a lower intensity due to high
ectopic expression. Bars, mean ± SEM. N = 3 in skin and limbs and N = 4
in cochleae. N, number of biological replicates
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(Fig. 2a–c). At the protein level, low but detectable amounts of
Panx1 and Panx3 were observed in skin tissues which were
ablated in dKO mice (Fig. 2a–c). In the hindlimb, Panx1 pro-
tein was undetectable in both WT and dKO, but high Panx3
protein expression was observed in WT mice (Fig. 2a–c).
Other immunoreactive bands are apparent at 50 and 70 kD,
but are not ablated in the dKO, indicating that they are unspe-
cific. We assessed the expression of Panx2 and other large
pore channels in WT and dKO tissues. In the skin, Panx2 full
length was not detected, while Panx2 isoform X1 was ob-
served at similar levels in WT and dKO mice (Suppl. Fig.
2A). Cx26, Cx30, and Cx43 mRNA transcripts were also

similarly detected in both WT and dKO mice (Supplemental
Fig. 2B). No differences in the expression of any of the tested
Cxs or Panx2 channels were observed in WT and dKO
hindlimbs or cochlear tissues (Supplemental Fig. 3A, B).

Fig. 3 In dKO mice dorsal skin, epidermal and dermal area is decreased
at P0, and hypodermal area is increased at P4 compared to WT mice.
Histological analysis of mouse dorsal skin at various ages showed the
area of epidermal (excluding the highly variable stratum corneum) and
dermal areas at P0, P4, 4 weeks, and 2 years of age in dKO andWTmice.

N = 3, n = 9 for all time points and genotypes, except P0 (N = 4, n = 12).
Error bars represent SEM. Scale bars represent 50 μm at P0 and 100 μm
at P4, 4 weeks, and 2 years. N, biological replicates, n, technical
replicates. Independent student t tests were performed. NS, no
significance. ***p < 0.001, and ****p < 0.0001

�Fig. 4 Thick skin epidermal area is reduced in dKO paws of P0 mice.
Histological analysis and area of measurements in the epidermal area of
mouse thick paw skin at P0, P5, 4, 9, and 22 weeks of age was quantified.
N = 3, n = 9, error bars represent SEM. Scale bars represent 25 μm.
Unpaired student t tests were performed. NS, no significance; N,
biological replicates; n, technical replicates. **p < 0.01
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Neonatal dKO mice exhibit decreased epidermal
and dermal area in dorsal and paw skin

Analysis of dorsal skin showed a significant decrease in the
epidermal and dermal area of dKO mice at P0 compared to
WT (Fig. 3). At P4, there was a significant increase in the
hypodermal area of dKO compared to WT mice (Fig. 3).
However, no significant differences were seen at any other
time point (Fig. 3). dKO paw skin at P0 showed a significant
decrease in epidermal area; however, no differences were
found at any other age (Fig. 4a–c).

Skull shape is significantly altered in neonatal but not
in adult dKO mice

Overall skull shape comparisons between dKO and WT
mice at P0 was assessed using a MANOVA and found to
be significant (p = 0.00165). Significant shape changes
between dKO and WT mice were detected for all regions
of the skull: face (p = 0.00335), base (p = 0.00035), crani-
al vault (p = 0.00405), and the mandible (p = 0.00045) at
P0. However, at 3 months, no statistically significant
shape changes were observed. Skull shape differences
were visualized using principal component analyses
(PCA). At P0, distinct separation was evident between
WT and dKO mice across PC1 for the whole skull
(Fig. 5a) as well as for each region of the skull, particu-
larly in the cranial base (Fig. 5b). In contrast, in adult
mice, there was no separation between genotypes across
PC1 and PC2 (Fig. 5d, e). Heat morphs allow visualiza-
tion of shape changes in P0 dKO across PC1 (Fig. 5c, f).

dKO mice have significantly smaller mandibles,
shorter hind limbs, and altered femoral and humeral
cross-sectional properties

Size of the whole skull, face, cranial base, and cranial
vault did not differ significantly between genotypes at
P0 or in adult mice (Fig. 5g). Mandible size was signifi-
cantly smaller in dKO mice at P0 and at 3 months (Fig.
5g). Lengths of the ossified portion of fore- and hind limb
bones of P0 pups were measured and showed that P0 dKO
mice have significantly shorter hind limb bones than WT
(Fig. 6a). Qualitative assessment revealed no differences
in the general histomorphology of the tibial growth plate
between WT and dKO P0 mice (Fig. 6c). Measures of
growth plate length were not statistically different be-
tween genotypes. Similarly, proportional lengths of the
prehypertrophic and hypertrophic zones relative to total
growth plate length were similar between genotypes
(Fig. 6d). At P0, polar second moment of area (J) (p =
0.0000034) and cortical area (CA) (p = 0.0024) of the hu-
merus are larger in dKO than WT mice (Fig. 6e). At

3 months, dKO mice have significantly larger %CA of
the humerus than WT mice (p = 0.014) and significantly
larger femur Imax/Imin (p = 0.009) (Fig. 6e).

dKO mice have normal hearing

Representative ABR trace recordings of WT and dKO
mice for a click stimulus showed that ABRs were similar
in both genotypes (Fig. 7a). No significant differences
were observed between WT and dKO mice at any of the
stimuli tested (Fig. 7b). In addition to measuring hearing
thresholds, analysis of ABR waveforms provided an indi-
cation of the integrity of neurotransmission throughout the
auditory brainstem. dKO mice had significantly larger
amplitudes in wave I (cochlear nerve), wave III (superior
olivary complex), and wave IV (lateral lemniscus/inferior
colliculus) of the ABR, findings which could result from a
greater number of neurons along the auditory pathway
being activated by the acoustic stimulus, and/or because
the population of neurons in a given brainstem region
discharged with more precise timing following each of
the 1000 acoustic stimulus presentations (i.e., less vari-
ability in the timing of the discharges across presenta-
tions; increased neural synchrony) compared to WTs
(Fig. 7c). That said, no differences were detected in the
latencies of ABR waveforms in dKO (Fig. 7d), suggesting
that the speed of neurotransmission was not affected by
genotype. Collectively, these data suggest that dKO mice
do not exhibit hearing deficits, and even have enhanced
activation and/or neural synchrony in distinct auditory
brainstem regions.

�Fig. 5 Skull shape is altered in dKOmice compared toWTmice at P0 but
not in adult mice. Principal components analyses (PCA) were used to
visualize differences in shape between dKO and WT mice at P0 for the
whole skull, face, cranial base, cranial vault, and mandible. Small circles
represent PC scores for PC1 and PC2 for each individual; large circles
represent the average score for each genotype along PC1 and PC2. The
two genotypes are clearly separated along PC1 for all regions of the skull
at P0 (a, b). At 3 months (adult), no clear separation between genotypes
was found for any of the regions analyzed (d, e). Specific shape changes
associated with variation across PC1 are represented as heat morphs (c, f).
Red coloration demonstrates regions of the skull that differ the most
between the average dKO mouse and the group mean, whereas gray
coloration represents differences between the average WT mouse and
the group mean. At P0, the greatest shape differences in dKO mice are
found in the cranial vault and cranial base (c), in agreement with our
regional PC plots (b). At 3 months, the main differences in skull shape
are concentrated on the inferior surface of the cranial base and face (f).
Note that while these regions of the skull look markedly different due to
the red color, the actual difference (< 0.5 mm) is quite small for an adult
mouse skull. Overall skull size, as well as face, cranial base, cranial vault,
and mandibular size were compared between dKO and WT mice at P0
and 3 months. For both age groups, WT mice have significantly larger
mandibles than dKO mice (g). **p < 0.01
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dKO mice have slightly decreased susceptibility
to noise-induced hearing loss

As expected, ABR thresholds to all stimuli (click, 4–24-kHz
tones) were elevated immediately after the noise exposure in
both WT and dKO mice (Fig. 8a–d), with the greatest degree
of hearing impairment evident at the higher frequencies
(Fig. 8c–d). Interestingly, 7 days after the noise exposure,
the 24-kHz hearing thresholds of dKO mice had recovered
to a greater degree (i.e., lower ABR threshold values) than

the WT mice, findings which show that the dKO mice were
slightly less susceptible to permanent noise-induced hearing
loss (Fig. 8d).

Discussion

Single pannexin knockout mice have been used to assess the
impacts of Panx channels in various organs [3]. However,
recent findings suggest potential compensatory mechanisms
between Panx family members, reinforcing that double
knock-out (dKO) mice are necessary to examine their true
functions within different organ systems. We created the first
Panx1 and Panx3 dKO mouse model which was not trivial,
since both Panx1 and Panx3 genes are closely located in chro-
mosome 9 within 22 Mb of each other in the mouse genome
(NCBI), thus making the recombination efficiency of this
event very low.

dKO mice showed decreased body weight, and this change
was not previously observed in either of the two single KO
models of Panx1 and Panx3 [24, 32]. However, qMRI of adult
dKO mice did not show any differences in fat mass or lean
mass, when normalized to body weight (Supplemental Fig.1
A, B). In addition, dKOmice had significantly decreased litter
sizes (fewer pups per litter) compared to controls, a finding

Fig. 7 Double knockout mice
have normal hearing.
Representative auditory
brainstem response (ABR) traces
of a broadband click stimulus in
both WT and dKO mice (a).
Hearing assessment of 2–3-
month-old mice through ABRs of
WT and dKO mice for a broad-
band click stimulus and tonal
specific frequencies (4, 8, 16, and
24 kHz tones) (b). ABR wave-
forms were further analyzed at the
90-dB click stimulus by their
amplitudes (c) and latencies (d),
representing neural synchrony
and speed, respectively. Bars rep-
resent mean ± SEM. *p < 0.05,
****p < 0.0001, one-way
ANOVA followed by Sidak’s
post-hoc tests. Ns, no signifi-
cance. WT, N = 12; dKO, N = 13.
One outlier, as determined by
GraphPad was removed from (b).
N, number of biological replicates

�Fig. 6 dKO mice have significantly shorter hind limb bones than WT
mice and altered femoral and humeral cross-sectional properties. At P0,
measures of femoral and tibial lengths are significantly shorter in dKO
compared with WT mice (a). Geometric properties of the humerus and
femur were calculated from diaphyseal cross-sections as shown (b). The
general organization of the proximal tibial growth plate (GP), prolifera-
tive zone (PZ), and hypertrophic zone (HZ) is similar between genotypes
at P0 (c), and no differences were found between dKO and WT mice for
length measures of the total growth plate, or the prehypertrophic or hy-
pertrophic zones as measured as percent of the total growth plate (d).
Analysis of (b), showed that humeri of dKO mice have significantly
larger cortical area (CA) and polar second moment of area (J) than WT
mice at P0, while at 3 months, percent cortical area (%CA) is significantly
larger in dKO mice (e). No significant differences in femur cross-
sectional measurements were detected at P0 between genotypes, but at
3 months, dKO mice have significantly larger Imax/Imin values
(e).*p < 0.05, **p < 0.001, ***p < 0001
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that was also shown for Panx3−/− mice [24] and that may be
due to higher intra-uterine death but remains to be studied.

At P0, dKO mice had reduced dorsal skin thickness which
was similarly found in our previous study for Panx1−/− mice
[17]. At P4, however, this finding was no longer evident and
instead dKOmice exhibited increased hypodermal area where
subcutaneous fat is found. The Panx1−/− mice also had a sig-
nificant increase in hypodermal area and an increase in overall
fat content due to the enhanced differentiation capacity of
adipose stromal cells from the Panx1−/− to form adipocytes
with higher fat content [40].

While an overt skeletal phenotype has not been associated
with Panx1 KO mice, Panx3 KO mice have been reported to
have shortened long bones and hypomineralization of the
skull and long bones [25, 41, 42]. Thus, the relatively mild
skeletal phenotype observed in our dKO mice is unexpected,
but similar to our previous report on the bone morphology of
the global Panx3 KO mouse [25].

While we found significant skull shape differences be-
tween dKO and WT mice at P0, by 3 months, dKO mouse
skull morphology appeared to Brecover.^ This could be
due to a combination of the minor phenotypic effects ob-
served at P0 coupled with the rapid growth and remodel-
ing of the mouse skull within the first 2 months of post-
natal development [25]. The main skull shape changes we
observed in dKO mice at P0 were localized to the cranial
base and cranial vault. Early postnatal growth of these
regions is quite rapid, plateauing by P14-P21 in mice
[43].

Tibial and femoral lengths were shorter in dKO than WT
mice at P0. However, no differences in tibial growth plates
were observed at P0 between genotypes suggesting that sub-
sequent tibial growth would be similar to WT, potentially
enabling recovery of the phenotype through postnatal devel-
opment. For the humerus, cortical area (CA) and polar second
moment of area (J) are significantly larger in dKO mice than
WT at P0, suggesting that dKO humeri have an increased
resistance to compressive and torsional forces respectively.
By 3 months, CA and J of the humerus are similar between
genotypes but the proportion of cortical area to total
subperiosteal area (%CA) is significantly greater in dKO
mice, indicating thicker cortical bone. At 3 months, dKOmice
have significantly larger Imax/Imin ratios for the femur which
indicates that the distribution of cortical bone within the cross-
section is altered. Previously, we reported that humeri and
femora of adult Panx3 KO mice have increased J and CA
compared toWTmice [25]. While we expected similar results
in our dKO model, it appears that knocking out both genes
results in a phenotype separate from the single Panx3 KO.

Previous studies showed that a conditional ablation of Panx1
in the cochlea resulted in severe hearing loss [27]. Additionally, a
human patient harboring a Panx1 mutation was found to exhibit
many clinical symptoms including hearing loss [44]. In contrast,
another Panx1−/− mouse had normal hearing and did not exhibit
any auditory brainstem morphology deformities [26]. Recently,
that same Panx1−/−model was found to havemild hearing loss at
low frequencies which was more pronounced at higher frequen-
cies (i.e., 32 and 40 kHz) [45]. Zorzi and colleagues re-examined

Fig. 8 dKO mice exhibit slight
protection against noise-induced
hearing loss. Noise exposure
(NE) increased ABR thresholds
immediately after NE (post NE)
for all stimuli tested, confirming
auditory damage in both WT and
dKO mice (a–d). The highest
ABR thresholds were found at the
higher frequency stimuli 16 kHz
(c) and 24 kHz (d) tones.N = 7 for
each genotype. Bars represent
mean ± SEM. Two-way repeated
measures ANOVAwith Sidak’s
post-hoc tests were performed for
each individual stimulus.
***p < 0.001, N number of bio-
logical replicates
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the auditory phenotype of the first-generated Panx1−/− mice and
found that they did not have hearing loss [46]. To rule out the
possibility that in the global Panx1 KO, Panx3 could be com-
pensating for its function, we tested the dKO hearing and found
that both pannexins are dispensable for hearing function. In fact,
dKO mice had increased ABR wave amplitudes representing
enhancement of the neural synchrony within these auditory
brainstem regions.

The double deletion of Panx1/Panx3 did not showmore overt
phenotypes than the single KO models and in some cases, re-
duced the severity of the phenotypes observed. As with Panx1
and Panx3 single KOs, we might see more pronounced pheno-
types once they are challenged with different insults. In the dKO,
there was no upregulation of Panx2 and connexins known to be
expressed in some of these tissues [11, 47–49], plus in hindlimb,
we could not detect any expression of Panx2, Cx26, or Cx30
(Suppl. Fig. 3A). However, it is possible that these and other
large pore channels can still functionally compensate for the
missing Panxs deleted from germline throughout development.
Therefore, in some instances, the use of conditional KOs may be
necessary to avoid this potential issue with compensation that
could mask some phenotypes. In conclusion, we have shown
that dKO mice have alterations in the skin and bone at early
stages but do not exhibit hearing loss and show better recovery
upon noise damage. Our findings sugggest that Panx1 and Panx3
may be important in early development of musculoskeletal tis-
sues but are not required for hearing.
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