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Primary	ciliary	dyskinesia	(PCD)	is	a	genetically	heterogeneous	disorder	associated	with	ciliary	defects	and	
situs	inversus	totalis,	the	complete	mirror	image	reversal	of	internal	organ	situs	(positioning).	A	variable	
incidence	of	heterotaxy,	or	irregular	organ	situs,	also	has	been	reported	in	PCD	patients,	but	it	is	not	known	
whether	this	is	elicited	by	the	PCD-causing	genetic	lesion.	We	studied	a	mouse	model	of	PCD	with	a	recessive	
mutation	in	Dnahc5,	a	dynein	gene	commonly	mutated	in	PCD.	Analysis	of	homozygous	mutant	embryos	
from	18	litters	yielded	25%	with	normal	organ	situs,	35%	with	situs	inversus	totalis, and	40%	with	heterotaxy.	
Embryos	with	heterotaxy	had	complex	structural	heart	defects	that	included	discordant	atrioventricular	and	
ventricular	outflow	situs	and	atrial/pulmonary	isomerisms.	Variable	combinations	of	a	distinct	set	of	cardio-
vascular	anomalies	were	observed,	including	superior-inferior	ventricles,	great	artery	alignment	defects,	and	
interrupted	inferior	vena	cava	with	azygos	continuation.	The	surprisingly	high	incidence	of	heterotaxy	led	us	
to	evaluate	the	diagnosis	of	PCD.	PCD	was	confirmed	by	EM,	which	revealed	missing	outer	dynein	arms	in	
the	respiratory	cilia.	Ciliary	dyskinesia	was	observed	by	videomicroscopy.	These	findings	show	that	Dnahc5	is	
required	for	the	specification	of	left-right	asymmetry	and	suggest	that	the	PCD-causing	Dnahc5	mutation	may	
also	be	associated	with	heterotaxy.

Introduction
Primary ciliary dyskinesia (PCD) encompasses a wide spectrum of 
disorders that result from immotile or dysfunctional cilia. Cilia are 
highly ordered microtubule-based organelles that project from the 
cell surface and comprise 9 peripheral microtubule doublets deco-
rated by outer and inner dynein arms. These dynein arms drive 
ciliary motion by powering sliding movement of the microtubule 
doublets (1). Not surprisingly, mutations causing PCD have been 
identified in genes encoding proteins required for ciliary biogen-
esis or proteins that are structural components of the cilia (2). 
Two of the genes commonly mutated in PCD patients are DNAH5 
and DNAI1, dynein motor proteins that make up the outer dynein 
arms (ODAs) powering movement of the cilia (3).

PCD patients suffer from recurring respiratory infections due to 
inability of the ciliated respiratory epithelia to adequately propel 
mucus and clear foreign particles from the airway. There is also 
a high prevalence of male infertility due to sperm immotility. In 
rare instances, PCD patients exhibit hydrocephaly due to failure 
of the ependymal cilia to effectively move cerebrospinal fluid (4). 
Somewhat unexpectedly, approximately half of PCD patients have 
Kartagener syndrome, a condition characterized by complete mir-

ror image reversal of organ situs known as situs inversus totalis. 
This association of ciliary defect with laterality reversal led Afze-
lius to postulate that “cilia on the embryonic epithelia have a cer-
tain position and a fixed beat direction and that their beating is 
somehow instrumental in determining the visceral situs” (5). The 
presence of such ciliated cells in the embryo and their role in situs 
determination has since been confirmed.

Studies using mouse embryos and other model organisms have 
shown that motile cilia in the early embryo play an essential role 
in left-right patterning (6). Insights gained from the analysis of 
mutations affecting ciliary structure and function have indicated a 
role for the cilia in left-right specification. This includes the initial 
breaking of symmetry and the specification of left-right organ situs 
along the body axes. Kif3A- and Kif3B-knockout mouse embryos 
have no nodal cilia, and they exhibit bilateral symmetry, indicating 
a failure to break symmetry (7–9). In contrast, iv/iv mutants break 
symmetry but exhibit randomized specification of the left-right 
body axis, including situs solitus (normal situs) and situs inversus 
totalis (complete reversal of situs) (10–13). These mutants have a 
mutation in the left-right dynein lrd (Dnahc11), and although they 
have nodal cilia, the cilia are immotile.

Among PCD patients, there have been reports of heterotaxy (14), 
which refers to discordant organ situs in the abdominal and tho-
racic cavities. Heterotaxy results from indeterminate patterning 
of the left-right axis. In contrast to situs inversus totalis, where 
organ situs show complete mirror reversal or inversion from their 
normal left-right position, in heterotaxy the left-right positioning 
of the heart and great arteries, lung and liver lobes, stomach, and 
spleen are altered in a discordant manner. Mutations in a number 
of genes, such as ZIC3, LEFTYA, CRYPTIC, and ACVR2B, have been 
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shown to play a role in human heterotaxy syndromes (15). In addi-
tion, a recent report showed heterotaxy is found in 6.3% of PCD 
patients (16). However, whether heterotaxy among PCD patients 
is the result of mutations causing PCD or the combined effects 
of other mutations or polymorphisms in the genetic background 
of the patient population is not known. This question is of con-
siderable clinical importance, since heterotaxy is often associated 
with complex structural heart defects, which can cause significant 
morbidity and mortality (17). In air-breathing mammal, left-right 
asymmetry associated with the cardiovascular system plays a criti-
cal role in the elaboration of separate pulmonary and systemic cir-
culation essential for the animal’s survival.

In this study, we describe a new mouse model of PCD recovered 
in a mouse mutagenesis screen for mutations causing congeni-
tal heart disease (18). This mutant was identified with a reces-
sive mutation in (dynein, axonemal, heavy chain 5) (Dnahc5). The 
human ortholog, DNAH5, is a gene often mutated in patients with 
PCD (3). Homozygous mutant animals exhibit situs solitus, situs 
inversus totalis, or heterotaxy. Analysis of preterm fetuses revealed 
40% incidence of heterotaxy. Fetuses with heterotaxy exhibited 
varying combinations of complex structural heart defects of a 
defined spectrum. Given the genetic homogeneity of the mutant 
mouse line, these results indicate that mutations in Dnahc5 caus-
ing PCD also can cause heterotaxy. These findings suggest that 
PCD patients with mutations in DNAH5 should be clinically eval-
uated for heterotaxy and congenital heart defects.

Results
Recovery of a novel Dnahc5 mutation. As part of an ENU mutagenesis 
screen for recessive mutations causing congenital heart defects, we 
recovered a mouse mutant exhibiting situs anomalies. Homozy-
gous animals exhibited situs inversus totalis, as well as heterotaxy 
(Figure 1). Mutants with heterotaxy usually also exhibited com-
plex structural heart defects and died before or shortly after birth. 
To map the mutation, heterozygous mutants in the C57BL/6J (B6) 
background were crossed to C3H mice to generate B6/C3H hybrid 
offspring, and these were further intercrossed to obtain embryos 
between E15.5 and birth. Genome scanning DNA obtained from 
these hybrid offspring using B6/C3H polymorphic microsatellite 
DNA markers mapped the mutation to chromosome 15 (18). Fur-
ther fine mapping using SNPs narrowed the interval to a 7.2-Mb 
interval between SNP rs13482485 and rs32364740. This region 
contains 26 genes, including Dnahc5. As mutations in the human 
ortholog DNAH5 are well described in patients with situs anoma-
lies and PCD (19), we analyzed Dnahc5 cDNA sequences and also 
the 79 exons of the Dnahc5 genomic DNA sequence from homo-
zygous mutant embryos.

PCR amplification of cDNA and genomic DNA for Dnahc5 gave 
the expected products, except for primers targeting exons 7–17. 
PCR amplification of cDNA derived from these exons yielded no 
specific products, while amplification of genomic DNA with prim-
ers spanning exon 6 and 18 generated a 3.3-kb amplicon from the 
mutant embryo DNA (Figure 2A). This compares with the expect-
ed amplicon size of 30,688 bp. Sequencing of the central 2,765 bp 
showed that the mutated region consisted of a large deletion of 
29,755 bp spanning exons 7–17, with the 5′ end containing sequenc-
es from intron 6, proceeding internally to base Chr15:28,178,819 
(mm8), and the 3′ end containing sequences derived from intron 
17, starting internally at base Chr15:28,208,575 (Figure 2C). Sur-
prisingly, in this deleted interval, there was a 2,397-bp insertion 
composed of DNA derived from mouse chromosomes 2, 4, and X. 
This included both repetitive sequences and portions of exons of 
other genes, but these lacked known splice donor/acceptor sites 
(Figure 2D). In silico translation of the predicted mutant Dnahc5 
mRNA showed that this novel Dnahc5 allele has an in-frame dele-
tion of 1,779 nucleotides coding 593 amino acids from residues 
267–859 at the N-terminal side of Dnahc5 — a region containing 
most of the heavy chain dynein interacting domain N1, but that 
does not include the motor domain (Figure 2C). The predicted 
transcript was experimentally verified by sequencing of cDNAs 
obtained from RT-PCR amplification of transcripts expressed in 
homozygous mutant embryos (Figure 2B). We refer to this mutant 
Dnahc5 allele as Dnahc5del593.

Situs anomalies in homozygous Dnahc5del593 mutants. With the iden-
tification of the mutation in Dnahc5, we conducted a systematic 
analysis of genotype versus phenotype. This survey revealed that 
some of the Dnahc5del593 homozygous animals survived up to 2–4 
weeks postnatally, exhibiting either normal situs (situs solitus; Fig-
ure 1A) or complete mirror reversal of body situs (situs inversus 
totalis; Figure 1B). The homozygous animals usually expired or 
had to be euthanized at 3–4 weeks of age, as they exhibited a dome-
shaped head indicative of hydrocephaly. These findings were con-
sistent with the known role of Dnahc5 in the ependymal cilia for 
moving cerebral spinal fluid and maintaining patency of the aque-
duct (20). A previous gene trap mouse model of PCD has also been 
found to have situs inversus totalis and hydrocephalus (21).

Finding both situs solitus and situs inversus totalis in the postnatal 
homozygous animals suggested situs specification was randomized. 
However, the previous examination of embryos harvested preterm 
also showed heterotaxy (Figure 1C). To determine the frequency of 
different situs presentations, 123 embryos from 18 litters were har-
vested at E16.5–E18.5, which consisted of 30 wild-type (Dnahc5+/+), 
68 heterozygous (Dnahc5del593/+), and 25 homozygous mutants 
(Dnahc5del593/del593). This distribution did not differ significantly 

Figure 1
Situs anomalies in Dnahc5del593 mutants. (A) Situs solitus 
with levocardia. The right lung (R) has 4 lobes, and the left 
lung (L) has 1. Arrow indicates direction of heart (H) apex. 
The stomach (S) is on the left. (B) Situs inversus totalis 
with dextrocardia. Note 4 left (labeled 1, 2, 3, and 4) and 1 
right (R1) lung lobes, with stomach on the right. (C and D) 
Heterotaxy with levocardia. Note right aortic arch (RAA), 1 
lung lobe on each side (R1 and L1), and stomach on the 
right (C). After removal of the liver, azygos continuation 
(arrowhead) of the interrupted inferior vena was found (D). 
K, kidney. Scale bar in D: 250 mm (A–D).
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from the expected Mendelian ratio. All wild-type and heterozygous 
mutants showed situs solitus. Interestingly, of the 25 homozygous 
mutant embryos, 24% (6) exhibited situs solitus, 36% (9) situs inver-
sus totalis, and 40% (10) exhibited heterotaxy. We define heterotaxy 
as any deviation from situs solitus or situs inversus totalis, whether 
the changes were observed in the cardiac, pulmonary, or abdominal 
anatomy. These observations show this Dnahc5 mutation generates 
complete reversal of handedness as in situs inversus totalis at the 
same rate as the incidence of heterotaxy.

In situs solitus, the heart apex points leftward (levocardia) and 
the aortic arch is leftward (Figure 1A). The aorta is posterior and 
right of the pulmonary artery at the base of the heart. Both supe-
rior vena cavae (SVCs) return to the right atrium — the left SVC via 

the coronary sinus and the infe-
rior vena cava (IVC) returns to 
the right atrium. There are 4 left 
and 1 right lung lobes, and the 
stomach, pancreas, and spleen 
are on the left. Only the left 
liver lobe is visible posterior to 
the medial lobe, which straddles 
both sides of the body. In situs 
inversus totalis, there is com-
plete mirror-image reversal of 
organ situs in the thoracic and 
abdominal cavities. For exam-
ple, the heart apex is pointed 
to the right (dextrocardia), with 
a right-sided aortic arch, and 
the stomach, spleen, and pan-
creas are on the right (Figure 
1B). In embryos with hetero-
taxy, we observed a wide range 
of situs anomalies (Table 1). 
Some had 1 lung lobe on each 
side of the chest cavity, indica-
tive of left pulmonary isomer-
ism. There were also examples 
of symmetrical bilobed liver, 
midline stomach and pancreas, 
as well as azygos continuation 
of IVC (Figure 1, C and D, and 
Table 1). Abnormal heart situs 
and complex structural heart 
defects were also observed in 
many of the mutants exhibit-
ing heterotaxy (Table 1). Light 
blue in Table 1 indicates normal 
situs; pink, inverted situs; gray, 
right-left isomerism; and green, 
midline position or otherwise 
anomalous position/connec-
tion. It is interesting to note 
that isomerism (gray) and the 
more anomalous pathologies 
(green) were more frequently 
associated with levocardia.

Complex structural heart defects 
in heterotaxic embryos. To evalu-
ate the structural heart defects 

associated with heterotaxy, the hearts were further analyzed using 
serial section histology carried out by episcopic fluorescence image 
capture (EFIC) followed by 3D reconstruction. To broaden the 
analysis for structural heart defects, an additional 8 homozygous 
mutant embryos exhibiting heterotaxy were included in this his-
tological analysis. Of the 18 hearts examined, 6 showed levocardia, 
10 had dextrocardia, and 2 exhibited midline position or mesocar-
dia (Table 2). To delineate the complex structural heart defects, we 
adapted Van Praagh’s segmental analysis (22), in which the heart is 
subdivided into atrial, ventricular, and arterial segments, with each 
segment containing 2 components — the right versus left atrial 
chambers, the right versus left ventricular chambers, and the aor-
tic versus pulmonary trunks (Table 1). In addition, we examined 

Figure 2
Dnahc5 mutation involves an in-frame DNA deletion. (A) Genomic DNA amplification using primers situated 
in introns 6 and 17 of the Dnahc5 gene yielded a 3.3-kb DNA fragment from a mutant embryo exhibiting 
heterotaxy (lane 4), while no product was obtained in DNA from normal control embryos (lanes 2, 3, and 
5) or no template control (lane 1). (B) Dnahc5 cDNA sequencing showed that exon 6 is contiguous with 
sequence in exon 18 (arrow), indicating deletion of exons 7–17. (C) The upper bar depicts the exon/intron 
organization of the mouse Dnahc5 gene. Immediately below is a schematic of the Dnahc5 mRNA tran-
script. The red box delineates the region deleted in the Dnahc5del593 mutant. The Pfam domains in the 
protein (http://pfam.sanger.ac.uk/) are shown, including dynein heavy chain N-terminal domains 1 and 2 
(DHC_N1 and _N2; residues 246–804 and 1,397–1,809, respectively) and dynein heavy chain domain 
(residues 3,924–4,619). Two Pfam ATPase domains (residues 2,254–2,398 and 2,582–2,729) were not 
shown for clarity. (D) Expanded view showing region of the Dnahc5 gene containing DNA insertion derived 
from other chromosomes. Red: 401 bp of 31-bp tandem repeat region 99% identical to Chr4:131,017,719–
131,018,166 (excluding a 47-bp gap); yellow: 265 bp of the 3′-untranslated region of the Csnk2a1 gene 
(Chr2:151,972,987–151,973,251); green: 1,204 bp of the last exon of the Zbtb33 gene (ChrX:34,437,887–
34,439,090); blue: 516 bp of a long-terminal repeat with 100% identity at 9 locations in the mouse genome 
(e.g., ChrX:122,343,361–122,343,876).



research article

	 The	Journal	of	Clinical	Investigation   http://www.jci.org   Volume 117   Number 12   December 2007 3745

the atrioventricular (AV) and ventriculoarterial (VA) connections, 
venous drainage, aortic arch connections, and septal defects.

Atrial situs. As mouse atria do not exhibit hallmark features seen 
in human left versus right atrial appendages, atrial situs was clas-
sified according to the pattern of venous return and the presence 
of a coronary sinus. If the ipsilateral SVC of an atrium returned 
directly to it, it was designated a morphologic right atrium. If its 
ipsilateral SVC returned via a coronary sinus to the contralateral 
atrium, it was designated a morphologic left atrium. In left atrial 
isomerism, there is often a common atrium to which both SVCs 
return. In right atrial isomerism, each SVC returns directly to its 
ipsilateral atrium, and in addition, each atrium has an inferior 
venous connection as well. Designating the atrial situs as such, we 
were able to classify all atrial pairs, yielding 4 situs solitus, 9 situs 
inversus, 4 with left atrial isomerism (Figure 3C) and 1 with right 
atrial isomerism (Figure 4). All cases of atrial isomerism occurred 
in hearts with levocardia, and both hearts with mesocardia had 
situs solitus atrial arrangement (Table 1).

Ventricular loop. The ventricular morphology was determined by a 
combination of hallmarks: the morphologic left ventricle is charac-

terized by the attachment of papillary muscles to the free wall. The 
roof of the right ventricle typically has a band of muscle known as 
the trabecula septomarginalis. The lack of conal tissue between 
the ventricular inflow and outflow valve is typical of a mitral and 
aortic valve, respectively. In contrast, conal tissue is typically seen 
between the tricuspid and pulmonic valve. Using these criteria, 14 
of the hearts had ventricles that could be classified (Table 1). The 
loop direction was concordant with the orientation of the apex 
in all but 1 of these hearts. However, the latter heart exhibited AV 
concordance, as indicated by dextrocardia presenting with atrial 
situs solitus and ventricular D-loop. The remaining 4 hearts had a 
superior-inferior, rather than left-right, arrangement of ventricles 
(Figure 5, A–D, and Figure 4B). In all 4 hearts, the morphologic 
right ventricle was positioned superiorly and was the larger of 
the 2 ventricular chambers (Figure 5, C and D). In 2 cases, the left 
inferior ventricle was displaced leftward and hence designated “D 
superior-inferior,” and in the other 2, the left ventricle was right-
ward, hence “L superior-inferior” (Table 1). Independent of left-
right or superior-inferior positioning of ventricles, the 18 hearts 
were almost equally divided between D- and L-loops (Table 2).

Table 1
Cardiovascular, pulmonary, and abdominal phenotypes associated with heterotaxy

No.	ApexA	 Atrial		 LoopC	 AV	 VA	 Ao-PA		 Segment		 Septal		 Aortic		 Venous	 Lung		 AbdomenK	
	 	 situsB	 	 ConnectionD	 AlignmentE	 relationF	 analysis	 defectsG	 archH	 returnI	 situsJ

1 Lev SS D AVC TOF Ao>PA {S, D, S} pASD, VSD  LAA Normal 1L:1R, LPI L(St/Sp/P)
        (OAo)
2 Lev LAI D (s-i) AVC DORV Ao ant {A, D, D} ASD, VSD IAA (B) 2 AZYs ND ND
3 Lev LAI, CA D UAVC (LV) DORV Parallel  {A, D, D} VSD(Ao) LAA AZY, 2 HVs 1L:1R, LPI R(St/Sp/P), 
      Ao dex      SymLiv
4 Lev LAI, CA D AVC D-TGA Ao ant {A, D, D} 2 VSDs LAA, aRSC Normal 1L:1R, LPI MidSt, 
            R(SpP)
5 Lev LAI, CA L (s-i) 1 AVV (MV) CC Ao lev {A, L, I} VSD RAA AZY, 2 HVs 1L:1R, LPI R(St/Sp/P)
6 Lev RAI D (s-i) 1 AVV (MV) DORV Parallel  {A, D, L} P + sASD  LAA 2 IVCs 1L:1R, ND R(St/Sp/P),
      Ao lev  VSD (Ao)    SymLiv
7 Dex SS D UAVC (RV) L-TGA Ao ant lev {S, D, L} ASD, VSD RAA Normal 4L:1R, SI L(Sp/P/St)
8 Dex SI L (s-i) UAVC (LV) DORV Ao ant {I, L, L} pASD RAA AZY, 2 HVs 1L:1R, LPI L(St/Sp/P), 
            SymLiv
9 Dex SI L 2 AVVs TOF Inv {I, L, I} VSD (OAo) RAA AZY 4L:1R, SI RSt/MalP/aSp
10 Dex SI L 2 AVVs CC Inv {I, L, I} None RAA AZY, 2 HVs 4L:1R, SI RSt, No(Sp/P)
11 Dex SI L 2 AVVs DORV Ao ant {I, L, L} VSD (MPA) RAA, HTA Inv 4L:1R, SI R(StSpP)
12 Dex SI L 2 AVVs CC Ao ant {I, L, L} None RAA AZY 3L:3R:1M, RPI R(St/Sp/P)
13 Dex SI L 2 AVVs CC Inv {I, L, I} 2 VSDs RAA IVC, 2 HVs 1L:1R, SI RSt/MidP, 
            aSp/SymLiv
14 Dex SI L 2 AVVs CC Inv {I, L, I} None RAA Inv 4L:1R, SI R(StSpP)
15 Dex SI L UAVC (LV) D-TGA Ao ant {I, L, D} ASD, VSD LAA Inv 4L:1R, SI R(St/Sp/P)
16 Dex SI L 2 AVVs CC Inv {I, L, I} None RAA AZY 4L:1R, SI R(St/Sp/P)
17 Mes SS D 2 AVVs D-TGA Ao>PA  {S, D, D} iVSD LAA Normal 1L:2R, SS L(St/Sp/P)
      Ao ant
18 Mes SS D 2 AVVs DORV Normal {S, D, S} oVSD, pASD LAA Normal 1L:4R, SS ND

Light blue, normal situs; pink, inverted situs; gray, left-right isomerism; green, anomalous; ND, not determined. ADex, dextrocardia; Lev, levocardia; Mes, 
mesocardia. BSS, situs solitus; SI, situs inversus totalis; RAI, right atrial isomerism; LAI, left atrial isomerism; CA, common atrium. CD, D-loop; L, L-loop; 
s-i, superior-inferior positioning of ventricles. DAVV, atrioventricular valves; AVC, common atrioventricular canal; MV, mitral valve morphology; UAVC, 
unbalanced AVC, committed to LV or RV. ECC, concordant; D-/L-TGA, D-/L-transposition of great arteries. FInv, inverted; Ao, aorta; ant, anterior; dex, 
dextro, i.e., Ao displaced toward the right and anterior of the PA; lev, levo, i.e., Ao displaced on the left and anterior of the PA; Ao>PA, reduced gauge 
of PA compared with Ao, which is associated with Tetralogy of Fallot. Gi/oVSD(Ao/MPA), inlet/outlet ventricular septal defect committed to aorta/main 
pulmonary artery; OAo, overriding aorta; ASD, atrial septal defect, primum (p) or secundum (s). HRAA, right-sided aortic arch; LAA, left-sided aortic arch; 
HTA, hypoplastic transverse arch; aRSC, aberrant right subclavian artery; IAA (B), interrupted aortic arch type B. IAZY, azygos continuation of interrupted 
inferior vena cava; HV, hepatic vein. JL:R:M, number of left:right:middle lung lobes; bronchial tree situs indicated by L/RPI (left/right pulmonary isomer-
ism). KSt, stomach; Sp, spleen; P, pancreas — either left (L) or right sided (R); aSP, asplenia; Mal, malpositioned; Mid, midline; Hypo, hypoplastic;  
SymLiv, symmetric liver.
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Aorta–pulmonary artery positioning. The position of the aorta is 
right and posterior in relation to the pulmonary artery in normal 
hearts, or left and posterior in hearts with mirror-image reversal of 
situs. D-malposition occurs when the aorta is displaced toward the 
right and anterior relative to the pulmonary artery, and L-malposi-
tion when the aorta is displaced toward the left and anterior in a 
heart with inverted situs. Ten of the 18 hearts had malpositioned 
aortas, which were equally divided between D-malpositioning (Fig-
ure 6, A and C) and L-malpositioning (Figure 6B; Tables 1 and 2).

AV connection. Variations from the normal AV connection com-
prising 2 AV valves included a single AV valve and a common AV 
canal that was either balanced or unbalanced, the latter being 
committed either to the morphologic left or right ventricles. The 
18 hearts were equally divided between those that had normal AV 
connections and those that did not (Table 2). Hearts with atrial or 
ventricular segments that deviated from normal situs or a simple 
situs inversion, such as with atrial isomerism or superior-inferior 
positioning of ventricles, invariably had AV canal defects (Figure 
3D and Figure 5, E and F). Two of the 4 hearts with superior-infe-
rior ventricles had a single AV valve of mitral valve morphology 
connecting a common atrium (left atrial isomerism) or 2 atria with 
primum and secundum atrial septal defects (ASDs) (right atrial 
isomerism) to the inferiorly positioned morphologic left ventricle. 
In hearts with normal or simply inverted atria and ventricles, AV 
canal defects were accompanied by VA malformations, e.g., trans-
position of great arteries (TGA).

VA alignment. VA alignment is said to be concordant if the morpho-
logic left ventricle connects to the aorta and the morphologic right 
ventricle to the pulmonary artery. Ten of the 18 hearts had discor-
dant VA alignment, of which double outlet right ventricle (DORV) 
was the most common (Figure 3B, Figure 6D, and Table 2). Three 
of the 4 hearts with superior-inferior positioning of ventricles had 
DORV accompanied by ventricular septal defects (VSDs) (Figure 
5C). All 6 D-looped hearts had abnormalities in VA alignment: 2 were 
DORV (Figure 3B), 2 were D-TGA (Figure 6, A and C, and Figure 7), 
1 was L-TGA (Figure 6B), and 1 was tetralogy of Fallot (TOF) (Fig-
ure 3A and Table 1). Of the 8 L-looped hearts, 6 had concordant VA 
alignment. Of these, 1 had an L-malposition of the great arteries, and 
1 had TOF. Only 2 of the L-looped hearts showed discordance in VA 
alignment, 1 having D-TGA and the other DORV (Figure 6D).

Aortic arch. The direction of the aortic arch was concordant 
with the ventricular loop in 15 of the 18 hearts (Table 2), in that a  
D-looped ventricle had a left aortic arch or an L-looped ventricle 
had a right aortic arch. There was 1 example each of a D-looped 
ventricle discordant with a right aortic arch and an L-looped ven-
tricle discordant with a left aortic arch (Table 1, nos. 7, 15). There 
was 1 case of a type B interrupted aortic arch (Table 1, no. 2). Other 
aortic anomalies were infrequent, with 1 case of hypoplastic trans-
verse arch (Table 1, no. 11) and 1 aberrant right subclavian artery 
off the descending aorta (Table 1, no. 4).

Venous drainage. By far the most common venous anomaly was 
azygos continuation of interrupted IVC (Figure 1D), seen in 8 

Table 2
Summary of heart, lung, stomach, situs associated with heterotaxy

Heart		 Atrial		 Loop	 AV		 AV		 Ao-PA		 Septal		 Aortic		 Venous		 Bronchial	 Lung	 AbdomenE

apex	 situs	 	 connection	 alignment	 positionA	 defect	 archB	 return	 	treeC	 	lobesD	
Dex (10) SS (4) D (6) 2 AVVs (9) CC (6) Normal (2) None (4) CC (15) Normal (8) SS (2) CC (14) CC (6)
Lev (6) SI (9) L (8) 1 AVV (2) TGA (4) Inv (6) ASD (2) DC (3) AZY (4) SI (8) DC (2) DC (5)
Mes (2) LAI (4) D (s-i) (2) UAVC (4) DORV (6) D-Mal (5) VSD (7)  AZY/HV (4) LPI (5) ND (2) Mal (4)
 RAI (1) L (s-i) (2) AVC (3) TOF (2) L-Mal (5) ASD/VSD (5)  Other (2) RPI (1)  ND (3)

Numbers in parentheses indicate number of embryos exhibiting phenotype. AD/L-Mal, D-/L-malpositioned. BCC/DC, concordant/discordant vs. heart loop. 
CIn 2 embryos, bronchial tree patterning was not evaluated. DCC/DC, concordant or discordant with bronchial situs. ECC/DC, concordant/discordant with 
cardiac situs; Mal, malpositioning or malformation of 1 or more of the abdominal organs.

Figure 3
Histological analysis of cardiac anomalies. (A and B) Outflow tract 
defects. (A) Posterior view of heart exhibiting dextrocardia with TOF. 
The aorta (Ao) overrides the VSD and is continuous with both the left-
sided morphologic right ventricle (mRV) and the right-sided morpho-
logic left ventricle (mLV). The pulmonary artery (PA) is narrower than 
the Ao. The mitral valve (MV) is continuous with the aortic valve and 
opens into the mLV. (B) Posterior view of heart with levocardia and 
DORV. Both the PA and Ao open into the right-sided mRV. (C and 
D) Atrial isomerism and common AV canal. (C) Frontal view showing 
left atrial isomerism with both SVCs entering the common atrium (CA) 
laterally. Rather than the right SVC entering the roof of the right atrium 
and the left SVC entering the right atrium via the coronary sinus, the 
SVCs return symmetrically to the sides of the CA, which serves as both 
the right atrium and the coronary sinus. Two hepatic veins (HVs) also 
return directly via midline to the common atrium inferiorly. (D) Resec-
tioned 2D transverse slice from 3D reconstruction, showing a common 
AV canal (AVC) with a single AV leaflet. Note the symmetry of the 2 
SVCs. Scale bars: 200 μm.
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mutants (Table 2). Duplicated IVC was seen twice, giving a total 
of 10 hearts with venous anomalies. Eight of the 10 were associ-
ated with either pulmonary or abdominal situs abnormality, e.g., 
left pulmonary isomerism, malpositioned pancreas, or symmetric 
liver (Table 1). Only in 1 case was the venous anomaly found as an 
isolated defect (Table 1, no. 16).

Cardiac-pulmonary and cardiac-abdominal situs. Analysis of the 
bronchial tree patterning showed substantial correlation with 
atrial patterning (Table 1). Nine of the 10 heterotaxic embryos 
with either situs solitus or situs inversus bronchial tree patterning 
had the corresponding atrial arrangement. All of the embryos that 
had left atrial isomerism also had left isomerism of the bronchial 
tree. However, the converse was not true, as 3 of the embryos with 
left isomerism of the bronchial tree exhibited atrial arrangement 
that was either situs solitus or situs inversus. In 4 of the embryos, 
we observed discordance between the direction of heart loop and 
the situs of stomach, spleen, and pancreas. Thus, a D-looped heart 
was associated with a right stomach, spleen, and pancreas, and the 

converse was found for an L-looped heart. These embryos were 
invariably associated with pulmonary isomerism (Tables 1 and 2).

Analysis of ciliary ultrastructure, orientation, and function. The finding 
of 40% heterotaxy associated with this Dnahc5del593 mutation is strik-
ing and somewhat unexpected. This compares with only a 6.3% inci-
dence of heterotaxy in a recent clinical study of 337 PCD patients 
(16). To ascertain whether the Dnahc5del593 mutation is indeed a bona 
fide model of PCD, we analyzed ciliary structure and function in 
the respiratory airway. For this analysis, trachea were isolated from 
homozygous animals 2–4 weeks old and processed for scanning 
sand transmission electron microscopy (SEM and TEM).

SEM showed an orderly arrangement of the cilia in wild-type 
and heterozygous animals such that all of the cilia were oriented 
in a similar direction, presumably aligned with the direction of 
mucus flow in the airway (Figure 8, A and B). In contrast, among 
homozygous mutants, a wide variation was observed, ranging 
from marked disorganization of cilia with no obvious alignment 
(Figure 8C) to organized cilia similar to those seen in wild-type 
animals (compare with Figure 8A; and data not shown). SEM 

Figure 4
Images of anomalous venous return. (A) Two inferior venous struc-
tures are seen in this mutant. (B) 3D reconstruction show opening of 
dual cava (arrowheads) into the base of the atria, with the right IVC 
(RIVC) most anterior. The mRV is positioned superiorly and the mLV 
inferiorly. (C) 3D reconstruction looking posteriorly at the left and right 
IVCs connecting to the base of the 2 morphologic right atria suggests 
right atrial isomerism. The arrowheads highlight the border of the AV 
canal, from which blood empties into both the mLV and mRV. Side-by-
side outflows are also present with the aorta anterior and on the left 
and the PA on the right. (D) Original 2D image looking anteriorly at the 
2 atria. Note the presence of duplicated IVC entering into the base of 
both morphologic right atria. RA, right atrium. Scale bars: 500 μm.

Figure 5
Superior-inferior ventricles and AV canal defect. (A) Superior-inferior 
ventricles with congested superior ventricle and atrial appendages 
with Ao and PA side by side. Note this same heart is shown in differ-
ent views in Figure 4. (B) 3D model shows mLV is inferior and right-
sided, while the mRV is superior and left-sided. (C) 3D reconstruction 
in an apical orientation looking anteriorly at 2 papillary muscles in the 
smaller, inferior mLV, as indicated by the 2 arrowheads. There is also a 
small, muscular VSD present near the apex. (D) Anterior view shows a 
larger, superior mRV with the septomarginalis (M) between the superi-
or ventricular outflow tract and the body of the right ventricle. The aortic 
and pulmonic valves (AV and PV) both arise from the mRV, giving rise 
to a DORV with a VSD. The arrowhead indicates the AV canal defect. 
(E) Anterior view of 3D EFIC reconstruction illustrates side-by-side, 
semilunar valves of similar height associated with DORV. The bicuspid 
aortic valve (AV) is on the left, and the tricuspid pulmonic valve (PV) 
is on the right. An AV canal defect (AVC) is situated at the crux of the 
heart. (F) Frontal 2D section showing the same AVC as in E entering 
both the mRV and the mLV, with a VSD denoted by the arrow. LA, left 
atrium. Scale bars: 500 μm.
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analysis of embryos at E7.75–E8.0 revealed that cells at the embry-
onic node are monociliated in both wild-type and homozygous 
mutant embryos (Figure 8, J and K)

TEM analysis of the wild-type tracheal cilia showed the expected 
9 plus 2 arrangement of microtubules (Figure 8, D–I), with outer 
and inner dynein arms decorating the peripheral doublets (Fig-
ure 8G). PCD patients with mutations in DNAH5 typically have 
cilia with missing ODAs (3). In our mutants, the number of ODAs 
was markedly reduced (Figure 8I), with 7.5 ± 2.1 ODAs per cilium 
seen in wild-type animals and 0.29 ± 0.56 and 5.7 ± 2.5 ODAs per 
cilium in homozygous and heterozygous mutants, respectively. 
A frequency distribution plot of the number of ODAs per cilium 
showed a significant difference between all 3 genotypes (Figure 9),  
indicating that the Dnahc5del593 allele causes ODA deficiency, as 
DNAH5 mutations do in PCD patients. We also examined the 
variability in ciliary orientation by drawing a line through the 
central doublet in a cross-section view of the cilia and calculat-
ing the angular variance relative to the reference line (Table 3; see 
Methods), a measurement often used in the clinical diagnosis of 
PCD (23). As expected, the cilia of homozygous mutants showed 
significantly greater variation in orientation than wild-type cilia, 
in agreement with the qualitative SEM analysis (Table 3).

To examine ciliary function in the airway epithelia, we used 
another standard assay for PCD involving motion analysis of the 
tracheal epithelia by videomicroscopy. Wild-type tracheal epithe-
lia exhibited synchronous movement of the cilia, while the airway 

epithelia of homozygous mutants were immotile, or slow and dys-
kinetic. We quantitatively assessed the effectiveness of ciliary beat-
ing using fluorescent beads deposited above the epithelia. Motion 
analysis showed a marked reduction in both the velocity and direc-
tionality of bead displacement by the homozygous mutant tracheal 
epithelia, indicating a marked reduction in net fluid flow (Table 3).  
However, the airway epithelia of wild-type and heterozygous ani-
mals showed no significant difference in bead displacement, con-
sistent with the absence of any situs defects in such animals (Table 
3). Together these findings confirm that the Dnahc5del593 allele is a 
recessive mutation that models PCD.

Discussion
We recovered a mouse line with a recessive mutation in Dnahc5, the 
mouse ortholog of DNAH5, a gene frequently mutated in patients 
with PCD (3). Homozygous mutants exhibited situs inversus tota-
lis, ciliary dyskinesia in the respiratory airway, and hydrocephalus 
— defects consistent with PCD. In addition, heterotaxy with com-
plex heart defects was frequently observed. Although our mutant 
was recovered as part of an ENU mutagenesis screen, the muta-
tion was atypical, consisting of a large deletion of nearly 30 kb  

Figure 6
Necropsies showing outflow tract defects in Dnahc5del593 mutants. (A) 
D-malposition of great vessels is shown with levocardia with anterior 
and rightward Ao relative to the PA. EFIC analysis showed that this 
heart was D-looped with D-TGA. (B) Dextrocardia with anterior and 
leftward aorta indicating L-malposition of great vessels. EFIC showed 
this was a D-looped heart with L-TGA. (C) Mesocardia with parallel 
great vessels and right-sided aorta, i.e., D-malposition. EFIC showed 
that this heart was D-looped with D-TGA. (D) Dextrocardia with paral-
lel great vessels and left-sided aorta, i.e., L-malposition. EFIC showed 
that this heart was D-looped with DORV. Scale bar: 1 mm.

Figure 7
EFIC imaging of heart exhibiting mesocardia with inlet VSD and  
D-TGA. (A) EFIC 3D reconstruction showing anterior view of same 
heart shown in Figure 3C. (B) D-TGA is observed with the Ao on the 
right and connected with the mRV. The PA is on the left and connected 
with the mLV. (C–F) EFIC frontal section images of the same heart. 
The PA and Ao, distally septated (C), are seen to fuse at their attach-
ment to the heart (D). The resultant inlet VSD (IVSD) is straddled by 
a single AV valve leaflet (AVL) (E). The PA continues into the LV, and 
the Ao into the RV, resulting in D-TGA (F). Scale bars: 500 μm.
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of genomic sequences spanning exons 7 through 17 and the con-
comitant insertion of 2.4 kb of genomic sequences from other 
chromosomes. This resulted in the deletion of 593 amino acids 
encompassing the heavy chain dynein interacting domain N1, 
leaving intact the dynein motor domain. TEM analysis showed 
missing ODAs in homozygote mutants, similar to the findings 
in patients with DNAH5 mutations (3). Although heterozygote 
animals exhibited a modest but significant reduction in ODAs, 
there was no change in net ciliary flow. Consistent with this, situs 
anomalies were never seen in any of the heterozygote adult or new-
born animals. Together, these findings indicate this novel Dnahc5 
mutation is a bona fide model of human PCD.

Another mutant mouse line with an insertional mutation in 
Dnahc5 has been reported previously: Mdnah5–/– (21). It consists of 
a transgene insertion associated with the deletion of exons 16–22 
of Dnahc5, resulting in a fusion transcript with a stop codon down-

stream of exon 16. This is expected to generate a protein equiva-
lent to a functional null, as the N-terminally truncated translation 
product would not contain the motor domain. It is interesting to 
note that both our Dnahc5del593 mutation and the Mdnah5–/– gene 
trap line share DNA deletion/insertion breakpoints spanning 
exons 16 and 17, perhaps indicating that this region is of increased 
instability. The only other mutant mouse line with the full spec-
trum of defect phenotypes seen in PCD is the Hfh4-knockout 
mouse, which exhibits situs anomalies, hydrocephalus, and respi-
ratory defects (24). However, so far HFH-4 mutations have not 
been found in PCD patients (25).

A high incidence of heterotaxy in Dnahc5del593 mutants. We found 
a surprisingly high incidence of heterotaxy in homozygous 
Dnahc5del593 mutants. Systematic analysis of 18 litters of embryos 
showed that 40% of Dnahc5del593/del593 mutants exhibited hetero-
taxy, 35% situs inversus totalis, and only 25% situs solitus. Some 
heterotaxy was also seen in the Mdnah5–/– mutants, but the fre-
quency was not reported (21). In comparison, we note that PCD 
patients are often said to have 50% incidence of situs solitus ver-
sus situs inversus totalis, although a recent clinical study showed 
that at least 6.3% of PCD patients have heterotaxy and congenital 
heart defects (16). As PCD patients are not routinely examined 
for heterotaxy or congenital heart defects, the incidence is likely 
underreported. Based on our findings, we suggest that patients 
with mutations in DNAH5 should be screened for heterotaxy and 
congenital heart defect, as complex structural heart defects are a 
major cause of morbidity and mortality among patients with lat-
erality defects. Conversely, patients with heterotaxy and congeni-
tal heart defects should be evaluated for PCD, especially those 
being considered for cardiac surgery. A diagnosis of PCD would 
significantly alter the clinical management of surgical patients. 
We note that some patients with heterotaxy become ventilator 
dependent after undergoing successful surgical repair of struc-
tural heart defects (26). One recent study reported that neonatal 
respiratory distress can be associated with PCD (27).

Congenital heart defects and heterotaxy. Complex structural heart 
defects are commonly reported in conjunction with heterotaxy 
(28). The phenotypes exhibited by the heterotaxic Dnahc5del593 
animals recapitulated many of those seen clinically in heterotaxy 
syndromes, such as pulmonary isomerism, azygos continuation of 
interrupted IVC, symmetric liver, malrotated gut, and various com-
plex cardiac defects. Although the presentations in the Dnahc5del593 
mutants were variable, we rarely observed asplenia and never poly-
splenia, defects frequently seen in patients with heterotaxy.

As observed in human heterotaxy syndromes, the cardiac anom-
alies in the Dnahc5del593 mutants were highly variable. However, 
in the Dnahc5del593 mutants, which are genetically homogeneous 

Figure 8
SEMs and TEMs of tracheal epithelial cilia. (A–C) SEMs of tracheal epi-
thelial cilia from wild-type (+/+) (A), heterozygote (m/+) (B), and homo-
zygote mutant (m/m) (C) animals. Note the marked disorientation in the 
m/m cilia. Scale bar in B: 500 μm (A–C). (D–F) TEMs show +/+ cilia (D) 
with ODA on almost every doublet; m/m cilia (F) with 1 or no ODA; and 
m/+ cilia (E), some well-populated with ODAs and others with reduced 
numbers of ODAs. Scale bar in E: 500 nm (D–F). (G–I) High-powered 
TEMs of +/+ (G), m/+ (H), and m/m (I) tracheal epithelial cilia, with black 
arrowheads indicating ODAs. Scale bar in H: 500 nm (G–I). (J and 
K) SEMs of E7.75 wild-type (J) and homozygous (K) mutant embryos 
show that cells in the embryonic node are monociliated.
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as compared with the genetic heterogeneity of human patients, 
the heart anomalies are variations of a defined set of defects, with 
DORV being one of the most common cardiac malformation. As 
in humans, a wide spectrum of physiologic consequences may be 
expected, depending largely on the position of the VSD in relation 
to the great vessels. One animal had DORV with a VSD committed 
to the main pulmonary artery (MPA). This would be expected to be 
deleterious, since most of the oxygenated blood would return to 
the lungs via the MPA. Other cases of DORV involved VSDs that 
were committed to the aorta, which would be less severe and simi-
lar physiologically to an overriding aorta, such as in TOF.

The nature of individual defects that make up the complex car-
diopathies observed in the Dnahc5del593 mutants likely reflect the 
close coupling of left-right determination with various processes in 
cardiac morphogenesis (17, 29, 30). Thus, the proper twisting and 
alignment of the conotruncus over the AV septum is thought to be 
influenced by the specification of left-right asymmetry. Not surpris-
ingly, more than half of the Dnahc5del593 mutants with heterotaxy 
exhibited either DORV or TGA. In DORV, the conotruncus does 
not migrate sufficiently to the left, resulting in abnormal attach-
ment of the conotruncus on the AV septum such that the right 
ventricle communicates with both the aorta and the pulmonary 
artery. TGAs can arise from abnormal twisting of the conotruncus 
and discordant VA alignment. Aberrant laterality determination 
also may affect AV cushion formation and septation, ventricular 
looping, and atrial situs specification, contributing to the AV canal 
defects, ASDs, VSDs, L-looped hearts, and atrial isomerism. We 
also observed a substantial incidence of superior-inferior ventricles 
among the Dnahc5del593 mutants exhibiting heterotaxy. The etiology 
of this is not well understood but has been suggested to arise from 
excessive twisting of ventricles at the cardiac apex. Together these 

findings suggest Dnahc5 and cilia function may have roles in pat-
terning of the cardiovascular system beyond the breaking of sym-
metry and specifying the direction of heart looping.

Role of the cilia in laterality specification. The defects of the Dnahc5 
mouse mutants show similarities to those of the well-characterized 
iv mutant. Both harbor mutations in ciliary dyneins, except that the 
iv mutation involves the left-right dynein lrd (10–13). Both Dnahc5 
and iv mutations generate randomized asymmetry characterized 
by situs solitus and situs inversus, and also heterotaxy. Interest-
ingly, a similar percentage (40%) of iv/iv mice exhibit heterotaxy 
(10), with heart defects including atrial isomerism, common AV 
canal, DORV, TOF, TGA, and azygos continuation of interrupted 
IVC, as well as pulmonary isomerism (10, 11) — all phenotypes seen 
in Dnahc5del593/del593 mutants. In iv/iv mutants, cilia are present at 
the embryonic node but immotile. Nodal cilia are also present in 
Dnahc5del593 mutants, and given abundant expression of Dnahc5 at 
the embryonic node (19), we would expect the nodal cilia, like the 
cilia of the respiratory epithelia, to be dyskinetic or immotile.

The association of ciliary dyskinesia with laterality defects is con-
sistent with the well-described role of the cilia in the specification of 
laterality (31, 32). In Dnahc5del593 mutant as in iv/lrd mutants, immo-
tile or dyskinetic cilia are associated with randomized laterality, 
while in inv mutants, reduced leftward nodal flow is associated with 
situs inversus (33–35). Interestingly, experimental imposition of fast 
leftward flow across the node rescued most laterality defects in the iv 
and inv mutants (36–38). In contrast, in Kif3A- and Kif3B-knockout 
mice with no nodal cilia, right or left bilateral symmetry is observed 
with bilateral or absent expression of genes such as pitx2, which is 
normally expressed only on the left (7–9). These findings suggest 
that while breaking symmetry requires presence of the nodal cilia, 
the specification of left-right sidedness also requires ciliary motility. 

Table 3
Quantitation of ciliary ultrastructure, orientation and function

Genotype	 ODAs/cilium	 Ciliary	orientation	 Flow	speed	(mm/s)	 Flow	directionality
+/+ 7.5 ± 2.1 (n = 45) 6.2° ± 5.1° (n = 77) 9.3 ± 1.8 (n = 8) 0.95 ± 0.03 (n = 8)
m/+ 5.7 ± 2.5 (n = 40) 7.3° ± 6.5° (n = 111) 9.6 ± 1.0 (n = 18) 0.90 ± 0.06 (n = 18)
m/m 0.29 ± 0.56 (n = 41),  12.5° ± 9.7° (n = 85),  1.9 ± 0.1 (n = 8),  0.37 ± 0.05 (n = 8), 
 P < 0.0001A P < 0.0001B P = 0.0002C P < 0.0001C

AKruskal-Wallis ANOVA test shows significant difference between +/+, +/m, and m/m animals. BMann-Whitney U test shows significant difference in ciliary ori-
entation (as measured by mean deviation) between +/+ and m/m animals. CStastical analysis by ANOVA shows significant differences between m/m and +/+.

Figure 9
Graph depicting distribution of ODAs per cilium. ODAs 
were counted from cross-sectional electron micrographs 
of cilia from the tracheal epithelia of wild-type, hetero-
zygote, and homozygote mutant animals. The Kruskal-
Wallis ANOVA test showed a significant difference in the 
3 genotypes, with P < 0.0001.
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A recent study suggests this may involve 2 distinct ciliated cell popu-
lations (39), with flow generated by motile monociliated cells at the 
center of the node, which then triggers calcium signaling transduced 
by mechanosensory function in nonmotile cilia at the node periph-
ery. The resulting asymmetric calcium signaling is thought to acti-
vate left-sided expression of nodal, then further activation of down-
stream transcription factors such as lefty (28) followed by pitx2 (40). 
We note that the spectrum of phenotypes in the Dnahc5del593 mutants 
includes left isomerism observed in the lefty-1–knockout mice (41) 
and right isomerism in mice deficient in Act-RIIB (42), which medi-
ates effects of lefty-2 and nodal. Aberrant expression of lefty-2 and 
nodal would be predicted to alter pitx2 expression, with variable situs 
defects likely a reflection of the differing dosage requirements for 
pitx2 in different tissues and organs. Indeed, pitx2-knockout mice, 
like the Dnahc5del593 mutants, exhibit DORV, TGA, AV canal, and sep-
tal defects (40). Further studies using the Dnahc5del593 mutant mouse 
model should help to elucidate the molecular basis for the complex 
structural heart defects seen in conjunction with heterotaxy.

Methods
EFIC histology. All animal studies were conducted under an Animal Study 
Protocol approved by the National Heart Lung and Blood Institute Ani-
mal Care and Use Committee. Mouse fetuses or neonatal stillborn pups 
obtained from the mating of Dnahcdel593/+ mice were fixed in 10% buffered 
formalin, and after necropsy, some samples were further processed for 
paraffin embedding and imaging by EFIC (43). Briefly, using an Orca-ER 
digital camera, fluorescence images of the block face were captured serially 
to generate registered 2D image stacks (43). For 3D volume rendering, the 
2D image stacks were processed using Improvision Volocity software. To 
refine diagnosis of complex structural heart defects, the 2D image stacks 
were viewed in different imaging planes by digital resectioning (43).

Mappings, sequencing, and genotyping analysis. To map the mutation, DNA 
from mutant embryos in the B6/C3H hybrid background were genome 
scanned using 48 B6/C3H polymorphic microsatellite DNA markers as 
previously described (18). Further fine mapping was carried out using 
SNPs within the mapped interval. To analyze Dnahc5 sequences, genomic  
DNA spanning all 79 exons and the core promoter region of Dnahc5 
(mouse genome NCBI Build 36, February 2006; http://www.ncbi.nlm.
nih.gov/mapview/stats/BuildStats.cgi?taxid=10090&build=36&ver=1) as 
well as overlapping sections of Dnahc5 cDNA (GenBank accession number  
NM_133365) were PCR amplified using Accuprime Pfx polymerase 
(Invitrogen). Total RNA was prepared (RNEasy kit; QIAGEN) from the heart 
of mutant embryo exhibiting heterotaxy and PCR amplified after reverse 
transcription using SuperScript III One-Step HIFI RT-PCR kit (Invitrogen).

Genotyping of the Dnahc5 wild-type and mutant alleles was carried out 
using Accuprime Pfx polymerase (Invitrogen) with 3 primers targeting the 
upstream boundary of the deletion in the Dnahc5 gene: forward primer 
common to wild-type and mutant (5′-GCGTGTATTCATGGCATCCG-3′), 
reverse primer specific for wild type (5′-CCTAATTGCTCGGTGGAGTT-
GG-3′), and another reverse primer targeting the inserted sequence (5′- 
CTGTGCTGGGAAGAAGTTGTGC-3′). PCR reactions were carried out for 
35 cycles at an annealing temperature of 55°C. The wild-type and mutant 
Dnahc5 genes yielded amplicons of 478 bp and 643 bp, respectively.

EM of tracheal epithelial cilia. Trachea were dissected and fixed for 2 hours 
in 2.5% glutaraldehyde in 0.12 M sodium cacodylate buffer at pH 7.4 with 
2 mM MgSO4 (23), postfixed with 1% OsO4, followed by en bloc staining 

with 1% uranyl acetate and dehydrated to 100% ethanol containing 1% tan-
nic acid (23). Thin sections were post-stained with uranyl acetate and lead 
citrate, then examined with a JEM 1200EX electron microscope. Images 
were recorded digitally with an ORCA High Resolution Camera (Advanced 
Microscopy Techniques Corp.). For SEM, trachea were fixed in 2.5% glu-
taraldehyde, postfixed in 1% OsO4, then dehydrated in ethanol. The dehy-
drated tissue was critical point dried, mounted on aluminum stubs with 
colloidal silver adhesive, coated with 20 nm of gold with an EMS 575X 
sputter coater, and examined with a Hitachi S3400-N1 SEM.

Quantitation of ODA and ciliary orientation. For quantitation of dynein arms, 
we used transverse sections through the cilia in which the 9 circumferen-
tial microtubule doublets could be clearly seen. ODAs were counted only 
if they projected clearly and continuously from the microtubule doublet 
in the same plane of focus. Orientation of the cilia was determined using a 
previously described technique (44) in which a line was drawn through the 
2 central microtubules of each cilium, and the angle subtended with the ref-
erence line was measured. The mean of the ciliary angles for each field was 
calculated and subtracted from each measured angle, resulting in a series of 
differences from the mean ciliary angle with values between –90 and 90. The 
mean of these differences is theoretically 0, and the standard deviation pro-
vides a measure of the variation in ciliary beat axis and ciliary deviation.

Quantitation of ciliary motility by videomicroscopy. Trachea were flushed to 
remove mucus, cut open along one side, and placed lumen side up under 
a 63× water immersion lens in L-15 medium with 10% FBS at room tem-
perature. Fifty microliters of 0.05-μm microspheres (catalog 17149; Poly-
sciences) was added, and video images were captured under epifluores-
cence (excitation 425/60 nm; emission 480 nm) using Hamamatsu CCD 
camera C9100-12 at 15 frames/second. Improvision Volocity 3.5.1 software 
was used to determine particle speed and directionality. Directionality was 
defined as net displacement divided by the total distance traveled, with a 
bead moving in a straight line having directionality of 1.

Statistics. For the quantitation of ODAs per cilium, 3 populations were 
compared using the Kruskal-Wallis ANOVA test, showing a variation 
among the populations with a P value less than 0.0001. For ciliary orienta-
tion the populations were compared using the Mann-Whitney test. This 
yielded a significant difference between +/+ and m/m (P < 0.0001), but not 
+/+ and m/+ (P = 0.146). Flow speed and directionality was found to be 
significantly altered (P = 0.002) when analyzed using 1-way ANOVA. The 
Bonferroni test was used to compare individual data points and revealed 
significant differences between +/+ versus m/m (P < 0.01) and +/– versus 
m/m (P < 0.001), while +/+ versus +/– was not significantly different.
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