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Introduction

Autophagy has emerged as an essential mechanism for cell 
survival in the face of metabolic stress. In addition to playing an 
important role in normal cell maintenance as a way for cells to 
rid themselves of damaged organelles, autophagy is involved in 
many disease states.1-4 As first described in yeast, multiple genes 
are involved in the autophagic cascade. Mouse models have pro-
vided considerable insight into the functions of autophagy genes 
in mammals. Targeted deletions of individual autophagy genes 
lead to either embryonic or perinatal lethality.5 Targeted deletion 
of Becn1, the mammalian ortholog of yeast VPS30/ATG6, leads 
to early embryonic lethality around embryonic day (ED)7.5.6,7 
However, targeted deletions of many other Atg genes, including 
Atg3, Atg5, Atg7, Atg9, and Atg16l1, result in perinatal lethality.8-13 
These knockout models share several similar features, which may 
contribute to the high perinatal mortality, including low birth 
weight. Consistent with this, low amino acid levels in plasma and 
tissues, particularly in the heart, were noted at ED19.5 follow-
ing Caesarean section.8-10 These results indicate that degradation 
of protein to amino acids via autophagy can provide an energy 

source in the neonatal period. The demonstration of glycogen 
containing autophagosomes in the liver of newborn, normal rats 
also indicates that mobilization of glycogen stores from the liver 
in the neonatal period by autophagy serves as a mechanism to 
maintain glucose homeostasis.14 At birth hypoglycemia develops 
which triggers glycogen autophagy.15 Administration of glucose 
to the newborn rat prevents the mobilization of glycogen and 
the development of autophagic vacuoles. Together, these fea-
tures suggest that autophagy plays an important role in provid-
ing nutrients during the transition from embryonic life to the 
neonatal period before efficient nursing has been established. 
Interestingly, while Caesarean delivery and feeding with artificial 
milk prolonged survival of atg5−/− pups from 12 to 24 h, all atg5−/− 
mice were dead by about 40 h, whereas a majority of the control 
mice were alive past 60 h at the end of the experiment, indicating 
that factors other than nutrient deprivation may contribute to the 
perinatal mortality in autophagy-deficient mice.9

ULK1 and ULK2 are the mammalian orthologs of yeast 
ATG1, a kinase that initiates autophagy in response to nutrient 
limitation. We have previously reported the phenotypes of ulk1−/− 
and ulk2−/− mice.16,17 ulk1−/− mice are viable with a normal life 
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Yeast Atg1 initiates autophagy in response to nutrient limitation. The Ulk gene family encompasses the mam-
malian orthologs of yeast ATG1. We created mice deficient for both Ulk1 and Ulk2 and found that the mice die within  
24 h of birth. When found alive, pups exhibited signs of respiratory distress. Histological sections of lungs of the Ulk1/2 
DKO pups showed reduced airspaces with thickened septae. A similar defect was seen in Atg5-deficient pups as both 
Ulk1/2 DKO and Atg5 KO lungs show numerous glycogen-laden alveolar type II cells by electron microscopy, PAS staining, 
and increased levels of glycogen in lung homogenates. No abnormalities were noted in expression of genes encoding 
surfactant proteins but the ability to incorporate exogenous choline into phosphatidylcholine, the major phospholipid 
component of surfactant, was increased in comparison to controls. Despite this, there was a trend for total phospholipid 
levels in lung tissue to be lower in Ulk1/2 DKO and Atg5 KO compared with controls. Autophagy was abundant in lung 
epithelial cells from wild-type mice, but lacking in Atg5 KO and Ulk1/2 DKO mice at P1. Analysis of the autophagy signaling 
pathway showed the existence of a negative feedback loop between the ULK1 and 2 and MTORC1 and 2, in lung tissue. 
In the absence of autophagy, alveolar epithelial cells are unable to mobilize internal glycogen stores independently of 
surfactant maturation. Together, the data suggested that autophagy plays a vital role in lung structural maturation in 
support of perinatal adaptation to air breathing.
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span and exhibit a mild autophagy defect manifested by defec-
tive mitochondria clearance during erythrocyte differentiation. 
ulk2−/− mice exhibit a normal life span with no overt phenotype. 
As ULK1 and ULK2 may have redundant functions, we gener-
ated mice deficient for both Ulk1 and Ulk2. ulk1−/− ulk2−/− dou-
ble-knockout mice (Ulk1/2 DKO) display neonatal mortality, 
as previously described for Atg3, Atg5, Atg7, Atg9, and Atg16l1-
deficient mice. Pathological examination of Ulk1/2 DKO pups 
revealed a defect in lung development manifested by the presence 
of glycogen-laden alveolar type II cells despite the expression of 
the genes that normally accompanies surfactant production and 
morphological conversion to type I alveolar cells. To determine 
if this defect was unique to Ulk1/2 DKO, the lungs of Atg5-
deficient (Atg5 KO) mice were also examined perinatally and 
found to have the same defect in lung development. We demon-
strated both by immunohistochemistry and western blotting that 
autophagy is active in normal, neonatal lung tissue but absent in 
Ulk1/2 DKO and Atg5 KO lungs. Thus, our studies of Ulk1/2 
DKO and Atg5 KO mice suggested that autophagy plays a role in 
perinatal lung adaptation that is distinct from surfactant matura-
tion, and may contribute to the perinatal lethality seen in many 
autophagy-deficient mice.

Results

High perinatal mortality of Ulk1/2 DKO mice
To study the fate of Ulk1/2 DKO mice, ulk1+/− ulk2−/− males 

and females were mated. Initially, genotyping of litters at weaning 
did not yield any Ulk1/2 DKO mice. Therefore, consecutive litters 

Table 1. Ulk1/2 DKO pups show high perinatal mortality

Offspring from Ulk1+/−ulk2-/− parents

Genotype Total
Observed 

(%)
Expected 

(%)

ED18.5 1+/+2−/− 38 27.7 25.0

1+/−2−/− 71 51.8 50.0

1−/−2−/− 28 20.4 25.0

P1 1+/+2−/− 56 (2 dead day 1) 35.6 25.0

1+/−2−/− 80 (3 dead day 1) 50.0 50.0

1−/−2−/− 23 (21 dead day 1) 14.4 25.0

All pups in consecutive litters from 16 breeding pairs were included in the 
analysis for the mice at P1.

Table 2. Weights of Ulk1/2 DKO and litter mate controls at ED18.5 and P1

ED18.5 P1

Genotype Weight (g) Weight (g)

1−/−2−/− 0.99 ± 0.13 (n = 8) 1.26 ± 0.10 (n = 12)

1+/−2−/− 1.20 ± 0.12 (n = 10) 1.50 ± 0.22 (n = 23)

1+/+2−/− 1.18 ± 0.19 (n = 8) 1.37 ± 0.09 (n = 12)

 P value < 0.05 when weights were compared between 1−/−2−/− and 1+/−2−/− or 
1+/+2−/− at ED18.5 and P1. Only litters containing Ulk1/2 DKO mice at P1 were 
included in the analysis

were sacrificed and genotyped as soon as the pups were found in 
the breeding cages. Often several dead pups were observed in each 
litter and tissue was also collected from these. As shown in Table 
1, out of 23 Ulk1/2 DKO pups found on postnatal day 1 (P1), 
21 were found dead. The 2 mice surviving past P1 were severely 
growth-retarded and died within weeks. The observed frequency 
of Ulk1/2 DKO pups was lower than the expected Mendelian 
frequency. However, this could be due to cannibalization of the 
dead Ulk1/2 DKO pups that were thus missed in the analysis. 
In support of early cannibalization, Table 1 demonstrates close 
to normal Mendelian frequency of litters at ED18.5. Thus, as 
shown for other autophagy-deficient strains, Ulk1/2 DKO mice 
show a high perinatal mortality. Similar results were noted if the 

Figure 1. Lungs of Ulk1/2 DKO mice at P1 show reduced airspace. Ulk1/2 
littermate control (Ulk1/2 Ctrl) and Ulk1/2 DKO mice were sacrificed at 
birth and subjected to whole-body fixation and embedding in paraffin 
followed by sagittal sectioning and HE staining. Chest cavity with lung 
lobe is shown. Scale bar: 100 μm.
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mice used for breeding were ulk1−/− ulk2+/− (data not 
shown).

As shown in Table 2, the birth weight of the 
Ulk1/2 DKO was significantly lower than their litter-
mate controls, as previously noted for other autoph-
agy-deficient strains. Low body weights were also 
seen at ED 18.5 for Ulk1/2 DKO mice.

The Ulk1/2 DKO newborn pups when found alive 
displayed signs of respiratory distress and in some 
cases cyanosis. To further investigate the abnormali-
ties in these mice, live-born pups were sacrificed and 
subjected to whole body embedding. As shown in 
Figure 1, the lungs of Ulk1/2 DKO mice exhibited 
reduced airspace size and thickened septae, indicat-
ing that a defect in lung development could be a con-
tributing factor to the high perinatal mortality seen 
for Ulk1/2 DKO mice. Intra-alveolar blood was fre-
quently observed in the lungs of Ulk1/2 DKO mice.

Targeted deletion of the Rb1cc1 (RB1-inducible 
Coiled Coil 1) gene product, a ULK1-interacting 
protein, leads to embryonic lethality due to in part, 
a heart defect characterized by left ventricular dila-
tion, thin trabecular myocardium and absence of the 
compact subepicardial myocardium. Histological 
examination of the hearts of Ulk1/2 DKO mice did 
not display any defects of the myocardium, as shown 
in Figure S1.

Glycogen-filled alveolar epithelial type II cells 
found in lungs of autophagy-deficient mice

To further investigate the lung defect noted in 
Ulk1/2 DKO pups, electron microscopic analysis was 
performed on lungs from ED18.5 embryos. Atg5 KO 
embryos were included in the analysis to determine 
whether the lung defect was evident in other autoph-
agy-deficient strains of mice. As seen in Figure 2A, 
the lungs of both Ulk1/2 DKO and Atg5 KO embryos 
contain numerous enlarged alveolar epithelial type II 
cells with cytoplasmic glycogen, indicated by arrow-
heads, that were not evident in littermate controls 
(type I and type II alveolar epithelial cells in con-
trols are indicated by arrows in the upper left and 
right panels). Despite the glycogen-filled cytoplasm, 
the type II cells displayed normal appearing intra-
cytoplasmic and secreted lamellar bodies in both 
Ulk1/2 DKO and Atg5 KO lungs (Fig. 2B, indicated 
by arrows). To confirm the presence of glycogen in 
the type II cells and to determine if the glycogen-
filled cells persisted past birth, Periodic Schiff Acid 
(PAS) staining was performed on histological sec-
tions of P1 lungs of Ulk1/2 DKO, Atg5 KO pups and 
their littermate controls (Fig. 3A). Numerous glyco-
gen-filled cells could be seen in the lungs of mutant 
mice. Furthermore, glycogen levels in lung homog-
enates from Ulk1/2 DKO and Atg5 KO mice were 
elevated above those in littermate controls (Fig. 3B). 
Glycogen is a substrate for surfactant phospholipid 

Figure 2. Structural analysis of lungs from Ulk1/2 DKO and Atg5 KO mice. Lungs from 
Ulk1/2 Ctrl; Ulk1/2 DKO; Atg5 Ctrl and Atg5 KO embryos at ED18.5 were prepared for 
transmission electron microscopy as described in Materials and Methods. (A) Ulk1/2 
DKO and Atg5 KO mice display glycogen-filled alveolar type II cells, indicated by arrow-
heads. Alveolar type I and II cells are indicated by arrows in upper left and right panel 
(Ulk1/2 and Atg5 Ctrl). Scale bar: 2 μm. (B) The alveolar type II cells of Ulk1/2 DKO and 
Atg5 KO mice contain lamellar bodies (see arrows) that are similar in number and struc-
ture to those found in alveolar type II cells of littermate controls. Scale bar: 500 nm.
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synthesis, and the ubiquitous presence of glycogen-filled type II 
cells suggests that there is lung epithelial dysfunction in mobiliz-
ing glycogen in both Ulk1/2 DKO and Atg5 KO mice.

Glycogen levels in heart and liver as well as blood glucose 
were also examined as shown in Figure S2. As the primary goal 
of this study was to investigate the lung phenotype of Ulk1/2 
DKO and Atg5 KO pups, under physiological conditions after 
a natural birth, no attempt was made to control for food intake. 
Considering this caveat, glycogen levels were determined in 
hearts and livers of mutant mice and their littermate controls 
(Fig. S2A and S2B). Glycogen levels in the liver were similar 

Figure 3. PAS staining of lungs from Ulk1/2 DKO and Atg5 KO mice at P1 show persistence 
of glycogen-filled cells. (A) Lungs from Ulk1/2 Ctrl; Ulk1/2 DKO; Atg5 Ctrl and Atg5 KO mice at 
P1 were fixed, embedded in paraffin, sectioned, and subjected to PAS staining. Scale bar:  
10 μm. (B) Increased glycogen levels in lungs from Ulk1/2 DKO and Atg5 KO mice at P1. Lungs 
from Ulk1/2 Ctrl; Ulk1/2 DKO; Atg5 Ctrl and Atg5 KO mice at P1 were homogenized and glyco-
gen content was measured as described in Materials and Methods. The box and whisker plot 
shows glycogen levels as ng glycogen/μg protein, with the whiskers set to the minimum and 
maximum values in each group and the box displaying the 25th and 75th percentiles around 
the median. Data were normalized within each genetic background (Ulk1/2 Ctrl with DKO, 
and Atg5 Ctrl with KO), with n = 6 for Ulk1/2 Ctrl, n = 6 for Ulk1/2 DKO, n = 7 for Atg5 Ctrl and n 
= 5 for Atg5 KO. * indicates P value < 0.05 determined by ANOVA with Bonferonni’s Multiple 
Comparison test.

in mutant and control pups but the glycogen 
levels in the hearts of Atg5 KO pups were sig-
nificantly increased compared with littermate 
controls. No difference in heart glycogen was 
seen between the Ulk1/2 DKO and littermate 
controls. The glycogen concentration in liver 
and heart was variable as evidenced by the error 
bars. We also obtained blood from the pups at 
sacrifice and found that the blood glucose lev-
els were generally lower in the mutant mice but 
reached statistical significance only for the Atg5 
KO pups (Fig. S2C). Shown in Figure S3, are 
histological sections of livers from 2 wild-type, 
2 Ulk1/2 DKO and 2 Atg5 KO pups stained 
with PAS demonstrating variable levels of gly-
cogen in this organ, particularly for the mutant 
mice. As food intake was not controlled, these 
results may be due to the fact that the mutant 
mice because of their respiratory distress may 
not have been able to compete with their 
healthy littermates for access to milk from the 
mother.

Glycogen storage diseases are a well-
described group of genetic disorders, which 
are due to deficiencies in enzymes of glycogen 
metabolism, and many of these enzymes are the 
targets of phosphorylation. Because ULK1/2 
are kinases, there was a possibility that reduced 
phosphorylation of enzymes involved in glyco-
gen metabolism in Ulk1/2 DKO lungs could 
result in increased glycogen in the alveolar type 
II cells of the lung. However, western blot anal-
ysis of lung lysates for several enzymes involved 
in glycogen metabolism including GYS1 (glyco-
gen synthase), PHKG2 (phosphorylase kinase, 
gamma 2 [testis]), PYGB/M/L (phosphorylase, 
glycogen; brain/muscle/liver) and GSK3B (gly-
cogen synthase kinase 3 β) failed to show any 
expression and/or phosphorylation differences 
between Ulk1/2 DKO and littermate controls 
(Fig. S4). In addition, the fact that ATG5 is not 
a kinase and that Atg5 KO mice show the same 
lung phenotype as Ulk1/2 DKO mice supports 
the conclusion that defects in phosphorylation 
of enzymes involved in glycogen metabolism, as 

seen in many glycogen storage disorders, are not the underlying 
cause of the lung defect seen in autophagy-deficient mice.

Analysis of the phospholipid component of surfactant in the 
lungs of Ulk1/2 DKO and Atg5 KO mice

Phospholipid (PL), largely phosphatidylcholine (PC), consti-
tutes up to 70% of surfactant by weight and forms the surface 
active monolayer at the air-liquid interface. About 50% of surfac-
tant PL is dipalmitoylphosphatidylcholine, a disaturated PL syn-
thesized predominantly in the lung. As glycogen is an important 
substrate for PC synthesis, we next determined the incorporation 
of labeled choline into newly synthesized PC. Lungs of Ulk1/2 
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DKO and Atg5 KO mice show similar abilities to incorporate 
exogenous choline into PC compared with littermate controls at 
ED 18.5. In fact, after birth the ability to incorporate exogenous 
choline into PC was enhanced in lung tissue for both mutant 
strains in comparison to lung tissue from wild-type control mice 
(Fig. 4A and B). Thus, when provided with exogenous substrate, 
PC synthesis was not impaired. Despite an increased enzymatic 
ability to synthesize PC the extracts of lungs from Ulk1/2 DKO 
and Atg5 KO mice exhibited if anything reduced PL accumula-
tion in comparison to littermate controls (Fig. 4C). At P1 the 
percent saturation of PC was similar for control and knockout 
lungs (50.8 ± 1.4% and 53.2 ± 1.6%, Ulk1/2 control and Ulk1/2 
DKO, respectively; 47.2 ± 1.4% and 47.6 ± 2.2%, Atg5 control 
and Atg5 KO, respectively, n = 4–7). Thus, autophagy-deficient 
mice display a lung defect characterized by glycogen-laden 
alveolar epithelial type II cells without an evident defect in the 
enzymes required to synthesize PC from exogenous substrates.

Analysis of lung alveolar epithelial cells in Ulk1/2 DKO and 
Atg5 KO mice

To assess the maturation of the alveolar epithelium, immuno-
histochemistry was performed on lung tissue from mutant mice 
and their littermate controls using antibodies specific for mark-
ers of alveolar epithelial type I and II cells. Staining for PDPN/
T1-α (podoplanin), a marker for type I cells, revealed a pattern 
of distribution in mutant mice comparable to that seen in their 
littermate controls (Fig.  5A). Similarly, staining for SFTPB 
(surfactant protein B) and pro-SFTPC, the hydrophobic surfac-
tant proteins that contribute to surfactant function, revealed a 
distribution and frequency of type II cells in the mutant mice 
that was similar to that seen in their littermate controls (Fig. 5B 
and C). Next, quantitative RT-PCR analysis of several genes 
involved in type II cell function was performed. The expression 
of all 4 genes encoding surfactant proteins was similar in the 
mutant mice compared with their littermate controls (Fig. 6A). 
Expression of genes encoding proteins associated with surfac-
tant PL, specifically ABCA3 (ATP-binding cassette, sub-family 
A [ABC1], member 3) and FASN (fatty acid synthase), and of 
NKX2-1/TTF1 (NK2 homeobox 1/thyroid transcription factor 
1), a transcription factor important for regulating surfactant gene 
expression, was also similar in both mutant mice and littermate 
controls (Fig. 6B). Because complete processing of SFTPB to its 
mature form is essential for normal surfactant function, we also 
performed western blotting of lung homogenates to assess the 
levels of SFTPB, SFTPB intermediates, and another key enzyme 
in SFTPB posttranslational processing, CTSH (cathepsin H). 
Western blot analysis for SFTPB presented as relative expression, 
normalized by litters, following densitometry of multiple west-
ern blots, with n = 11 for Ulk1/2 Ctrl, n = 8 for Ulk1/2 DKO, 
n = 6 for Atg5 Ctrl and n = 6 for Atg5 KO and a representative 
blot are shown in Figure 6C. While the relative levels of mature 
SFTPB were reduced in Ulk1/2 DKO lungs, no significant dif-
ferences were seen between Atg5 KO and littermate controls. 
Moreover, lung tissue levels of CTSH and of SFTPB intermedi-
ates did not indicate a block in SFTPB proteolytic processing that 
would account for reduced mature SFTPB. Although the levels 
of SFTPB were significantly reduced in Ulk1/2 DKO lung tissue 

to ~40% of wild-type expression, this is unlikely to contribute to 
the perinatal lethality as it has been previously shown that mice 
exhibit normal lung function until SFTPB levels are reduced to 
25% of normal.18 A consistent finding was that SFTPB expres-
sion levels in Atg5 Ctrl as well as Atg5 KO lungs were signifi-
cantly lower than in Ulk1/2 Ctrl lungs. This could be attributed 

Figure 4. The PC synthetic rate is increased in the absence of increased 
phospholipid content in lungs from Ulk1/2 DKO and Atg5 KO mice. Lungs 
from (A) Ulk1/2 Ctrl; Ulk1/2 DKO at ED 18.5 (n = 7 for Ulk1/2 Ctrl and n = 3 
for Ulk1/2 DKO) and P1 (n = 5 for Ulk1/2 Ctrl and Ulk1/2 DKO respectively) 
(B) Atg5 Ctrl and Atg5 KO at ED18.5 (n = 4 for Atg5 Ctrl and n = 3 for Atg5 
KO) and P1 (n = 7 for Atg5 Ctrl and n = 4 for Atg5 KO) were harvested and 
incubated in vitro with medium containing 3H-choline followed by mea-
surement of the incorporation of 3H choline into newly synthesized PC. 
Data are presented as the mean ± SEM * denotes P value < 0.05. (C) Total 
phospholipid content was measured at P1. Data are presented as mean 
± SEM with n = 4 for each experimental group.
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to strain differences as Atg5 heterozygous mice are on the con-
genic C57Bl.6 background whereas the Ulk1/2 heterozygous 
mice are on a mixed C57Bl.6/129Sv background. Together, these 
data indicate that alveolar epithelial differentiation is relatively 
unperturbed in Ulk1/2 DKO and Atg5 KO compared with that 
seen in their littermate controls.

Autophagy is impaired in the lungs of Ulk1/2 DKO and 
Atg5 KO mice

In examining autophagy in organs of neonatal, wild-type 
GFP-MAP1LC3 (LC3) transgenic mice, Kuma et al.9 observed a 
transient increase in LC3 puncta in the lung, peaking at 3 to 12 h 
after birth. Using an antibody specific for LC3, Figure 7A shows 
multiple autophagic puncta in histological sections in the alveolar 
epithelial cells of wild-type mice at P1, indicated by arrowheads. 
Clara cells in the distal bronchioles in wild-type newborn mice 

also displayed numerous puncta (data not shown). Clara cells, 
the nonciliated columnar epithelial cells of bronchioles, also con-
tain glycogen during fetal life, and Clara cells lose cytoplasmic 
glycogen in the perinatal period.19 In contrast, LC3 staining of 
lung tissue from Ulk1/2 DKO mice at P1 shows a diffuse cyto-
plasmic staining pattern in epithelial cells typical of the LC3-I 
form (the arrow shows an example of such a cell), indicating 
absence of autophagy (Fig. 7B). Figure 7C examines the auto-
phagy signaling pathways by western blotting in litters of wild-
type pups at ED 18.5 and P1, and in Atg5 KO and Ulk1/2 DKO 
pups and their littermate controls at P1. In wild-type ED18.5 
embryos there is no evidence of autophagy as judged by the ratio 
of LC3-I to LC3-II but at P1 there is conversion of LC3-I to 
LC3-II indicating active autophagy. However, examination of 
Atg5 KO and Ulk1/2 DKO pups at P1 show predominantly the 

Figure 5. Immunohistochemical analysis of Ulk1/2 DKO and Atg5 KO lungs at P1 for (A) PDPN (B) SFTPB (C) pro-SFTPC. Lungs from Ulk1/2 Ctrl; Ulk1/2 DKO; 
Atg5 Ctrl and Atg5 KO at P1 were fixed, embedded in paraffin and sectioned followed by immunohistochemical analysis with the indicated antibodies, 
as described in Materials and Methods. Scale bar: 10 µm.
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LC3-I form indicative of the absence of autophagy in the lung tis-
sue as opposed to the littermate controls where conversion to the 
LC3-II form is seen. In examining the autophagy signaling path-
way, we demonstrate that in the Ulk1/2 DKO pups MTORC1 
and 2 (mechanistic target of rapamycin complex 1 and 2) are 
active as evidenced by the elevated phosphorylation of down-
stream targets RPS6KB (p70 S6 kinase) at Thr389 (p-RPS6KB), 
and AKT at Ser473 (p-AKT). Thus, in the absence of ULK1 and 
ULK2 the MTOR complexes stay active and this indicates that 
the lung epithelial cells do not respond to changes in post-natal 
nutrient availability. This pattern is unchanged from ED18.5, 
where nutrients are known to be abundant. These results indicate 
that there is a feedback loop between both of the MTOR com-
plexes and ULK1 and ULK2. The levels of p-PRKAA/AMPKα 
in ED18.5 and P1 wild-type lungs are similar as well as those 
in the Atg5 KO and littermate control. Although the levels of 

p-PRKAA are lower in the Ulk1/2 litter compared with the wild-
type sample in lane 2, the levels of p-PRKAA in the Ulk1/2 DKO 
and Ulk1/2 CTRL are similar. In addition, for all the litters there 
is no correlation between the levels of p-PRKAA and autophagy. 
Our results indicated that induction of autophagy in neonatal 
lung is independent of increased PRKAA phosphorylation. In 
summary, we showed that autophagy is abundant in the normal, 
neonatal lung but is lacking in both Atg5 KO and Ulk1/2 DKO 
neonatal mice.

Discussion

It is well established that during lung development large 
amounts of glycogen accumulate in the undifferentiated epithe-
lial cells and that these glycogen stores are depleted as the epithe-
lium matures, utilized intracellularly to provide substrates for the 

Figure 6. RT-PCR and western blot analysis of Ulk1/2 DKO and Atg5 KO lungs. RT-PCR analysis of genes encoding (A) surfactant proteins SFTPA, SFTPB, 
SFTPC and SFTPD, (B) ABCA3, FASN and NKX2-1 were measured at ED18.5 in Ulk1/2 Ctrl; Ulk1/2 DKO; Atg5 Ctrl and Atg5 KO lung RNA. Data are presented 
as mean ± SEM where n = 4 for Ulk1/2 Ctrl, n = 5 for Ulk1/2 DKO, n = 3 for Atg5 Ctrl and Atg5 KO respectively for the analysis of SFTPA, SFTPC, SFTPD, and 
NKX2-1. For analysis of SFTPB, ABCA3, and FASN the n = 6 for Ulk1/2 Ctrl and Ulk1/2 DKO respectively and n = 3 for Atg5 Ctrl and Atg5 KO respectively.  
(C) Western blot analysis for SFTPB presented as relative expression, normalized by litters, following densitometry of multiple western blots, with n = 11 
for Ulk1/2 Ctrl, n = 8 for Ulk1/2 DKO, n = 6 for Atg5 Ctrl and n = 6 for Atg5 KO. * indicates P value < 0.05 determined by ANOVA with Bonferonni’s Multiple 
Comparison test. A representative blot is shown for SFTPB, SFTPB intermediates detected by the NFlank antibody (SFTPB/proSP-B top, 25-kDa intermedi-
ate bottom arrowhead), CTSH, and GAPDH.
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enhanced synthesis of surfactant phospholipids.20,21 Specifically, 
it was found in normal mice that PC synthesis started to increase 
between ED17 to 18 and glycogen depletion started at ED18 as 
the synthetic rate of PC continued to rise through the newborn 
period. Due to this inverse relationship between glycogen lev-
els and PC synthetic rate, it has been suggested that glycogen 
is the substrate for the surfactant lipids, of which PC is the pre-
dominant species.22-24 However, it remains controversial whether 
failure to utilize glycogen is sufficient to disrupt PC synthesis 
and reduce surfactant PC levels sufficiently to impair perinatal 
transition to air breathing.

Our data confirmed that from ED18.5 to the newborn period, 
there is a sharp increase in maximal lung PC synthetic rate in nor-
mal mice. The similar content of total lung PL in Ulk1/2 DKO, 

Atg5 KO and control mice lungs at P1, suggests no deficiency of 
surfactant PC in autophagy-deficient mice that might be con-
tributing to perinatal lethality in Ulk1/2 DKO or Atg5 KO mice. 
Likewise, the increase in incorporation of exogenously supplied 
choline between ED18.5 and P1 shows a normal developmental 
increase for all groups regardless of genotype, albeit the increase 
is greater for the autophagy-deficient mice. Furthermore, the 
similarities in the percentage of newly synthesized saturated PC 
between the groups support the capacity for normal surfactant 
PC synthesis in both autophagy-deficient mice and their litter-
mate controls. The elevated rate of incorporation of exogenous 
choline into PC seen in autophagy-deficient mice compared with 
their littermate controls in the perinatal period may reflect a 
compensatory mechanism resulting from an inability to generate 

Figure 7. Analysis of autophagy in Ulk1/2 DKO and Atg5 KO neonatal lung tissue. Immunohistochemical staining of lung sections from (A) wild-type (WT) 
and (B) Ulk1/2 DKO mice at P1 with a LC3 antibody is shown after fixation, embedding in paraffin, and sectioning as described in Materials and Methods. 
Arrowheads in (A) show examples of alveolar epithelial cells with puncta. The arrow in (B) shows an example of an alveolar epithelial cell with diffuse, 
cytoplasmic LC3 staining. Scale bars: 20 μm. (C) Western blot analysis of protein lysates of lungs from wild-type mice at ED18.5 and P1, and from Atg5 KO 
mice and Ulk1/2 DKO mice and their respective littermate controls at P1 are shown. Blots were probed with antibodies specific for LC3, phospho-RPS6KB 
(Thr389), phospho-AKT (Ser473) and phospho-PRKAA/AMPKα (Thr172). Antibodies specific for total RPS6KB, AKT and PRKAA/AMPKα as well as ACTB 
were included as controls. Wild-type MEFs, which were serum starved and replated in medium with 10% FCS in the presence of Torin1 at 0.25 μM, were 
included as a positive control for autophagy.
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synthetic intermediates from intracellular metabolism of glyco-
gen stores.

The striking increase in cellular thickness in alveolar epithe-
lial cells during the perinatal period in autophagy-deficient mice 
suggests that a significant barrier to gas exchange and/or pulmo-
nary ventilation results from the failure of alveolar epithelial cells 
to clear their embryonically accumulated glycogen stores. Despite 
their ability to undergo differentiation and to induce the enzymes 
for surfactant phospholipid production, in the absence of auto-
phagy, alveolar epithelial cells are unable to clear cytoplasmic 
glycogen. The Ulk1/2 and Atg5 KO mouse models suggest that 
autophagy is required to prevent persistent glycogen deposition 
within the alveolar epithelium, thereby facilitating the thinning 
of the alveolocapillary membrane that is necessary for effective 
gas exchange during the transition to air breathing. The respira-
tory distress of autophagy-deficient mice is further compounded 
by the lack of nutrients in the neonatal period which is normally 
provided via more global autophagy of glycogen in other tissues 
before efficient nursing is established.

The well-described gsd/gsd rat has a glycogen storage dis-
ease with increased glycogen levels in liver as well as in the lungs 
due to a deficiency of the glycogenolytic enzyme phosphorylase 
b kinase resulting in significantly reduced kinase activity.25-28 
Reduced viability during the perinatal period has been reported 
for the gsd/gsd rat but interestingly a significant portion of the 
pups survive to adulthood.26 The gsd/gsd rat exhibits a one-day 
delay in peak PC synthesis, at P1 as opposed to before birth in 
littermate controls. As in the Ulk1/2 DKO and Atg5 KO mice, 
increased PC synthesis in gsd/gsd rats was not accompanied by 
an increase in total phospholipid. In addition, the levels of the 
surfactant protein SFTPA are similar in control and gsd/gsd 
rats.26 These studies suggest that glycogen may not be the only 
intracellular constituent that must be cleared from alveolar epi-
thelial cells during the perinatal period, and support the need for 
examination of lung phospholipids in mouse models demonstrat-
ing persistent glycogen in alveolar epithelium. This is especially 
important when the genes involved may play a more expanded 
role in lung development and/or type II cell differentiation. In 
addition, it should also be noted that glycogen storage disorders 
in humans are not associated with pulmonary symptoms in the 
neonatal period,29 indicating that there could be species-specific 
differences in the response to glycogen accumulation in alveolar 
type II cells.

Autophagy provides an important source of nutrients needed 
during the initial postnatal period.9 Amino acids generated from 
autophagic breakdown of proteins as well as glucose generated 
from glycogenolysis are sources of nutrients for the newborn 
animal. Normally, glycogen mobilization from the lung epithe-
lium begins prenatally and continues through the early postnatal 
period. Our data strongly suggest that this mobilization of gly-
cogen also involves autophagy although it may be initiated by 
signals different from the autophagy induced by systemic decline 
in extracellular nutrients that accompany maternal/placental 
separation. In support of this hypothesis we showed that in intact 
lung tissue autophagy takes place in neonatal lung epithelial cells 
of wild-type mice at P1, but that this does not occur in Atg5 

KO and Ulk1/2 DKO lung epithelial cells. Interestingly, in the 
absence of ULK1 and ULK2, MTORC1 and MTORC2 stay 
active as evidenced by elevated phosphorylation of downstream 
targets. This suggests that a feedback loop exists between both 
MTOR complexes and ULK1 and ULK2. This is supported by 
experiments in Drosophila where overexpression of Atg1 leads to 
negative feedback of TOR activity.30 In vitro experiments, using 
ulk1−/− MEF and knockdown of Ulk1 in other cell types, show a 
similar negative feedback loop between ULK1 and MTORC1.31,32 
Our experiments are the first to report that, in intact tissue, a 
feedback loop exists between both MTORC1 and MTORC2 
and ULK1 and ULK2. Our data also indicate that the previously 
described ULK1/2-independent autophagy pathway is not active 
during neonatal lung development.17,33

In insects, autophagy has been shown to be required to remodel 
cells and tissues during developmental morphogenesis.34-37 This 
essential role for autophagy is separate from its role in support-
ing cell survival in response to nutrient starvation and/or cellular 
damage. The studies presented here suggested that mammalian 
species may also use autophagy to complete the physical morpho-
genesis of lung epithelium as the lung transits from a differentiat-
ing tissue into a gas-exchanging organ.

Materials and Methods

Mice
The generation of ulk1−/− and ulk2−/− mice has been described 

previously.16,17 Atg5+/− mice were generously provided by  
Dr Noboru Mizushima (Tokyo Medical and Dental Univeristy, 
Bunkyo-Ku, Japan). ulk1−/− ulk2−/− (Ulk1/2 DKO) mice were gen-
erated by matings of either ulk1+/− ulk2−/− males and females or 
ulk1−/− ulk2+/− males and females. atg5−/− mice were generated by 
the mating of atg5+/− males and females. For some experiments 
pregnant females were sacrificed at ED 18.5 and embryos were 
removed for further analysis. For other experiments newborn 
pups were sacrificed after birth. Mice were cared for in accor-
dance with the Institutional Animal Care and Use Committees 
at the University of Pennsylvania and Memorial Sloan-Kettering 
Cancer Center.

Histological analysis
Organs were fixed in 10% buffered formalin or in some 

cases 4% paraformaldehyde overnight followed by dehydra-
tion, embedding, and sectioning following standard protocols. 
Sections were subjected to hematoxylin-eosin (HE) staining for 
routine analysis. Sections were also stained with Periodic Acid 
Schiff stain (PAS, Sigma-Aldrich, 395) followed by counterstain-
ing with methyl green, to visualize intracellular glycogen accord-
ing to the manufacturer’s instructions. Immunohistochemistry 
for PDPN/T1-α (Developmental Studies Hybridoma Bank at 
the University of Iowa, 8.1.1), pro-SFTPC (Chemicon, AB3786) 
and SFTPB (Chemicon, AB3780) were performed using standard 
protocols. Immunohistochemistry with an antibody specific for 
MAP1LC3B (LC3B) that shows strong reactivity with the type II 
form of LC3 (Cell Signaling, 2775) was performed as previously 
described.38 For electron microscopy, organs were finely minced 
and fixed in 2% glutaraldehyde in 0.1 M sodium cacodylate 
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buffer overnight followed by washing in cacodylate buffer and 
incubation with 2% osmium tetroxide. Gradual dehydration of 
the samples was done with acetone followed by embedding in 
Epon. Blocks were stained with 2% uranyl acetate. Images were 
examined with a JEOL-1010 electron microscope (JEOL).

Glycogen assay
Glycogen assay kits were purchased from MBL International 

(JM-K646-100) and the assays were done according to the 
manufacturer’s instructions on freshly homogenized lungs from 
Ulk1/2 DKO and Atg5 KO mice and their littermate controls. 
Determination of protein concentrations of the homogenates 
were done with the BCA Protein Assay Kit (Thermo Fisher 
Scientific Inc., 23325) according to manufacturer’s instructions.

RT-PCR
Lungs from mutant mice and littermate controls were fro-

zen and pulverized with a Bessman Tissue Pulverizer (Spectrum 
Chemical & Laboratory Products) and RNA was prepared using 
Qiashredder (Qiagen, 79654) and RNeasy Mini Kit (Qiagen, 
74104) with on-column RNase-free DNase treatment (Qiagen, 
79254).

A singleplex PCR strategy with an ABI Prism 7900 system 
(ABI) was used as described previously.39 The primer/probe 
sets used were: SFTPA/SP-A Mm00499170_m1, SFTPB/SP-B 
Mm00455681_m1, SFTPC/SP-C Mm00488144_m1, SFTPD/
SP-D Mm00486060_m1, ABCA3 Mm00550501_m1, FASN/
FAS Mm0125329_m1, TTF1 Mm00657018_m1, and 18s 
Hs99999901_s1. Results are depicted as relative quantities (RQ) 
of RNA after correcting for 18S to normalize for variability in 
loading, followed by normalizing to an appropriate littermate 
control sample.

Western blot analysis
Frozen lung tissue was pulverized and then solubilized in lysis 

buffer (1% Triton X-100, 150 mM NaCl, 50 mM TRIS-HCl, 5 
mM ethylenediamine tetraacetic acid, 5% glycerol, pH 8.0) with 
1X protease inhibitor (Roche Applied Bioscience, 05892988001). 
Samples containing equal amounts of total protein were immu-
noblotted using NuPAGE Bis-Tris gels (Invitrogen). Primary 
antibodies used were: SFTPB/SP-B40 (generously provided by 
Michael Beers, University of Pennsylvania), NFlank SFTPB/
SP-B41 (prepared by S Guttentag). Secondary antibodies conju-
gated to Alexa Fluor 680 (Molecular Probes, A10043) or IRdye 
800 (Rockland, 611-732-127) were used. Membranes were ana-
lyzed using the Odyssey infrared imaging system (Li-Cor). To 
study expression of enzymes involved in glycogen metabolism 
as well as autophagy signaling pathways by western blot, frozen 
lung tissue was pulverized, lysed, and homogenized in RIPA 
buffer (50 mM Tris-Cl pH 7.4, 150 mM NaCl, 1% NP-40, 
0.5% deoxycholate, 0.1% SDS, 1 mM EDTA) supplemented 
with protease inhibitor cocktail (Roche Applied Bioscience, 
05892988001) and phosphatase inhibitors (Sigma-Aldrich, 
P5726 and P0044). Lysates were resolved by SDS-PAGE and 
blots were probed using the following primary antibodies: anti-
phospho-GYS1 (glycogen synthase [Epitomics, 1919-1]), anti-
GYS1 (glycogen synthase [Cell Signaling, 3886]), anti-PHKG2 
(phosphorylase kinase, gamma 2 [testis]) (GenWay Biotech, 
18-003-42332), anti-PYGB/L/M (phosphorylase, glycogen; 

brain/liver/muscle) (Santa Cruz Biotechnology, sc-66913), anti-
phospho-GSK3B (glycogen synthase kinase 3 β [Cell Signaling, 
9323]), anti-GSK3B (Cell Signaling, 9315) and anti-ACTB 
(β-actin) (Sigma Aldrich, A5441). To study autophagy signaling 
pathways the following antibodies were used; anti-LC3 (gener-
ated by Quality Control Biochemicals), anti-phospho p70 S6 
Kinase (RPS6KB) Thr389 (p-RPS6KB) (Cell Signaling, 9234), 
anti-RPS6KB (p70S6 kinase) (Cell Signaling, 2708), anti-phos-
pho PRKAA/AMPKα Thr172 (p-PRKAA) (Cell Signaling, 
2535), anti-PRKAA/AMPK-α (PRKAA) (Cell Signaling, 2532), 
anti-phospho AKT Ser473 (p-AKT) (Cell Signaling, 4060), and 
anti-AKT (AKT) (Cell Signaling, 9272). Bands were detected 
using horseradish peroxidase-labeled secondary antibodies and 
enhanced chemiluminescence detection kit (GE Healthcare, 
RPN2135).

Phospholipid analysis
Each mouse lung was removed and stored at −70 °C. Following 

genotyping each lung was sonicated in 1 ml 0.15 M NaCl, of 
which 100 μl was used for protein assay and the remainder 
extracted with chloroform/methanol for total lipid by the Bligh-
Dyer method.42 The lipid extract was dried, resuspended in chlo-
roform, and aliquots assayed by ultramicrophosphorus assay43 to 
quantitate total PL.

Phosphatidylcholine (PC) synthesis in mouse lung tissue
Each mouse lung was removed, stored overnight at 4 °C in  

500 μl MEM media (Invitrogen, 11095). For PC synthesis 
study, each lung was dissected free of airway, and lobes cut 
apart, then lobes from each lung were placed in 300 μl Ham’s 
F12 (Invitrogen, 11765054) supplemented with 15 mM Hepes, 
0.8 mM CaCl

2
, 0.25% BSA, plus the HITES combination 

(hydrocortisone, 10 nM; insulin, 5 ug/ml; transferrin,10 μg/
ml; 17-B-estradiol, 10 nM; selenium, 30 nM), for ~1 h at 37 °C 
to equilibrate temperature and restore metabolism. After 1 h, 
fresh media was added containing 3H-choline precursor (choline 
chloride [methyl-3H]), (New England Nuclear, Net109111MC, 
80.6 Ci/mmol) 6 μCi/ml media, 0.10 mM total choline] and 
incubation continued at 37 °C for 6 h, on a rocker platform in 
the incubator with 5% CO

2
 . After 6 h incorporation, labeled 

media was removed, tissue rinsed with PBS, and stored at  
−80 °C to allow time for genotyping. Lungs of selected geno-
types were sonicated in 1 ml 0.9% NaCl, from which 100 μl 
was reserved for protein assay, and 900 μl was extracted with 
chloroform/methanol to extract total lipid (100 μg DPPC +  
100 μg egg PC were added as carrier). An aliquot (1/6 in dupli-
cate) was taken from which PC was isolated by thin-layer chro-
matography (TLC), as previously described44 and spots were 
visualized with 0.1% ANS (8-anilino-1-naphthalene-sulfonic 
acid, Sigma A-1028) aqueous spray and scraped into scintilla-
tion vials for total PC counts. Incorporation into total PC was 
expressed as nmol choline incorporated per 6 h per mg protein. 
To determine percent saturation of newly synthesized PC, ali-
quots of total lipid extract (1/6, in duplicate) were subjected 
to TLC to isolate total PC, which was eluted from the plate, 
treated with OsO

4
, and then further separated by TLC on 

borate-dipped plates to separate saturated PC from unsaturated 
PC which were scraped individually for counting as above.44
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Blood glucose measurements
Blood glucose measurements were performed on serum sam-

ples using an YSI 2300 nutrient analyzer (YSI Life Sciences).
Statistical analysis
The Student 2-tailed t test and One-way Anova with 

Bonferroni’s multiple comparison test were used.
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