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Impact statement
The underlying cell biology of changes in

the polarity of mitotic spindles and its

relevance to tissue growth is a new con-

cept and, thus, these data provide novel

findings to begin to explain how this pro-

cess contributes to the regeneration and

growth of tissues. We find that short-term

changes in food intake in vivo or glucose

availability in vitro dictate the mode of

division of crypt cells. In addition, we find

that LKB1-AMPK signaling modulates the

glucose-induced changes in the mode of

division in vitro. Identifying mechanisms

involved in the mode of division may pro-

vide new targets to control tissue growth.

Abstract
Nutrient availability influences intestinal epithelial stem cell proliferation and tissue growth.

Increases in food result in a greater number of epithelial cells, villi height and crypt depth. We

investigated whether this nutrient-driven expansion of the tissue is the result of a change in

the mode of intestinal epithelial stem cell division and if LKB1-AMPK signaling plays a role.

We utilized in vivo and in vitro experiments to test this hypothesis. C57BL/6J mice were

separated into four groups and fed varying amounts of chow for 18 h: (1) ad libitum, (2) 50%

of their average daily intake (3) fasted or (4) fasted for 12 h and refed. Mice were sacrificed,

intestinal sections excised and immunohistochemically processed to determine the mitotic

spindle orientation. Epithelial organoids in vitro were treated with no (0 mM), low (5 mM) or

high (20 mM) amounts of glucose with or without an activator (Metformin) or inhibitor

(Compound C) of LKB1-AMPK signaling. Cells were then processed to determine the

mode of stem cell division. Fasted mice show a greater % of asymmetrically dividing cells compared with the other feeding

groups. Organoids incubated with 0 mM glucose resulted in a greater % of asymmetrically dividing cells compared with the low or

high-glucose conditions. In addition, LKB1-AMPK activation attenuated the % of symmetric division normally seen in high-glucose

conditions. In contrast, LKB1-AMPK inhibition attenuated the % of asymmetric division normally seen in no glucose conditions.

These data suggest that nutrient availability dictates the mode of division and that LKB1-AMPK mediates this nutrient-driven effect

on intestinal epithelial stem cell proliferation.
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Introduction

The availability of nutrients can dictate the size of many
tissues. Somatic stem cells sense the level of nutrients and
increase or decrease the rate of proliferation to grow or
retract tissue size, respectively.1,2 Stem cells have also been
found to change their mode of division, from asymmetric to
symmetric, in order to increase the number of cells during
development, after injury or in abnormal tissue growth.3,4

Whether changing the mode of stem cell division is utilized
as a means of normal nutrient-induced mammalian tissue
growth is unknown. The ability to switch cell division
modes would allow stem cells to respond to the environ-
ment and change tissue size, but an ‘‘on’’ and ‘‘off’’ switch
mechanism would be needed in order to maintain a balance
in proliferation and prevent aberrant growth. Thus, iden-
tifying the mechanisms underlying nutrient-induced stem

cell proliferation would provide new targets for pharmaco-
logical manipulation to control tissue growth.

Changes in the mode of cell division require alignment of
the mitotic spindle in an orientation parallel to the apical-
basal axis and polarized localization of cell fate determin-
ants to the apical or basal poles of the cell. This allows for
two molecularly distinct cells to be produced and for the
two cells to develop in different environments (one towards
the apical border and the other towards the basal; see
Figure 1). The trigger for apical-basal protein localization
and spindle orientation is unknown, but likely involves a
metabolic cue. The best characterized of these is initiated by
the activity of adenylate kinases that buffer declining ATP
production by converting two ADPs to one ATP and one
AMP. The accumulation of AMP activates AMP-activated
protein kinase (AMPK). This activation is dependent on the
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tumor suppressor protein LKB1 and leads to phosphoryl-
ation of several targets to improve the energy status in cells.5

The role of the LKB1-AMPK pathway (LKB1-AMPK) is well
known in metabolism and growth6 and mutations of the
LKB1 (aka. STK11) gene lead to Peutz-Jeghers syndrome in
humans, characterized by the development of benign
polyps and an increased risk of developing cancer.7

In non-mammalian species, LKB1, or the homologous
Par-4, is known more widely as a PAR protein involved in
directing the partitioning of molecules during asymmetric
division.8,9 Therefore, LKB1 is a likely candidate for linking
metabolism with changes in polarity during cell division.
Moreover, AMPK has been shown to directly interact with
the microtubule-based spindle.10 Thus, we propose that
activation of the LKB1-AMPK pathway that occurs under
low nutrient availability results in asymmetric division and
the maintenance of tissue size. Inhibition of this pathway
under high nutrient availability would result in greater
symmetric division and an expansion of the stem cell
pool, resulting in growth of the tissue once asymmetric div-
ision resumes.

A unique model of nutrient-induced stem cell prolifer-
ation and tissue growth is provided by the intestinal epithe-
lium. Maintenance of this tissue is driven by continuous
proliferation of intestinal epithelial stem cells (IESCs) loca-
lized near the base of the crypts and nutrient availability is
known to affect tissue size.11,12 In vivo, an increase in food
intake or luminal nutrients results in a greater number of
epithelial cells, villi height and crypt depth (methods
include: intestinal transposition,13 hyperphagic animal
models (diet-induced obesity,14 lactation,15 cold expos-
ure16,17), whereas, decreases in food intake or luminal nutri-
ents does the opposite(methods include: fasts,18 surgical
bypass,19,20 hibernation22,22). In vitro, varying the levels of
specific nutrients or growth factors known to be indirectly
related to nutrient abundance (i.e. insulin and insulin-like
growth factor 1), correlates with the level of proliferation
and intestinal epithelial organoid growth.14,23 Thus, we
used an in vivo and in vitro approach to test whether the
level of nutrients dictates the mode of division in intestinal

epithelial tissue. Mice were fed varying amounts of a rodent
chow diet and were separated into four groups; (1) Ad libi-
tum fed (Ad lib) (2) Fed 50% of the average daily intake
(50% fed) (3) Fasted or (4) Fasted for 12 h and then refed
(Fast-Refed). All mice were terminated and small intestinal
tissue samples were collected and processed to visualize the
orientation of division. In vitro analyses were performed
on epithelial organoids treated with varying amounts of
glucose and immunohistochemically processed to visualize
the mitotic spindle orientation. We further tested whether
LKB1-AMPK signaling mediates the nutrient-induced
switch in vitro by activating or inhibiting this pathway
using Metformin or Compound C, respectively, in no or
high-glucose conditions.

Methods
In vivo methods

Animals. Male C57BL/6J mice (Jackson Laboratories,
n¼ 32 at 2.5 months of age) were housed individually in
modified single shoe box cages with a raised platform and
lined with brown kraft paper for collection of food spillage
and feces, which allows for a more accurate measurement of
food intake. Mice acclimated for one week with ad libitum
access to standard rodent chow diet (Teklad 22/5 Rodent
Diet, Teklad Diets, Madison, WI) and tap water and main-
tained on a 12:12 light:dark cycle (lights on at 1000 h).
Mice were weighed daily at 0900 h under a red safelight
(Adorama, New York, NY). Room temperature was main-
tained at 21�C� 1 with 60% relative humidity. All proced-
ures were approved by the Institutional Animal Care
and Use Committee at the University of Illinois Urbana-
Champaign.

Following the one week acclimation, food intake was
measured each day for four days and an average food
intake for each animal was calculated. The average food
intake (13.6� 0.5 kcal) and body weight (26.3� 0.3 g) were
used to equally divide the animals into four feeding condi-
tions; (1) Ad libitum fed (Ad lib) (2) Fed 50% of the average
daily intake (50% fed) (3) Fasted or (4) Fasted for 12 h and
then refed for 6 h (Fast-Refed). Even though mice fed Ad lib
have the highest available nutrients, these mice might be in
a homeostatic state of proliferation because they have main-
tained this level of intake for multiple days (during accli-
mation and the four days of daily intake measurements).
Thus, we have included the Fast-Refed group in order
to ensure that we capture ‘‘growth’’ of the epithelium. At
1600 h, food was taken away from the Fasted and Fast-Refed
group, while the Ad lib group was given fresh food in
excess of what the mice would normally eat. The 50% fed
group was also given fresh food but only 50% of their aver-
age daily consumption. After 18 h in each feeding condition
(at 1000 h), the mice were killed by decapitation under iso-
flurane anesthesia (Henry Schein Animal Health, Dublin,
OH). An abdominal incision was then made and the intes-
tine was exposed. We collected tissue from the duodenum,
jejunum and ileum. To ensure that we are collecting similar
segments of the intestine for analysis between animals, we
measure from the pyloric sphincter, throw away the first
cm and then collect a 2 cm sample to be processed for the
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Figure 1 Representative photomicrograph of symmetric (left) and asymmetric

(right) divisions. Green¼microtubules (a-tubulin); Blue¼nucleus (Dapi);

Red¼ apical border. Note that the chromosome alignment is in an orientation

perpendicular to the apical border in symmetric division and parallel in asym-

metric. Whereas, the spindle poles are parallel in symmetric division and per-

pendicular in asymmetric
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mitotic spindle orientation and two additional 5 mm seg-
ments to be processed for other measurements. We then
measure from the cecum, throw away the first 1 cm and
then collect a 2 cm sample to be processed for the mitotic
spindle orientation and two additional 5 mm segments of
the ileum. From the remaining jejunal segment, we measure
from the middle and collect a 2 cm sample and additional
5 mm segments to be processed similarly to the duodenal
and ileal segments.

Tissue fixation and sectioning. Each of the 2 cm intestinal
segments were flushed with cold 1� phosphate-buffered
saline (PBS) and then filled with 15 mM Taxol (S1150,
Selleckchem, Boston, MA) diluted in 4% EM grade parafor-
maldehyde (PFA; Ted Pella, Redding, CA). Taxol was
diluted from 10 mM to a working concentration of 15 mM
in 1� PBS. The filled intestine was then placed into 3 mL
of Taxol/PFA solution. Following a 6 h fixation in Taxol/
PFA at RT, the tissue was immersed in 30% sucrose diluted
in 1� PBS overnight at 4�C. Tissue was then embedded
using Tissue-Tek O.C.T medium (25608-930, 22 VWR,
Radnor PA) and sections were cut on a cryostat at 8mm
thickness and mounted onto charged glass microscope
slides. Slides were left to dry overnight and then stored in
slide boxes at RT before immunohistochemical processing.

Immunohistochemical processing for mitotic spindle
orientation. Sections were washed with 1� PBS and then
incubated in 0.5% Triton X-100 (Triton-X, Sigma-Aldrich)
diluted in 1� PBS (Lonza, Walkersville, MD) for 5 min at
RT. The slides were then marked along the edges with a
hydrophobic marker (ImmEdge; Vector Laboratories,
Burlingame, CA) to allow for on-slide processing. All solu-
tions applied directly to slides used a volume of 400 uL per
slide. Slides were incubated in blocking solution (0.3%
Triton-X, Sigma-Aldrich, St. Louis, MO and 1% Bovine
Serum Albumin, diluted in 1� PBS) for 20 min at RT fol-
lowed by an overnight incubation at 4�C in rabbit monoclo-
nal anti-a tubulin (DM1A) Alexa Fluor 488 conjugated
antibody (Ab195887, Abcam, San Francisco, CA) at a 1:100
concentration diluted in the blocking solution. After
rinsing in 1� PBS, sections were incubated in phalloidin
AlexaFluor568 (A12380,ThermoFisher Scientific, Waltham
MA) at 165 nM and 1mg/ml DAPI (D1306, ThermoFisher
Scientific, Waltham MA) diluted in 1� PBS for 15 min
at RT. Slides were coverslipped with Permount mounting
media (Fisher Scientific, Fair Lawn, NJ). Slides were stored
short-term at RT and long-term at 4�C in light-proof boxes.
Images of the sections were captured by digital camera
attached to a Zeiss LSM700 Confocal Imager (Carl Zeiss
MicroImaging, Inc., Thornwook, NY).

Calculation of spindle orientation. Several cell inclusion
criteria were set prior to analysis. (1) Dividing cells had be
clearly adjacent to, and not overlapping with, other cells. (2)
Dividing cells must be localized below the þ4 position to
exclude transit amplifying cells as described previously.24,25

(3) The crypt had to have a clear basal border, apical border
and intercrypt lumen. (4) Tissue sections had to have clearly

defined crypts adjacent to villi. (5) Cells had to have two
defined spindle poles and spindle poles had to be in the
same image plane. To determine the mode of division,
the angle between the spindle poles and apical border was
calculated using the ImageJ angle tool. As described previ-
ously,3,26 an angle less than 30� was considered a symmetric
division and an angle over 30� indicated asymmetric div-
ision when in a single image plane. All dividing cells
per 8mm section with a total of 48mm total per duodenum,
jejunum and ileum were analyzed per mouse. Results from
the duodenum, jejunum and ileum are presented separately
and pooled and presented as the whole organ.

Immunohistochemical processing for Ki67. Mounted
tissue sections were heated for 30 min at 67�C.
Sections were then washed in 1� PB and antigen retrieval
was performed by immersing slides in Sodium Citrate
Buffer (Sodium Citrate Hydrochloride, Fisher Scientific
and Tween 20, Sigma-Aldrich, Germany, pH 6.0) for
20 min in a water bath at 95�C. Slides were allowed to cool
for 30 min at RT and washed in PB. Tissue was then incu-
bated in a blocking solution containing 0.3% Triton-X
(Sigma-Aldrich, St. Louis, MO) and 3% Normal Donkey
Serum (Jackson Immuno Research, West Grove, PA) diluted
in 1�PB for 20 min at RT. After blocking, tissue was incu-
bated overnight at 4�C in sheep monoclonal anti-Ki67 anti-
body (Santa Cruz Biotech, Dallas TX) at a 1:100
concentration diluted in the blocking solution. Tissue was
then rinsed in 1� PB prior to incubation in a donkey anti-
sheep biotinylated secondary antibody (Ab6899, Abcam,
San Francisco, CA) at a 1:500 concentration diluted in 1�
PB for 2 h at RT. After washing in 1� PB, the tissue sections
were then incubated in an avidin–biotin complex
(Vectastain Elite reagents, Vector Labs, Burlingame, CA)
for 1 h at RT. Tissue was washed in 1� PB and then incu-
bated in diaminobenzidine (SK-4100, Vector Laboratories,
Burlingame, CA) for 10 min at RT for visualization.
Sections were washed in 1� PB, left to dry overnight, then
dehydrated in a series of graded ethanols and cleared in
xylenes. Slides were coverslipped with Permount mounting
media (Fisher Scientific, Fair Lawn, NJ) and stored at RT.

Quantification of proliferating intestinal stem cells.
Intestinal tissue sections were visualized and quantified
using the NanoZoomer Digital Pathology System
(Hamamatsu, Hamamatsu City, Japan) and NDP View 2
software using a 40� objective; 5–10 crypts per 8 mm intes-
tinal cross section was analyzed with a total of 48 mm
from each segment of the intestine (duodenum, jejunum,
ileum) per mouse. Inclusion criteria included that
crypt morphology had to have distinct apical and basal
borders and labeled cells must be localized below the þ4
position to exclude transit amplifying cells, as previously
described.24,25 Quantification of proliferation was per-
formed in two different ways; (1) number of positive Ki67
cells and (2) ratio of positive Ki67 to total number of cells in
the proliferative zone. Furthermore, these data were ana-
lyzed both as whole organ (duodenal, jejunal and ileum
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data combined) as well as by individual segments to detect
differences from the proximal to distal axis.

In vitro methods

Isolation of small intestinal crypts and small intestinal
crypt culture. Male C57BL/6J mice (Jackson Laboratories)
at 2.5 months of age were sacrificed under isoflurane anes-
thesia and the intestine was exposed. Approximately 2 cm
of each intestinal segment was excised, opened longitudin-
ally and flushed with ice-cold PBS. Crypts were isolated
as previously described.27 Villi were scraped off using a
coverslip and the tissue was washed with ice-cold PBS in
a 50 mL conical tube. In a sterile cell culture hood, intestinal
fragments were cut into 1 mm x� 1 mm squares and
washed by gentle trituration in 30 mL of ice-cold 1� PBS.
Supernatant was discarded and the procedure was
repeated five to eight times. Fragments were incubated in
2 mM Ethylenediaminetetraacetic acid (Sigma Aldrich,
Germany) diluted in 1� PBS at 4�C for 30 min with gentle
rocking. The supernatant was removed and fragments were
washed with 20 mL of ice cold 1� PBS. This was considered
fraction 1. Fraction 1 was discarded and fragments were
resuspended in 10 mL of 1� PBS. After gentle trituration
fragments were allowed to settle and the supernatant
(fraction 2) was removed and put in a 50 mL conical tube.

This was repeated two more times, each time adding the
supernatant to the tube containing fraction 2. These are con-
sidered fractions 3 and 4. Crypt fractions were passed
through a 70 mm cell strainer and spun down at 300� g,
4C for 5 min. The pellet was resuspended in 10 mL of ice
cold advanced DMEM/F12 (11320082, Gibco, Elmhurst, IL)
supplemented with 2 mM GlutaMax (35050061, Gibco,
Elmhurst, IL), 10 mM HEPES (15630080, Gibco, Elmhurst
IL), and 100 U/mL penicillin/100 mg/mL streptomycin
(15140148, Gibco, Elmhurst, IL). Crypt fractions were spun
at 200� g, 4C for 5 min to separate single cells. Crypts were
counted using tryphan blue exclusion and an inverted light
microscope. Crypts were then spun down and resuspended
in Corning� Matrigel� Growth Factor Reduced (GFR)
Basement Membrane Matrix (356231, Corning, Corning,
NY) at 1000 crypts/50ml. Fifty microliters of resuspended
MatrigelTM was added to the center of a pre-warmed
Millicell� EZ slide (1.7 cm2 growing area per well) (EMD
Millipore, Kankakee, IL). The plate was incubated in a CO2

incubator (5% CO2, 37�C) for 10 min to allow the MatrigelTM
to solidify and 500ml of complete culture media (Basal culture
medium with N2 supplement (1�), B27 supplement (1�), and
1 mM N-acetylcysteine, 50 ng/mL EGF, 100 ng/mL Noggin,
1 mg/mL R-spondin.). Primary crypt cultures were kept at
5% CO2, 37�C.
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Figure 2 Food intake does not dictate the number of proliferating cells in the crypt base. Average number of Ki67-positive cell number in the crypt base of mice fed ad

libitum (Ad lib), fed 50% of their normal daily intake (50% fed), fasted (Fasted), and fasted for 12 h and then refed (Fast-Refed) in the duodenum (a), jejunum (b), ileum (c)

and combined as the whole intestine (d). n¼8 mice per group, 5–10 crypts per 5mm intestinal cross section was analyzed with a total of 30 mm from each segment of the

intestine (duodenum, jejunum, ileum) per mouse. Values are mean�SEM. Data were analyzed using a one-way ANOVA. P<0.05
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In vitro experimental design. Following primary culture,
crypts were allowed to grow for four days into epithelial
organoids. At 0800 h on day 5, cultures were changed
to glucose-free media (Basal culture medium with N2 sup-
plement (1�), B27 supplement (1�), and 1 mM N-acetylcys-
teine, 50 ng/mL EGF, 100 ng/mL Noggin, 1 mg/mL
R-spondin) and incubated at 37�C at 5% CO2 for 4 h.
Organoid cultures were then supplied with glucose at one
of three concentrations, 0 mM, 5 mM or 20 mM and incu-
bated for 5 h. The glucose concentrations were chosen
based on hepatic portal vein or systemic levels of glucose
after or between meals in mice.28,29 After glucose incuba-
tion, the organoid cultures were fixed, immunohistochemi-
cally processed and visualized as described for the in vivo
mitotic spindle orientation experiments.

Activation or inhibition of LKB1-AMPK. Isolated
crypts were allowed to grow for four days into epithelial
organoids. At 0800 h on day 5, crypts were changed to glu-
cose-free media and incubated at 37�C at 5% CO2 for 4 h.
Organoids were then supplied with 0 mM or 20 mM glucose
and either 1 mM Metformin HCL (Ab120847, Abcam, San
Francisco, CA), 1 mM Compound C (Ab120843, Abcam,
San Francisco, CA) or a vehicle control (ddH2O for

Metformin and 10% DMSO in PBS for Compound C).
Following a 5 h incubation, organoids were fixed and
immunohistochemically processed for visualization of the
mitotic spindle orientation as described above.

Statistical analysis. Values are expressed as the
mean� SEM. Mode of division data were analyzed based
on the % of asymmetrically dividing cells in each group.
Data from the in vivo and in vitro glucose concentration
experiments were analyzed using a one-way ANOVA
(feeding conditions or glucose concentration as independ-
ent measures). A two-way ANOVA was used to analyze the
effect of LKB1-AMPK signaling on the mode of division
(2� 2; glucose concentration x drug treatment). Tukey–
Kramer post hoc analysis was utilized, when appropriate,
and differences among groups were considered statistically
significant if P< 0.05.

Results
Number of proliferating cells

There was no significant difference in Ki67-positive cell
number in the crypt zone across the feeding conditions
when the individual intestinal segments were analyzed
(Figure 2(a) to (c)) or when the segments were pooled and
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Figure 3 Food intake dictates the mode of division of proliferating cells in the crypt base. % of dividing cells that were asymmetrically or symmetrically dividing in

mice fed ad libitum (Ad lib), fed 50% of their normal daily intake (50% fed), fasted (Fasted), and fasted for 12 h and then refed (Fast-Refed) in the duodenum (a), jejunum

(b), ileum (c) and combined as the whole intestine (d). n¼8 mice per group, all dividing cells per 5 mm section was analyzed with a total of 30mm from each segment of

the intestine (duodenum, jejunum, ileum) per mouse. Values are mean�SEM. % of asymmetric division data were analyzed using a one-way ANOVA. Tukey–Kramer

post hoc analysis was performed. Means with different letters are significantly different. Means with different letters indicate significantly different, P<0.05
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analyzed as a whole organ (Figure 2(d)). There was also no
difference in the ratio of Ki67-positive cells to total number
of cells in the proliferative zone (data not shown).

In vivo mode of division

In the duodenum, the Ad lib and Fasted-Refed groups had a
significantly lower % of asymmetrically dividing cells com-
pared with the 50% fed and the Fasted groups (Figure 3(a);
P< 0.05). In the jejunum, the % of asymmetrically dividing
cells was significantly higher in the Fasted group compared
with all other groups (Figure 3(b); P< 0.05), whereas the

Fasted-Refed group had a significantly lower % of asym-
metric division compared with all other groups in the jeju-
num (Figure 3(b); P< 0.05). There was not a difference
between the Ad lib and 50% fed groups in the jejunum
(Figure 3(b)). In the ileum, the % of asymmetrically dividing
cells was the highest in the Fasted-Refed group compared
with all other groups (Figure 3(c); P< 0.05). The Fasted
group had a significantly higher % of asymmetric division
compared with the Ad lib and 50% fed, but a significantly
lower % than the Fasted-Refed group (Figure 3(c); P< 0.05).
There was no difference between the Ad lib and 50% fed
groups in the ileum. When analyzed as a whole organ, there
was a greater % of asymmetric division in the Fasted group
compared with the other groups (Figure 3(d); P< 0.05).
No significant difference in the % of asymmetric division
was found between the Ad lib, 50% fed or Fast-Refed
(Figure 3(d); P< 0.05).

In vitro mode of division

There was a greater % of asymmetric division in the 0 mM
glucose condition compared with the 5 mM and 20 mM glu-
cose conditions (Figure 4; P< 0.05). No significant differ-
ence in the % asymmetric division was found between the
5 mM and 20 mM glucose conditions (Figure 4).

Activation and inhibition of LKB1-AMPK

There was a significant decrease in the % of asymmetrically
dividing cells in the high (20 mM) glucose condition com-
pared with the no glucose condition (Figure 5(a); P< 0.05).
Metformin, or the activation of AMPK signaling, induced
greater asymmetric division even in high (20 mM) glucose
conditions (Figure 5(a); P< 0.05). There was a greater %
of asymmetrically diving cells in the 0 mM glucose without
Compound C compared with the other groups (Figure 5(b);
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Tukey–Kramer post hoc analysis was performed. Means with different letters indicate significantly different, P< 0.05
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Figure 4 Glucose availability in vitro dictates the mode of division of prolifer-

ating crypt cells. Intestinal epithelial ids from mice were glucose deprived for 4 h

and then incubated with 0 mM, 5 mM or 20 mM glucose for 5 h. Organoids were

then immunohistochemically processed in order to determine the mitotic spindle

orientation. All dividing crypt base cells per well (run in triplicate for each mouse)

were analyzed. Values are mean�SEM. % of asymmetric division data were

analyzed using a one-way ANOVA. Tukey–Kramer post hoc analysis was per-

formed. Means with different letters are significantly different. Means with dif-

ferent letters indicate significantly different, P<0.05
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P< 0.05). Compound C, or the inhibition of LKB1-AMPK,
increased the % of symmetrically dividing cells even under
a no glucose condition (Figure 5(b); P< 0.05). There was no
effect of Compound C under the high (20 mM) glucose con-
dition (Figure 5).

Discussion

The aim of these experiments was to investigate if nutrient
availability alters the mode of division in IESCs and whether
LKB1-AMPK plays a role in this nutrient-driven response in
proliferation. The lead findings were: (1) the amount of food
intake did not affect the number of proliferating cells in the
crypt base, (2) the amount of food intake changes the mode
of proliferation in vivo, (3) glucose availability changes the
mode of proliferation in vitro, (4) LKB1-AMPK activation
attenuated the % of symmetric division normally seen in
high-glucose conditions and (5) LKB1-AMPK inhibition
attenuated the % of asymmetric division normally seen in
no glucose conditions (summarized in Figure 6).

It is not clear if there is an actual switch in the mode of
division in a single stem cell, or if the nutrient-induced div-
ision pattern is represented by a population of stem cells
where a subset divides asymmetrically and the other sym-
metrically. Although AMPK has been shown to directly
modify the microtubules and spindle orientation in a
single cell,10 it is possible that a subset of stem cells may
always divide asymmetrically while another divides sym-
metrically. Nutrient availability may then differentially
affect each population. Even if this is the case, LKB1-
AMPK appears to still be a mechanism by which high or

low nutrient levels induces proliferation in only the sym-
metric or asymmetric population, respectively.

Symmetric division can result in duplication of the IESC
(self-renewal) or loss of the IESC due to production of two
daughter cells that differentiate (non-stem cell fate).
Although data support the notion that high nutrient avail-
ability induces symmetric self-renewal in order to increase
the number of stem cells and grow the tissue once asym-
metric division begins again,30 it is possible that there is also
a switch between the two types of symmetric division pat-
terns under nutritional variability. Lineage-tracing experi-
ments can reveal whether the stem cells duplicate
themselves or extinguish themselves by producing two
daughter cells.31 When lineage-tracing was performed in
Drosophila, the two types of symmetric division patterns
are followed at equal rates and, thus, maintained the epi-
thelium at a constant size.30 When high nutrient intake is
maintained in mice over several months using a diet-
induced obese model, an increase in the stem cell pool is
seen suggesting that the IESCs did indeed divide utilizing a
symmetric self-renewal pattern.14,23 Thus, we believe that
the greater % of symmetric division that we see may also
be represented by the IESC self-renewal pattern under acute
changes in nutrients.

The glucose-dependent change in the mode of prolifer-
ation that we found in vitro mimics the many studies that
find a correlation between the amount of luminal nutrients
and crypt cell proliferation or growth of the epithelium
in vivo.13,14,17,23,32 That said, it is not clear if the glucose
levels that we chose to use are representative of the levels

Figure 6 Graphical representation summarizing the nutrient-induced effect on the mode of proliferation. (a) Fed mice in vivo or high glucose in vitro inhibits the

phosphorylation of AMPK (pAMPK) and results in vertical cleavage and symmetric division. (b) Metformin, an activator of AMPK, blocks the high glucose-induced effect

in vitro and results in horizontal cleavage and asymmetric division. (c) Fasted mice in vivo or no glucose in vitro stimulates the phosphorylation of AMPK and results in

horizontal cleavage and asymmetric division. (d) Compound C, an inhibitor of pAMPK, blocks the no glucose-induced effect in vitro and results in vertical cleavage and

symmetric division
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of glucose in the crypt microenvironment. Systemic levels of
glucose in C57BL/6 J mice, the strain utilized in the present
study, vary greatly, but generally fall �5 mM during acute
fasts and as high as �20 mM after meals.29,33–35 These sys-
temic values, though, may not be the same within the crypt
microenvironment. The IESCs within the crypt are likely
affected by the concentration of nutrients in the venules
that would include ingested nutrients, systemic levels of
nutrients supplied to the crypts by the superior mesenteric
artery and cells underlying the crypt epithelium within the
lamina propria. Thus, we do not know if the exact levels of
glucose utilized reflect the in vivo crypt environment. We
can only conclude that the crypt cells are able to respond
to varying glucose levels by altering proliferation.

Conclusion

The ability of stem cells to divide asymmetrically or sym-
metrically allows for flexibility of a tissue to expand or
retract in size based on cues in the stem cell niche. We
show that nutrient availability is such a cue and that a meta-
bolic protein-kinase network is able to mediate this effect.
How the stem cells sense the level of nutrients to induce
these changes, though, is still unknown. This may involve
a direct effect of nutrients on membrane transporters or
receptors (e.g. the differential affinity of glucose trans-
porters for glucose) or, as has been suggested by others,
an indirect mechanism that involves growth hormones
whose levels correctly reflect nutrient abundance.
Understanding the normal mechanisms underlying
changes in the mode of stem cell proliferation may elucidate
signaling that lead to abnormal tissue growth and provide a
way to be able to reverse the negative proliferative effects.
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