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Abstract

Pitt—Hopkins syndrome (PTHS) is a neurodevelopmental disorder, classified as an autism
spectrum disorder that is caused by the haploinsufficiency of Transcription Factor 4 (TCF4). The
most common non-neurological symptoms in PTHS patients are gastrointestinal (GI) disturbances,
mainly gastroesophageal reflux and severe constipation (in about 30 and 75% of PTHS patients,
respectively). We hypothesized that the recently recognized mouse model of PTHS will exhibit
problems with their gut function. We conducted series of in vivo tests on 15- to 19- week old male
mice, heterozygous for the TCF4 functional deletion, mimicking the TCF4 haploinsufficiency in
PTHS patients, and their wild type littermates. Data collection and initial analysis were performed
blindly, that is, the genotyping key was received after the mean values were calculated for each
individual animal, and then mean/median of each group was subsequently calculated. Body
weight, fecal pellet output, and fluid content were similar between the groups, indicating normal
gross growth of PTHS mice and their overall physiological GI motility and intestinal secretion/
absorption. There were no significant differences in gut length and gross appearance pointing out
that PTHS mice have normal gut in gross anatomical terms. However, the assessment of gut transit
indicates that, while whole-gut transit velocity was similar between the groups, the upper Gl and
distal colon transit velocities were significantly reduced in the PTHS mice. This is the first
evidence of specific gut related problems in the PTHS mice. Our study also validates the 7CF4
functional knockout mice as an animal model to study PTHS-associated Gl disturbances.
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Introduction

Pitt—Hopkins syndrome (PTHS, OMIM #610954) is an autism spectrum disorder that was
initially characterized in 1978 as mental retardation, wide mouth and intermittent
overbreathing [Pitt & Hopkins, 1978]. Other common clinical features are developmental
delay, an absence of speech, autistic behaviors, motor incoordination, eye anomalies,
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seizures, and gastrointestinal (GI) signs, such as constipation and gastroesophageal reflux
[Whalen et al., 2012]; PTHS is yet to be fully characterized, however.

The cause of PTHS was identified in 2007 as de novo heterozygous mutations of the
Transcription Factor 4 gene (TCF4, located at 18g21.1, OMIM #602272) [Amiel et al.,
2007; Brockschmidt et al., 2007; Zweier et al., 2007], ranging from point mutations to
partial and total gene deletions and resulting in the TCF4 haploin-sufficiency [Whalen et al.,
2012]. TCF4, also known as E-protein E2-2 or Immunoglobulin Transcription Factor 2
(ITF2), belongs to ubiquitously expressed class | of basic helix-loop-helix factors and is
involved in many developmental processes and regulation of cell growth [Massari & Murre,
2000], hence the multitude of disease features. This protein should not be confused with T-
Cell Factor 4, also abbreviated as TCF4, which is another transcription factor encoded by the
Transcription Factor 7-Like 2 ( TCF7L2) gene [van Es et al., 2012]. The breakthrough in
PTHS etiology opened vistas for the use of animal models, and 7CF4 functional knockout
mouse, developed a decade earlier to harbor a deletion of the 7CF4 DNA-binding domain
[Zhuang, Cheng, & Weintraub, 1996], became readily available and was repurposed as the
PTHS mouse model [Sweatt, 2013]. Naturally, most of the recent research has been focused
on the neurological deficits. However, constipation is the most common complaint (74-77%
of patients) for daily disease management and frequently requires medication [Sweatt, 2013;
Whalen et al., 2012]. Similarly, gastroesophageal reflux is a substantial problem as it occurs
in 15-42% of patients [Whalen et al., 2012]. In this report, we systematically investigated
the PTHS model using established in vivo Gl transit tests.

Materials and Methods

Animals

We used adult (15- to 19-week old) male mice, heterozygous for the deletion of the DNA-
binding domain of the Transcription Factor 4 (B6;129- TCF4™1Zhu/j: stock number 013598,
Jackson Laboratory, Bar Harbor, ME) [Zhuang et al., 1996], an animal model for PTHS
[Sweatt, 2013], and their wild type (wt) littermates. Mice were Helicobacter spp. free and
maintained in a temperature (24-25°C)-controlled environment on a 12-hr light (7 am on):
12-hour dark (7 pm off) cycle, with ad libitum access to food and water. All experiments
assessing Gl functions described below started at zeitgeber (ZG) + 1 hr (8 am). At that
juncture, mice were individually housed for an hour in cages containing only a single sheet
of adsorbent paper at the cage bottom, and food and water were removed. All procedures
were performed in strict accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and were approved by the Institutional Animal Care
and Use Committee at the University of Alabama at Birmingham.

Pellet Output and Fluid Content

This assay was done as previously described [McClain et al., 2014]. Fecal pellets were
collected at ZG + 2 hr (1 hr after individually housing the animals), counted, and weighed
(wet weight). The pellets were then incubated for a day at 60°C and weighed again (dry
weight). Fluid content was calculated as follows:
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Fluid content(%)=100 x (wet weight—dry weight)/wet weight. (1)

Upper Gastrointestinal Transit

The test was modified from another study [De Winter et al., 1997] and executed at ZG + 2.5
hr to ZG + 5 hr. Mice were gavaged with 0.2 mL of a solution containing 5% (w/v) Evans
blue (Cat. No. E2129, Sigma-Aldrich Co., St Louis, MO) and 5% (w/v) dextrose (Cat no.
DX0145, EMD Millipore, Billerica, MA) dissolved in ultrapure water [Milli-Q® Synthesis
system (Millipore Corporation, Billerica, MA)]. Fifteen minutes later, the animals were
euthanized and the pyloric region of the stomach with the whole intestines were removed.
We then measured the distance from the pylorus to the dye front (dye distance). We also
measured the length of the whole intestine, as the pylorus-anus distance, and the lengths of
small and large intestines, as the pylorus-ileocecal junction distance and the cecocolic
junction-anus distance, respectively. We calculated upper Gl transit velocity (mm/min) as
the dye distance (mm) over 15 min.

Colon Bead Assay

Distal colon transit was assessed using glass beads (2 mm in diameter) as previously
described [McClain et al., 2014], and executed at ZG + 2.5 hr to ZG + 5 hr. In short, mice
were briefly anesthetized and single bead was inserted through the anus and pushed 2 cm
orally using a 20 gauge stainless steel feeding needle with a silicon tip (1.9 mm in diameter)
(Cat. No. 9921, Cadence Inc., Staunton, VA). The needle was then withdrawn and the bead
expulsion latency was obtained. We calculated distal colon transit velocity (mm/min) as 20
mm over the bead expulsion latency (min).

Whole-Gut Transit

Whole intestinal transit was determined as previously described [McClain et al., 2014] and
executed at ZG + 2.5 hr to ZG + 3.5 hr. Briefly, mice were gavaged with 0.2 mL of a
solution containing 6% (w/v) Carmine (Cat. No. C1022, Sigma-Aldrich Co., St Louis, MO)
and 0.5% (w/v) methyl cellulose (Cat. No. M0262, Sigma-Aldrich Co.) dissolved in
ultrapure water and were left undisturbed in individual cages with food and water ad libitum.
After 2 hr, pellet coloration was checked regularly every 20 min. Time elapsed from gavage
until the detection of the first red pellet was obtained. We calculated whole Gl transit
velocity (mm/min) as the whole intestine length (mm) over the red pellet excretion latency
(min).

Data Collection and Analysis

To reduce individual variability [Wyman, Heaton, Manning, & Wicks, 1978], every animal
was assayed 2-3 times for all the tests except the upper Gl transit (terminal procedure). All
tests were performed blindly, that is, experimenter was not aware of the mouse genotype,
until all data were collected, pruned (data from all distressed animals were disregarded) and
mean values calculated for each individual animal. At this juncture the genotyping key was
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revealed and the individual mouse values were arranged into wt and PTHS groups and mean/
median of each group was subsequently calculated.

We used the GB-Stat 6.5 software (Dynamic Microsystems Inc., Silver Spring, MD) for
statistical analysis. The number of subjects required for individual set of experiments was
estimated using power analysis (set at 80% and a. = 0.05). Student’s #test was used for
statistical comparisons if both data sets passed Shapiro-Wilk test for normality; Mann—
Whitney U-test was performed otherwise. As all normally distributed variables were also
homoscedastic, as tested by Levene’s test for variance homogeneity, we used pooled
variances version of the Student’s #test. For all statistical comparisons P < 0.05 was
regarded as statistically significant.

We hypothesized that the PTHS mouse model will exhibit problems with their gut function.
As the 7TCF4homozygous mutants die perinatally, we conducted series of in vivo tests on
mice heterozygous for the TCF4 functional deletion, mimicking TCF4 haploinsufficiency in
PTHS patients, and their wt littermates.

PTHS Mice Have Normal Body Weight and Pellet Output

We first obtained the body weights of mice to assess their growth and food intake (Fig. 1A).
On average, body weight of the PTHS group was similar to the wt group (= 0.082,
Student’s #test), indicating normal gross growth of the PTHS mice.

Next, we monitored fecal pellet output to evaluate gut propulsive motility. We counted the
number of pellets, obtained their wet/dry weight, and calculated the fluid content (Fig. 1B—
D). No significant differences were observed in all of these measurements between the
groups [P = 0.085, Student’s £test (pellet count); P> 0.265, Mann-Whitney U-test (wet/dry
weight); £=0.564, Student’s ~test (fluid content)], which pointed out that PTHS mice have
overall physiological GI motility and intestinal secretion/abortion. As this is a general test
and does not allow to study particular gut transits, we turned to more specific tests assessing
just that.

PTHS Mice Show Reduced Gut Transit Velocities

Before assessing gut transits in detail, we obtained the lengths of whole guts, small and large
bowel; no significant difference [P> 0.545, Student’s #test (whole guts and small bowel) or
Mann-Whitney U-test (large bowel)] was found between the wt and PTHS mice (Fig. 2A).
Also, we did not observe any gross malformations in the intestines. Both findings indicate
that PTHS mice have normal gut in gross anatomical terms.

While whole-gut transit velocity was similar between the groups (P = 0.346, Student’s &
test), upper Gl and distal colon transit velocities were significantly reduced in the PTHS
mice (P=0.044 and 0.027, using Student’s #test and Mann—Whitney U-test, respectively)
(Fig. 2B). Taken together, these findings indicate specific disturbances in gut function,
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namely retarded gastric emptying with reduced propulsion activity in the oral part of small
bowel and reduced propulsion of the distal colon.

Discussion

We provide the first evidence that PTHS mice have specific gut malfunctions, namely
reduced upper Gl and distal colonic transit velocities, that resemble symptoms, that is,
gastroesophageal reflux and constipation, respectively, of the PTHS patients [Sweatt, 2013].
Therefore, our findings validate this transgenic mouse strain, harboring functional deletion
of TCF4[Zhuang et al., 1996], as an animal model to study PTHS associated Gl
disturbances. No obvious differences in the animal’s physical appearance or changes in their
gross behavior were observed that could distinguish the PTHS mice from their wt
littermates, hence making it feasible for the experiments to be performed with the person
blinded to the genotype of the mice. However, detailed behavioral and neurological
characterization of PTHS animals is needed in the future.

Interestingly, the whole-gut velocity in PTHS mice was unchanged although both the upper
Gl and distal colon velocities were reduced. One possible explanation could be that the
upper Gl and distal colon transits, as two fast components (~18 and ~7 mm/min,
respectively) of the whole-gut transit (~2 mm/min), make only a minor part (together < 20
min) of the whole-gut transit time (~4.7 hr). Additionally, PTHS mice could have
compensatory acceleration of the slower component of the whole-gut transit.

Similarly, PTHS mice had slowed propulsion of the distal colon (Fig. 2B, right) but normal
fecal output (Fig. 1B, C). This is also not an unusual finding as it has already been shown
that fecal output does not have to correlate with the colonic motility [Nakade, Mantyh,
Pappas, & Takahashi, 2007]. Furthermore, these findings could indicate that PTHS mice
deposit fecal pellets in the distal colon. This hypothesis could be tested in the future using
radiopaque markers [Zakhary et al., 1997].

We did not find gross anatomical malformations in the intestines of PTHS mice, so
decreased transit velocities are probably due to functional impairment in gut propulsive
motility, a phenomenon under the regulation of the enteric nervous system (ENS) [Goyal &
Hirano, 1996]. Alternatively, although less likely, gut transit could be slowed due to the
overgrowth of the mucosa or other microanatomical defects of the intestinal wall [Forrest,
Waite, Martin-Rendon, & Blake, 2013]; this issue could be addressed by histological
examination. Basic helix-loop-helix transcription factors play a role in ENS development
[Nelms & Labosky, 2010] and TCF4 was already shown to regulate the differentiation and
migration of a subset of neuronal progenitors [Flora, Garcia, Thaller, & Zoghbi, 2007], so
slowed transits could be caused by the TCF4 haploinsufficiency during the formation of the
ENS. Indeed, some PTHS patients have comorbidity for the Hirschsprung disease [Zweier et
al., 2007], a developmental disorder characterized by the absence of enteric ganglia along a
variable length of the intestine. However, it is important to mention that many PTHS patients
with constipation do not have underlying Hirschsprung disease [Whalen et al., 2012],
indicating other underlying causes for the Gl disturbances. TCF4 is expressed in both glia
and neurons of the central nervous system [Fu et al., 2009]. If the same holds in the ENS,
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specific problems in Gl transit could be caused by malfunctioning of enteric neurons and/or
glia. Furthermore, TCF4 is involved in the development of the gut immune system [Murphy,
2013; Rescigno & Di Sabatino, 2009], which can ultimately have an effect on the gut
motility through its interaction with the ENS [De Winter & De Man, 2010]. The role of
TCF4 haploin-sufficiency in the development and function of the enteric nervous and
immune systems should be studied in the future.

Additionally, as a global transcription factor, TCF4 is involved in many important cellular
processes beside cell differentiation and development, for example, signal transduction and
metabolism [Forrest, Waite, Martin-Rendon, & Blake, 2013]. Therefore, Gl related problems
could originate, at least in part, from the reduced amount of TCF4 in adults. This hypothesis
should be studied in the future and, if confirmed, would indicate that some of the PTHS
associated GI problems might be treatable with already available drugs that increase global
gene transcription (reviewed elsewhere [Sweatt, 2013]).
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Figure 1.

Pitt—Hopkins syndrome (PTHS) mice have normal body mass and pellet output in vivo. (A)
Body weights. Wild type (wt) and PTHS mice have similar body weights. (B-D) Pellet
production and composition. PTHS and wt animals do not differ significantly in the total
number of pellets (B), pellet wet/dry weight (C, left/right) and pellet fluid content (D). Data
are shown as mean = standard error of mean (SEM) in A, B and D; or as median £
interquartile range (IQR) in C. Sample sizes were the same for all measurements: 18 and 16
mice for wt and PTHS groups, respectively.
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Figure2.
Particular in vivo gut transit velocities are reduced in PTHS mice. (A) Lengths of intestines.

Total (left), small (center) and large (right) intestines were similar in length between the wt
and PTHS animals. (B) Gastrointestinal (GI) transit velocities in vivo. Whole-gut transit
velocity (left) was similar between the groups. Upper Gl (center) and distal colon (right)
transit velocities were significantly reduced in the PTHS mice.”P< 0.05, Student’s #test and
Mann-Whitney U-test, respectively. Data are shown as mean + SEM (left and center graphs)
or as median + IQR (right graphs). 18 wt and 16 PTHS mice were used for all the
measurements except the upper Gl transit. Three animals were excluded from the analysis of
the upper Gl transit, 1 in wt and 2 in PTHS groups, due to obvious distress signs after the
gavage.
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