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Galanin is widely distributed in enteric nerve terminals lining the
gastrointestinal tract1,2. We previously showed that pathogenic
Escherichia coli, but not normal commensal organisms, increase
galanin-1 receptor expression by epithelial cells lining the colon3

(i.e., colonocytes). When present, galanin-1 receptor activation
by ligand causes colonocyte Cl- secretion 4. We herein demon-
strate that disparate pathogens including Salmonella typhimurium
and Shigella flexerii also increase colonocyte galanin-1 receptor ex-
pression, whose activation is responsible for a principal compo-
nent of the increased colonic fluid secretion observed. Although
eliminating the GAL1R gene by homologous recombination does
not alter basal colonic fluid secretion, removal of one or both alle-
les completely attenuates the increase in fluid secretion due to in-
fection with enteric pathogens. Galanin-1 receptor up-regulation
therefore represents a novel mechanism accounting for the in-
creased colonic fluid secretion observed in infectious diarrhea due
to several different pathogens.

We initially determined whether other enteric pathogens known
to up-regulate NF-κB, such as Salmonella typhimurium 5 and Shigella
flexerii 6, increase galanin-1 receptor (Gal1-R) expression in epithe-
lial cells lining the mouse colon similarly to what we previously
observed for enterohemorrhagic E. coli (EHEC) 3. Specifically, 106

organisms in 200 µl of pH-buffered sodium phosphate were intro-
duced into the stomachs of non-fasted mice by gavage as previ-
ously described3. We used the novel technique of quantitative
immunohistochemistry (Q-IHC)7 to determine the kinetics of
Gal1-R expression in murine colonocytes subsequent to pathogen
infection. Whereas there is no evidence of Gal1-R expression by
colonocytes derived from control C57BL/6J mice despite their
being colonized by normal commensal organisms3, EHEC,
Salmonella and Shigella all increased the expression of this protein
(Fig. 1a). The time course of Gal1-R expression induced by each
pathogen was unique. EHEC caused a rapid yet transient increase
in Gal1-R expression, with peak concentrations observed 3 days
post gavage, followed by a return to normal concentrations ∼3
days later. In contrast, Salmonella and Shigella infection resulted in
significantly higher concentrations of Gal1-R expression, with
peak concentrations observed 6 and 4 days post-gavage respec-
tively (Fig. 1a). Although Gal1-R expression induced by Shigella
decreased thereafter, that due to Salmonella remained high. For
both EHEC and Shigella, infection was transient and self-limited,
whereas an increasing proportion of mice died of systemic
Salmonella 6 days post-gavage (data NS).

To determine if increased Gal1-R expression results in increased
colonic fluid secretion, we next performed closed loop experi-

ments. Detailed studies were performed on mice infected with
Salmonella because this pathogen caused the greatest amount of
Gal1-R expression over the longest period of time (Fig. 1a).
Overall, colonic fluid secretion increased subsequent to Salmonella
gavage, with the increase (Fig. 1b) paralleling the increase in Gal1-
R expression (Fig. 1a). The addition of saturating concentrations of
galanin, potentiated the increase in colonic fluid production (Fig.
1b), again in approximate relation to the amount of Gal1-R pre-
sent (Fig. 1a). Whereas exogenous galanin had no effect on
colonic fluid production in control mice, this ligand increasingly
potentiated the amount of fluid generated such that peak concen-
trations were observed 6 days post-Salmonella gavage (Fig. 1b).
Basal concentrations of colonic fluid secretion in uninfected mice
were 31 ± 2 mg/cm over a 4 h period, and were not altered by the
addition of intraluminal galanin (30 ± 2 mg/cm/4 h). In contrast,
basal colonic fluid secretion was ∼3-fold higher, and galanin-po-
tentiated secretion ~5-fold higher, 6 days post Salmonella gavage.

We have previously shown that the NF-κB-inhibitor dexam-
ethasone 8–10 completely attenuates EHEC-induced activation of
this transcription factor and the associated increases in Gal1-R
expression in murine colonocytes3. We therefore treated mice
with 0.15 µg/mg dexamethasone administered intraperitoneally
every 12 hours for 6 days post-Salmonella gavage. Similar to what
we have reported for EHEC, dexamethasone markedly reduced
the increase in Gal1-R expression in infected mice (data not
shown) such that colonic fluid secretion in the presence of ex-
ogenous galanin was reduced commensurately (50 ± 5 mg/cm/4
h in the presence of dexamethasone vs. 177 ± 9 in the absence of
dexamethasone).

To confirm the contribution of Gal1-R activation to the exces-
sive fluid secretion observed, we instilled commercially available
antibody to galanin into the lumen of Salmonella-infected treated
mice. Whereas colonic fluid secretion in mice 6 days after
Salmonella gavage was ~3-fold greater than observed in control
mice, intraluminal administration of galanin antibody completely
eliminated the Salmonella-induced increase in colonic fluid secre-
tion (Fig. 1c). Specifically, the amount of colonic fluid generated
over 4 h from the colonic loops of Salmonella-infected mice in the
presence of galanin antibody (39 ± 6 mg/cm/4 h) was not signifi-
cantly different from that observed in untreated control mice
processed in parallel (37±4 mg/cm/4 h) (Fig. 1c).

Colonic fluid secretion was likewise determined in wild type
mice at the time of maximal Gal1-R expression after gavage with
EHEC and Shigella (Table 1). Overall, galanin-potentiated colonic
fluid secretion was 2.2-fold higher post gavage with EHEC, and
2.9-fold higher after Shigella gavage, at the pathogen-specific point
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of maximal Gal1-R expression (Fig. 1a). Thus all 3 enteric
pathogens share the common feature of increasing colonic epithe-
lial cell Gal1-R expression, with the expression of this protein al-
lowing for increased amounts of colonic fluid secretion.

Antagonists specific for the Gal1-R do not exist, with putative
antagonists identified before the cloning of this receptor subtype
having been found to have partial agonist activity (reviewed in ref.
4). To dissect out the specific contribution of the Gal1-R to infec-
tious diarrhea, we eliminated one or both alleles of the GAL1R
gene from C57BL/6J mice (i.e., generating GAL1R+/– or GAL1R–/–

mice). As described in Methods, this was accomplished by insert-
ing a neomycin-resistance gene 144 bp into exon 1 followed by
electroporating the relevant construct into ES cells (Fig. 2a).
Appropriate clones were identified, expanded, and injected into
pseudopregnant mice. After confirmation of germ line transmis-
sion in the chimeric offspring, heterozygotes were back bred into
C57BL/6J mice. Mice were used for study only after back breeding
with C57BL/6J mice for a minimum of 20 generations. At no point
was any difference in development or weight gain observed be-
tween wild type, GAL1R+/–, or GAL1R–/– mice; whereas survival in

all genotypes was identical for up to 8 months, the longest time
point considered (n = 5 per genotype, data NS). We previously
demonstrated that Gal1-R are normally expressed by islet cells
within the murine pancreas 3. Confirmation of murine genotype
was confirmed in all instances after the completion of the relevant
investigation by evaluating for the immunohistochemical pres-
ence of Gal1-R in pancreatic islets (Figs. 2b-d), as well as by geno-
typing of tail-derived DNA (data NS).

Elimination of both alleles for the GAL1R gene completely elim-
inated Gal1-R protein expression in colonic epithelial cells in re-
sponse to pathogenic infection (Table 1; Fig. 2g). In contrast some,
but not all, of the nuclei and surrounding regions were im-
munopositive for Gal1-R expression in infected heterozygote
mouse intestinal epithelial cells (Fig. 2f), a phenomenon not ob-
served in wild type (Fig. 2e) or GAL1R–/– mice (Fig. 2g). Although
the significance of this peri-nuclear expression is not clear, we de-
termined the amount of Gal1-R present by performing quantita-
tive immunohistochemistry (Q-IHC)7. In performing this
technique we can only evaluate 100 ×100 pixel regions; because
we previously showed that Gal1-R modulates Cl- secretion only

Fig. 1 Gal1-R expression and colonic fluid secretion in wild-type C57BL/6J
mice after gavage with the indicated enteric pathogen. a, Kinetics of Gal1-
R expression by epithelial cells lining the colon after gavage with the indi-
cated pathogen. Quantitative immunohistochemistry was performed as
described in Methods, with data presented as means ± SEM for a minimum
of 3 separate animals per data point in the value-less measure of energy
units per pixel (eu/pix). b, Colonic fluid secretion in mice whose closed loop

Time (days after gavage) Time (days after gavage)

a b

Time (days after gavage)

Table 1 Colonic fluid secretion in C57BL/6J mice of indicated genotype.

GAL1R+/+ GAL1R+/– GAL1R–/–

Pathogen Time of Gal1-R Fluid Secretion Gal1-R Fluid Secretion Gal1-R Fluid Secretion
Peak Quantity (mg/cm) Quantity (mg/cm) Quantity (mg/cm)

Infection (eu/px) Saline Galanin (eu/px) Saline Galanin (eu/px) Saline Galanin

None N.R. 3.5 ± 0.3 36 ± 2 37±2 4.0±0.7 38±1 37±2 3.8±0.2 39±2 40±4
EHEC 3 Days 198.4±3.2* 56±2* 79±8* 4.8±0.6 35±2 44±3 3.6±0.7 35±1 36±4

Salmonella 6 Days 362.8±5.7* 104±6* 177±9* 5.8±2.7 41±5 42±3 3.8±0.9 42±4 40±3
Shigella 4 Days 270.2±3.8* 86±8* 106±12* 3.5±0.3 36±2 41±3 3.4±0.7 41±2 41±2

Mice of indicated genotype were infected by gavage with the indicated pathogen or saline (i.e., None) as described in Methods, and sacrificed at the time of peak infection (shown
in Figure 1). The amount of non-nuclear Gal1-R detected in epithelial cells was determined by Q-IHC as described in Methods, and is reported in terms of energy units per pixel
(eu/pix). Colonic fluid secretion was determined at the same time point by closed loop studies as described in Methods, and is reported as mg/cm of fluid collected over a 4 h pe-
riod. Saline indicates that 200 µl saline was injected into the closed loop at the start of the 4 h period. Galanin indicates that 200 µl of 1 µM ligand was injected into the closed loop
at the start of the 4 h period. In all instances, data is expressed as means ± SEM for 4–8 mice per condition, whereas (*) indicates that the value is significantly different for the in-
dicated pathogen as compared to uninfected mice, by ANOVA. EHEC, enterohemorrhagic E. coli; N.R., not relevant.

was injected with saline (�) or galanin ( ). Inset shows representative
colons from Salmonella-infected mice injected with either saline or galanin.
c, Effect of concomitant parenteral administration of dexamethasone or in-
traluminal administration of commercially available antibody to galanin. For
the middle and right panels, data represents the means±SEM of a minimum
of 5 separate experiments for the amount of colonic fluid generated over a
4 h period.
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when expressed at the level of the cell membrane4, we restricted
Q-IHC analysis to cellular regions not overlying the nuclei. When
performed in this manner, the amount of Gal1-R present in in-
fected heterozygous mice was no different than observed in
GAL1R–/– mice (Table 1). However, to determine the physiological
consequence of eliminating one or both alleles of the GAL1R gene,
we next performed closed loop studies and directly assessed
colonic fluid secretion in animals of all 3 genotypes.

Basal colonic fluid secretion in uninfected mice was not altered
as a function of GAL1R genotype (Table 1). Yet elimination of
even one allele for this gene markedly attenuated the increase in
pathogen-induced colonic fluid secretion (Table 1). To confirm
that the colonic mucosa of genetically manipulated mice responds
normally to other secretagogues, tissues were studied in an Ussing
chamber. In wild-type mice, short circuit current (Isc) increased
2.1 ± 0.2-fold in response to carbachol and 3.7 ± 0.4-fold in re-
sponse to forskolin. There was no difference in the kinetics or
magnitude of secretagogue-induced increases in Isc in mice miss-
ing one or both alleles for the GAL1R gene. Specifically, 100 µM
carbachol increased Isc 2.3 ± 0.5-fold and 2.4 ± 0.2-fold in

GAL1R+/– and GAL1R–/– mice, respectfully. Similarly, 1 µM forskolin
increased Isc 3.8 ± 0.4-fold and 3.7 ± 0.3-fold in GAL1R+/– and
GAL1R–/– mice. No differences in responsiveness to these secreta-
gogues were seen subsequent to infection with enteric pathogens
(data NS). Yet whereas 1 µM galanin had no effect on Isc in wild-
type mice, it increased Isc 5.1 ± 0.3-fold subsequent to infection
with EHEC and 8.4 ± 0.7-fold in response to Salmonella infection.
Similar to what we observed for colonic fluid secretion (Table 1),
elimination of even 1 allele of the GAL1R gene completely elimi-
nated the ability of galanin to increase Isc in GAL1R+/– and
GAL1R–/– mice infected with these enteric pathogens (data NS).

Overall no difference in animal survival or outcome was ob-
served between wild type and GAL1R–/– mice subsequent to infec-
tion with the enteric pathogens studied herein. Whereas
infections with EHEC or Shigella were self-limited, increasing
numbers of mice infected with Salmonella died of systemic infec-
tion irrespective of genotype. Salmonella infection in particular is
known to induce a host colonic inflammatory response11,12. We
therefore studied if eliminating the GAL1R gene altered the in-
flammatory response in GAL1R+/– and GAL1R–/– mice. To do this
we measured colonic myeloperoxidase (MPO) concentrations, a
measure of overall neutrophil presence13,14. There was no differ-
ence in basal MPO concentrations between wild type and GAL1R–/–

mice exposed to their own normal commensal organisms (12.9 ±
1.1 vs. 15.5 ± 1.9 OD405 units/g tissue). After 6 days of exposure to
Salmonella by gavage, MPO concentrations increased to 29.0 ± 2.7
OD405 units/g tissue in wild-type mice and 46.5 ± 12.0 OD405

units/g tissue in GAL1R–/– mice. Thus elimination of the GAL1R
gene did not alter the animal’s ability to mount an inflammatory
response.

Thus this paper directly demonstrates that Gal1-R up-regulation
by epithelial cells lining the colon is critical to mediating the bulk
of the excess colonic fluid secretion observed subsequent to infec-
tion with disparate enteric pathogens. Eliminating the GAL1R
gene does not alter the responsiveness of colonic epithelia to other
secretagogues (such as carbachol and forskolin), and does not alter
the host inflammatory response subsequent to pathogen infec-
tion. These observations suggest that the identification of Gal1-R-
specific antagonists may result in new pharmacological therapies
for the treatment of infectious diarrhea.

Methods
Mice and reagents. Specific pathogen-free C57BL/6J mice used for breeding
with our chimeric mice (described below) were from the Jackson Laboratory
(Bar Harbor, Maine). Enterohemorrhagic Escherichia coli (EHEC, serotype
0157:H7) were provided by J. Kaper (Center for Vaccine Development,
University of Maryland, Baltimore, Maryland); whereas Salmonella ty-
phimurium and Shigella flexnerii were from ATCC (Rockville, Maryland).
Immunohistochemical reagents were from DAKO (Carpinteria, California). All
other reagents were from Sigma (St. Louis, Missouri). The UIC Animal Care
Committee approved this study, and all care was provided in accordance with
institutional guidelines.

Creation of GAL1R gene homozygous null mutations. A primary murine
genomic library containing 10.8 × 106 independent recombinants and am-
plified once was obtained from. H. Helmich (University of Texas Medical
Branch, Galveston, Texas). This library had been made from high molecular
weight DNA extracted from mouse liver (strain 129/sv) subcloned into
λGem-11 (Promega, Madison, Wisconsin) at the XhoI site. We screened this
library using a full-length random-primed, 32P-labeled human Gal1-R cDNA
probe, originally isolated from human colon as previously described 15.
Approximately 2 × 106 clones were screened at 55 °C, followed by washing
in 2× SSC at 37 °C and 0.1× SSC at 55 °C. We isolated a clone containing 3
Kb of 5′ flanking region, the entire first exon, and 2 Kb of the first intron (∼6
Kb total size). Using the vector pNTK supplied to us by V. Tybulewicz
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Fig. 2 Generation and consequence of eliminating the GAL1R gene from
C57BL/6J mice. a, The relative location of the 3 exons comprising the
murine GAL1R gene is shown under Native, with the relevant portion of the
targeting knock-out vector shown underneath. Arrows labeled A–D identify
the relative location of PCR primers used for genomic analysis of the ES cell
lines after selection in aminoglycoside G-418. Representative PCR reactions
with the indicated primers on ES cell genomic DNA is shown under ES cell
analysis, and serves to indicate the relative frequency by which the mutant
allele could be detected. Confirmation of GAL1R gene elimination was deter-
mined immunohistochemically in murine pancreatic islets (b–d) and colonic
epithelial cells (e–g) 3 days after infection with EHEC. Tissues are from
GAL1R+/+ (b and e), GAL1R+/– (c and f), and GAL1R–/– (d and g) mice. Gal1-R
are normally expressed by pancreatic islet cells 3, with decreased presence
detected in mice lacking one or both alleles for the GAL1R gene. The amount
of Gal1-R up-regulation in colonic epithelia induced by EHEC infection is di-
rectly related to animal genotype (e–g). Magnification, ×1000.
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(University of Cambridge, UK)16, we inserted a 954 bp fragment including
144 bp of translated exon 1, the entire 5′UTR, and 744 bp of 5′ flanking re-
gion upstream of the neomycin gene. We eliminated 84 bp of exon 1, and
placed the remainder of this exon and ∼2.5 Kb of intron 1 between the Neo
and TK genes (Fig. 2a). The vector was linearized and sent to Genome
Systems (St. Louis, Missouri) for electroporation into ES/129 cells. After
neomycin selection, 192 separate clones were provided to us for genetic
analysis. We determined that 147/192 (77%) ES clones contained the
neomycin gene, but only 3/192 (<2%) underwent homologous recombina-
tion and not random insertion (Fig. 2a). Genome Systems was then in-
formed as to which clones should be used for injection into a
pseudopregnant mouse (clones #111, 134, 279). Chimeric offspring were
obtained from all 3 clones, and all have given birth to heterozygotes (+/–) in-
dicating germ line transmission. Heterozygote offspring were then back
bred with C57BL/6J mice for a minimum of 20 generations, and then mated
as necessary to generate mice of the desired genotype.

Infection of mice by gavage. Pathogenic bacteria were cultured until they
were in mid-log growth (OD600 0.1 – 0.2) (ref. 17). As previously described,
pathogens were re-suspended in 1.2 M sodium phosphate (pH 8.0), and 1 ×
106 organisms in 200 µl introduced by gavage using a Teflon-tipped 10 cm
long needle to a lightly anesthetized animal3. After recovery, mice were then
kept in microisolator cages with free access to food and water. Access to
food but not water was eliminated 24 hours before sacrifice.

Quantitative immunohistochemistry. A standard three-stage indirect im-
munoperoxidase technique was used for all immunohistochemistry18. We
used an anti-peptide antibody specific for the Gal1-R at a dilution of 1:500 as
previously described for 60 min at 22 °C3. Chromogen quantification was
performed as previously described7. Briefly, digital images of the treated tis-
sues were acquired at 1000× using a Microlumina Ultra Resolution Scanning
Digital Camera [3380 × 2700 pixels (Leaf Systems, Fort Washington,
Pennsylvania)] attached to a Nikon E600 microscope system. Chromogen
abundance (i.e., energy) was quantified by calculating the cumulative signal
strength within 3 randomly selected 100 × 100 pixel regions located over re-
gions not containing nuclei. The amount of chromogen per pixel was deter-
mined by subtracting the energy of the control slide (i.e., not exposed to
primary antibody) from that in the homologous region of the experimental
slide (i.e., exposed to primary antibody). Chromogen quantity is expressed
in the value-less units of “energy units per pixel” (eu/pix).

Electrophysiology As previously described19, full-thickness pieces of proxi-
mal colon were resected and studied in Ussing chambers. Tissues were
mounted on 4-mm internal diameter rings and incubated at 37 °C in
Ringer’s solution that was continually gassed with 95% O2/5% CO2.
Transepithelial resistance was determined as described previously3 by apply-
ing a 2-second pulse of 100 µA under current clamped conditions. Short cir-
cuit current (Isc) was measured and recorded every minute until the
development of a stable baseline, at which point changes due to the addi-
tion of various secretagogues was determined under voltage-clamped con-
ditions. Results are expressed as means ±SEM for between 7 and 11 separate
animals per condition.

Evaluation of colonic fluid secretion. After fasting for 24 h, mice were anes-
thetized using sodium pentobarbital (50 µg/mg) delivered in 2 divided doses
as an intraperitoneal injection. The adequacy of anesthesia was assessed by
inter-digital toe-pinch as described20, a small laparotomy incision was made,
and the most distal and proximal segments of the colon exposed as de-
scribed19. Ligatures were placed on the most distal and proximal aspects of
the colon generating a loop ∼5 cm in length. A 26 gauge TB needle was in-
serted through the area defined by the proximally placed suture before com-
pletely tying it off. 200 µl of 1 µM galanin or saline (as control) was injected
into the colonic lumen, the needle withdrawn, and suture tightened. The
bowel was placed back into the peritoneal cavity and the laparotomy incision
closed. Mice were sacrificed 4 h later by CO2 asphyxiation, the colonic loops
removed, and their lengths and weights recorded. As previously described,
fluid secretion was calculated by determining the loop weight (mg) to length
(cm) ratio 19,21.

Intestinal inflammation analysis. The intensity of intestinal inflammation
was determined by measuring total tissue myeloperoxidase (MPO) content, a
marker of neutrophil presence, using a modification of what has been previ-
ously published13,14. Freshly resected colon was washed in ice-cold Ringer’s so-
lution and then homogenized in PBS containing 1% Triton X-100. Samples
were clarified by centrifugation at 10,000 rpm for 5 min and pH adjusted to
4.2 using 1 M sodium citrate. MPO activity was assayed by adding equal vol-
umes of 1 mM 2,2’-azino-di-(3-ethyl) dithiazoline sulfonic acid and 10 mM
H2O2 in 100 citrate (pH 4.2), and the color quantitated spectrophotometri-
cally at 405 nm. Results are expressed in terms of the OD at 405 nm obtained
per gram of homogenized tissue.
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