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First published July 7, 2005; doi:10.1152/ajpgi.00501.2004.—During
acute exacerbations of inflammatory bowel diseases, oxidants are
generated through the interactions of bacteria in the lumen, activated
granulocytes, and cells of the colon mucosa. In this study we explored
the ability of one such class of oxidants, represented by monochlora-
mine (NHxCl), to serve as agonists of Ca®>* and Zn>" accumulation
within the colonocyte. Individual colon crypts prepared from Sprague-
Dawley rats were mounted in perfusion chambers after loading with
fluorescent reporters fura 2-AM and fluozin 3-AM. These reporters
were characterized, in situ, for responsiveness to Ca®>* and Zn>" in
the cytoplasm. Responses to different concentrations of NH>Cl (50,
100, and 200 M) were monitored. Subsequent studies were designed
to identify the sources and mechanisms of NH,>Cl-induced increases in
Ca?* and Zn?" in the cytoplasm. Exposure to NH,>Cl led to dose-
dependent increases in intracellular Ca?* concentration ([Ca?™"];) in
the range of 200—400 nM above baseline levels. Further studies
indicated that NH>Cl-induced accumulation of Ca™ in the cytoplasm
is the result of release from intracellular stores and basolateral entry of
extracellular Ca®>* through store-operated channels. In addition, ex-
posure to NH>Cl resulted in dose-dependent and sustained increases
in intracellular Zn?>* concentration ([Zn>*];) in the nanomolar range.
These alterations were neutralized by dithiothreitol, which shields
intracellular thiol groups from oxidation. We conclude that Ca®* - and
Zn**-handling proteins are susceptible to oxidation by chloramines,
leading to sustained, but not necessarily toxic, increases in [Ca®"];
and [Zn>"];. Under certain conditions, NH,CIl may act not as a toxin
but as an agent that activates intracellular signaling pathways.

key words

INFLAMMATORY BOWEL DISEASES are thought to result from inap-
propriate activation of the mucosal immune system in response
to normal flora (58, 60, 68). During acute exacerbations of
these illnesses, reactive species are generated through the
interactions of bacteria in the lumen, activated granulocytes,
and cells of the colon mucosa. In inflamed human tissues and
experimental models of colitis, oxidants and reductants derived
from oxygen and nitrogen play a critical role in toxicity to
microbes and injury to the “bystander” colon mucosa (2, 3, 39,
50, 58, 80). Presumed mechanisms of oxidant-induced injury
of the epithelium include direct chemical attack on cell mem-
branes and intracellular compartments, with consequences that
include depolymerization of mucin; peroxidation of lipids;
oxidation of structural proteins, enzymes, and carbohydrates;
disorganization of DNA; and increased mucosal permeability.

In addition, exposure to oxidants may activate intracellular
signaling pathways that may exacerbate injury or, conversely,
initiate protective responses in the inflamed mucosa. Affected
pathways include protein kinase A and C activities, expression
of heat-shock proteins, and modulation of NF-«kB and effector
pathways in apoptosis (24, 35, 52, 55, 58, 74). Of special
interest is oxidant-induced release of the divalent cations, Ca’™
and Zn", to the cytoplasm. When uncontrolled and in excess,
such divalent cation signals can exacerbate tissue injury (10,
56, 67). When coordinated and in moderation, however, such
signals may elicit secretory or protective responses that would
prevent or arrest inflammation-induced injury (36, 69, 72).

In this study, we explored the ability of one class of oxi-
dants, chloramines, to serve as agonists of Ca?" and Zn?*"
release to the cytoplasm of the colonocyte. The prototype in
this class of oxidants, monochloramine (NH>Cl), is produced
through the reaction of neutrophil-derived hypochlorous acid
(HOCI) with bacteria-derived ammonia (NHjs; see Refs. 25 and
63). NHxCl is relatively stable in aqueous environments and
cell permeant (24, 25). Potential targets of NH,Cl oxidation
include molecules and structures in intracellular compartments
as well as those on the cell membrane. Other chloramines
species are generated by transfer of the oxidizing Cl- radical to
amine groups of small organic acids such as taurine, lysine, or
histamine (63). These chloramine species retain oxidant capac-
ity but may not be able to permeate cell membranes. Molecular
species capable of consuming or neutralizing the oxidant CI- of
chloramines include glutathione and other peptides and pro-
teins (59) in which thiol (S-H) groups or clusters are integral to
structure or enzymatic functions. Recent studies have impli-
cated such thiol groups in structural proteins and enzymes that
regulate intracellular homeostasis of divalent cations such as
Ca?* and Zn>" (16, 46, 48, 77). These considerations led us to
hypothesize that exposure to NH>Cl may elicit a distinct profile
of disturbances in intracellular divalent cation homeostasis in
epithelial cells of the colon crypt.

METHODS

Solutions and reagents. Ringer solutions contained (in mM) 145
NaCl, 2.5 KH>POu, 1.0 MgSO4 or MgCl,, 1 CaCl,, 10 HEPES, and
10 glucose, pH = 7.4. Ca*>*-free Ringer contained all of the com-
pounds in standard Ringer except Ca®>*, and, in addition, 500 wM
EGTA was added. Intracellular buffer (ICB) contained (in mM) 125
KCl, 25 NaCl, 10 HEPES, 0.3 CaCl,, 0.5 MgCl,, 0.5 ATP, and 0.5
EGTA, pH = 7.25. Thapsigargin (THPS), ionomycin, and 1-hydroxy-
pyridine-2-thione (pyrithione) were purchased from Sigma Chemical
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and used from stock solutions containing DMSO. Carbachol (CCh;
Sigma), dithiothreitol (DTT; Sigma), thimerosal (Sigma), S-nitroso-
N-acetyl-p,L-penicillamine, (SNAP; Sigma), N,N,N',N'-tetrakis(2-
pyridyl-methyl) (TPEN; Molecular Probes), and 2-aminoethoxydi-
phenylborate (2-APB; Sigma) were dissolved in stock water and then
brought up in Ringer (1:1,000) or dissolved directly in Ringer.

NH,ClI was prepared as described previously (24, 62). Briefly, a
200-pl solution containing 500 mM NaOCl in water was added
dropwise to 10 ml of 20 mM NH4CI and 5 mM Na,HPO, in water at
0°C. This procedure resulted in a 5 mM NH,CI solution. Use of
NH,CI was completed within 6 h of preparation, since we observed
that it remained stable in Ringer solution at concentrations ranging
from 50 to 200 pM with <10% loss of absorbance at 242 nm.
TaurNHCI was generated under similar conditions by including tau-
rine instead of NH4Cl in the reaction mixture. Concentrations were
verified by measuring absorbance in an ultraviolet spectrophotometer
at 242, 292, and 252 nm for NH»Cl, HOCI, and TaurNHCI, respec-
tively. NH>Cl concentration ([NH>Cl]), HOCI concentration, and
TaurNHCI concentration were then quantified using molar extinction
coefficients reported previously (76). Solutions containing chlora-
mines did not include and were not mixed with solutions containing
DMSO to avoid direct consumption of oxidants that has been reported
previously (65). We also performed in vitro studies indicating that
DMSO can consume chloramines and, at high concentration (>1:100
vol/vol), interfere with measurements of Zn>" in solution.

Crypt isolation. Anesthetic and procedures for killing used in these
experiments were approved according to policies of Harvard Medical
School. Male Sprague-Dawley rats (Charles River Laboratories)
weighing ~300 g were anesthetized and underwent laparotomy. The
distal colon was identified, and a 1- to 2-cm segment was removed.
The viscus was opened and then rinsed in cold Ringer solution. As
described previously (13), the colon was incubated in a Ca®* chela-
tion solution (966 mM NaCl, 1.5 mM KCI, 10 mM HEPES, 10 mM
Tris, 27 mM NaEDTA or NaEGTA, 45 mM sorbitol, 28 mM sucrose,
and 0.1% BSA) for 30 min at room temperature. After chelation, the
tissue was manually shaken to liberate the crypts. The tissue was
removed, and the solution was centrifuged at 200 rpm for 2 min. The
supernatant was removed, and the pellet was resuspended in Ringer
solution.

Dye loading: imaging and ratiometric measurements. Fura 2-AM
and magfura 2-AM (Molecular Probes, Eugene, OR) were diluted in
DMSO to a stock concentration of 1 mM. Suspended in 1.5 ml
Eppendorf tubes, crypts were loaded in the dark at room temperature
in Ringer solution with §—-10 uM fura 2-AM for 30 min. Subse-
quently, crypts were rinsed two times at 5-min intervals with Ringer
solution, mounted on cover slips coated with poly-D-lysine, and
transferred to the microscope stage (Nikon TE-2000). For studies
utilizing fluozin 3, crypts were loaded under similar conditions for
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20-30 min with 4—8 pM fluozin 3-AM. Coverslips were placed in a
perfusion chamber for imaging studies, superfused with Ringer solu-
tion at room temperature.

Studies were performed using monochromator-based excitation
(Applied Scientific Instrumentation, Eugene, OR). Emitted light was
collected at 520 = 15 nm. During studies with fura 2, fluorescence
was monitored by alternating excitation at 340 and 380 nm. Data are
presented as a ratio of cation-sensitive intensity at 340 nm over
cation-insensitive intensity at 380 nm. For studies utilizing fluozin 3,
crypts were excited at 488 nm. Digital images of crypts were captured
using a digital CCD camera (Hammamatsu ORCA-ER). Images were
processed using compatible software (Universal Imaging, Downing-
ton, PA) to yield background-corrected pseudocolor images. Images
were acquired every 10 s to minimize photobleaching. Contributions
of autofluorescence were measured and were negligible.

Data collection, analysis, and statistics. Simultaneous fluorescence
measurements from a whole crypt were obtained, since signals from
individual cells could not be discerned at this level of magnification.
It has been reported previously that the cells of the crypt function as
a unit and thus that signals in individual cells are reflected in regional
measurements. Regions of interest selected for analysis included the
base of the crypt (the region of cells closest to the submucosa) and the
apex (the region closest to the lumen). Although responses were more
robust in basal regions, no clear differences emerged between regions
in responses to ionophores or to NH,Cl. Thus results are reported for
signals collected from the entire crypt.

Concentrations of extracellular Ca>* in calibration solutions (con-
taining TPEN and EGTA) were calculated using the internet-based
program maxchelator (http://www.stanford.edu/%7Ecpatton/web-
maxcS.htm). Dissociation constants (Kq4) for fura 2 and fluozin 3 were
calculated using the equation of Grynkiewicz et al. (26) formulated
for both intensity-based and ratiometric dyes (http://www.
molecularprobes.com/html). Data were summarized and reported as
means * SE. Comparisons were performed using ANOVA for mul-
tiple or sequential comparisons, as indicated.

RESULTS

Monitoring [Ca®™ ]; in isolated colon crypts and controlling
for interfering heavy metal divalent cations. Previous reports
have demonstrated the feasibility of using dyes in the fura 2
and fluo 3 classes to monitor [Ca®*]; levels in colon crypts in
response to physiological stimuli (8, 40, 41). These approaches
depend on assumptions (54) that have not been reported for
primary cell preparations such as the colon crypt. Shown in
Fig. 1, A and B, are digital images of a colon crypt loaded with
fura 2-AM, recorded in visible light and during fluorescence

Fig. 1. Digital images in grayscale of an isolated
rat colon crypt, loaded with fura 2-AM (8 pM) for
25 min. A: low visible light background. B: fluo-
rescence excitation at 380 nm. Original magnifi-
cation: X30.
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excitation at 380 nm. The first assumption is that the dye is
localized almost completely within the cytpoplasm. Fluores-
cence intensity was monitored in crypts loaded with fura 2 at
340 and 380 nm, before and after exposure of crypts to 10 uM
digitonin in ICB, an agent that permeabilizes the cell mem-
brane without disturbing the integrity of organelles (31, 54). In
five separate experiments, digitonin induced a marked decrease
in fluorescence at both wavelengths, in all cases over 85%,
indicating that fluorescence signals are the result of dye local-
ized in the cytoplasm.

The second assumption of such fluorescence-based methods
is that contributions of other interfering cations are negligible
or can be controlled. All useful reporters respond to multiple
divalent cations, although with different profiles of response (1,
26). In this regard, published reports suggest that, in cell-free
systems, fura 2 increases fluorescence in response to Ca®* (Ky
~145 nM), Zn>* (K4 ~3 nM), and other metals not likely to
interfere with fluorescence measurements, such as Cd>" (Ky
~1 pM) and Co*" (K4 ~9 nM; see Ref. 27). Responses to
physiologically significant metals such as Cu®>* and Fe** are
recognized but either cause quenching of signals or elicit
responses opposite to those of Ca?* and Zn?* (1, 27, 38).
However, release of such cations from intracellular pools or
subcellular compartments could interfere with measurements
of Ca?* concentration ([Ca?>*]) when crypts are exposed to
potentially toxic agents.

To evaluate such interference, we measured fura 2 signals
during exposure of crypts to ionomycin, a cationophore able to
translocate both Ca®>* and heavy metal divalent cations (15). In
preliminary studies, crypts were exposed to 5 wM ionomycin
in the presence of no added Ca?>* and 0.5 mM EGTA ([Ca’"]
~1 nM). Exposure to ionomycin rapidly increased the excita-
tion ratio, indicating release of divalent cations to the cyto-
plasm. In six experiments, the interval and magnitude of
recovery to baseline was highly variable. Such a response is
characteristic of binding of the dye to a ligand of higher
affinity, for example, Zn>". To evaluate this possibility, we
monitored responses to ionomycin and varying [Ca®"] in the
presence of TPEN, a known chelator for Zn** (K4 ~107'5 M)
and other metal divalent cations (1). TPEN also exhibits a very
low affinity for Ca?" (K4 ~100 pM; see Refs. 1 and 21),
thereby screening out contributions of interfering metal cations

A

EGTA/@Ca?

Fig. 2. Fura 2 signals in EGTA-isolated colon
crypts during incremental increases in Ca>*
concentration ([Ca?*]). Crypts were exposed
to [Ca®"] varying from 100 to 400 nM in the
presence of ionomycin (10 wM) and N,N,
N',N'-tetrakis(2-pyridyl-methyl) (TPEN, 20
wM). A: recording of fura 2 fluorescence in an
individual crypt. &, Individual data points col-
lected every 10 s. B: summary of calibration
curves in 9 crypts using the same protocol as
in A. Results are expressed as mean * SE
fluorescence excitation ratios (340/380 nm).
With the use of averaged values in B, Kq of
fura 2 for Ca?* is 282 * 32 nM. 0

Fura-2 Fluorescence
340nm/380nm

OXIDATIVE STRESS-INDUCED Ca2* AND ZN** SIGNALS

while permitting fura 2 to respond to cytoplasm Ca?* signals
in the physiological range (100 nM-1 uM; see Ref. 29). As
shown in Fig. 2A, the presence of 20 wM TPEN permitted
direct correlation of fura 2 signals to [Ca?>*];. We found the
greatest responsiveness in the range of 100-400 puM, with
diminished responsiveness both above and below this range.
As shown in Fig. 2B, the responses within this range provide a
method for in situ calibration that controls for contributions
from interfering metal polyvalent cations. Inserting the data in
the relationship of Grynkiewicz et al. (26), we calculate that, in
situ in the colonic crypt, the Kq of fura 2 for Ca?" is 282 + 32
nM (average = SE, n = 9). This value is somewhat higher than
those reported previously in cultured cells but quite close to
those reported for primary epithelial cell preparations such as
the gastric gland (26, 27, 54). Using similar methods in studies
of five isolated colon crypts, we determined that the in situ K4
of fura 2 for Zn?>" is 4.7 + 0.6 nM (average + SE), quite close
to reported values (27). In these studies (n = 5 crypts), fura
2-loaded crypts were exposed to 40 wM pyrithione, a heavy
metal specific ionophore, in 0 Ca?" Ringer with varying
concentrations of Zn>" (0, 2.5, 5, 7.5, 10, and 1,000 nM).
Experiments were also undertaken to ensure that pyrithione
does not transport Ca”>" in the cytoplasm from either extracel-
lular solution or from the cellular organelles (data not shown).

We next performed studies to evaluate whether the presence
of TPEN might interfere with the ability of fura 2 to monitor
physiological increases in [Ca®*]. Crypts were perfused with
Ringer solutions under control conditions and then during
exposure to a combination of 100 pM CCh and 1 uM THPS,
agents that cause Ca’" release from intracellular stores and
prevent reuptake, thereby maximizing accumulation in the
cytoplasm (29-31). In addition, irreversible release of intra-
cellular stores activates capacitative entry of Ca?>* from the
extracellular spaces to the cytoplasm, resulting in irreversible
accumulation of Ca?* beyond physiological tolerable limits.
As shown in Fig. 3, the presence of TPEN did not significantly
alter [Ca™"] signals elicited by CCh/THPS or during capacita-
tive entry. Together, these studies indicate that TPEN may be
used to screen out contributions of other heavy metal cations
while preserving the intracellular Ca>* signals that are moni-
tored by fura 2.

5 min 0

100 200 300 400

I
Ca?* (nM)
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0 Ca?* Ringer

2.0 ‘ CCh/THPS ‘

‘ l TPEN absent

Excitation ratio (340nm/380nm)

FIGURE 3

Fig. 3. Effect of TPEN on “pure” intracellular Ca>* signals monitored by fura
2. Crypts were loaded with fura 2-AM and then exposed to Ringer solution
containing 0 Ca?* and 0.5 mM EGTA in the absence (m) or presence (0J) of 20
pwM TPEN. The presence of TPEN had no significant effect on signals
generated during exposure to 100 wM carbachol (CCh) and 1 pM thapsigargin
(THPS), which irreversibly empties intracellular stores. Also, TPEN had no
significant effect on the magnitude of capacitative entry, monitored when
extracellular Ca®* was restored. Each line represents a mean of 5 individual
experiments and expresses the mean * SE of individual data points (10-s
intervals) of the excitation ratio (340/380 nm).

Effects of NH>Cl on [Ca®™]; in isolated colon crypts. To
evaluate the effects of NH»Cl, we initially exposed isolated
colon crypts to solutions containing [NH,Cl] at 50, 100, and
200 pM. As summarized in Fig. 4, A and B, dose-dependent
and largely irreversible increases were observed in the fluores-

NH,CI ccCh

A 200uM 50uM
A e
= E PR
g2 3
©
58 5 min
5 1
B
L = 3
§§ x *
c ©
o
Eg 2 . % * *
521

50uM  100pM  200pM

[NH,CI]

Fig. 4. Measurements of fura 2 signals during exposure of colon crypts to
NH>CI. A: recording in an individual crypt exposed to 200 uM NH>CIL
Recording begins with crypts perfused by standard Ringer solution, then
exposure to NH2Cl (5 min), and then standard Ringer. Note absence of
reversibility. B: summary of responses to monochloramine at different doses
(50, 100, and 200 wM). Data represent ratio before (open bars), during (black
bars), and after (shaded bars) exposure to NH>Cl. Results are expressed as
means = SE, with the y-axis indicating the excitation ratio (340/380 nm). *P <
0.01 compared with baseline levels by ANOVA.
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cence excitation ratio. These basic observations led us to
perform studies to determine the sources of these signals,
including the contributions of /) extracellular Ca?*, 2) intra-
cellular pools of non-Ca>* heavy metal divalent cations, and 3)
physiologically regulated intracellular Ca®* stores.

In the first set of studies, Ca®>* was removed from the
perfusates, to which 0.5 mM EGTA was added to lower [Ca®™"]
to ~1 nM. Crypts were exposed to different concentrations of
NHCI [0 (control), 50, 100, and 200 uM]. After a 5-min
exposure, NH,Cl was withdrawn. As shown in Fig. 5A, the
excitation ratio decreased when Ca®" was removed from the
perfusate, confirming that extracellular Ca®* plays an impor-
tant role in preserving [Ca®"]; under baseline conditions (17).
During exposure to NH,Cl, the signal increased dose depen-
dently to a plateau but then partially reversed when NH>Cl was
withdrawn. The peak effects were greatly diminished com-
pared with those observed in the presence of extracellular Ca>*
(Fig. 4), indicating that a significant component of the response
to NH,Cl is because of influx of extracellular Ca>™.

In the second set of studies, we monitored fura 2 signals in
crypts exposed to NH,Cl in the presence of TPEN. Crypts were
first exposed to 0 Ca®>* Ringer and 20 uM TPEN to eliminate
contributions from extracellular Ca>* and to chelate labile
metal cations present in intracellular pools, respectively.
Crypts were then exposed to 200 puM NH,CI for 5 min,
allowed to recover in 0 Ca®" Ringer, and then exposed to
standard Ca®*-Ringer. As shown in Fig. 6, preexposure of
crypts to TPEN significantly reduced and delayed the peak

R 0 Ca%* Ringer R

v v

>

Excitation Ratio
(340nm/380nm)

control 90HM

2.0
1.5

1.0, *

Excitation Ratio g
(340nm/380nm)
*

50uyM  100uM

[NH,CI]

Fig. 5. Measurements of fura 2 signals during exposure of colon crypts to NH>Cl,
in the absence of extracellular Ca>*. A: averaged responses to NH>Cl at different
doses [0 (control), 50, 100, and 200 wM). Each line represents responses in 5 or
6 separate experiments, each conducted in exactly the same sequence. Each
experiment started with crypts perfused by standard Ringer, then exposure to 0
Ca?*-Ringer (0.5 mM EGTA), exposure to NH>Cl, removal of NH>Cl, and then
restoration of Ca®*-Ringer. Each data point represents the mean * SE of
responses at each time point. B: key time points just before the peak response
(open bars), during the peak response (black bars), and stablization after removal
of NH2Cl (shaded bars). Results are expressed as means * SE, with the axis on left
indicating the excitation ratio (340/380 nm). *P < 0.01 compared with baseline
levels by ANOVA. Arrows indicate where solutions change.

200uM
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