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Abstract. SCFAs increase the volume of many differentto be Na-independent. Significance: There are funda-
cell types rarely exposed to significant concentrations ofnental differences in how proximal and distal colon re-
these weak electrolytes. SCFAs swell isolated cells fronmspond to isosmotic volume challenge of SCFAs.
colonic carcinoma cell lines, but the mechanism(s) of
volume regulation in normal colonocytes, which are gen-Key words: Short-chain fatty acids — Colon — Na-H
erally exposed to >100 m SCFAs, has not been well exchange — Amiloride — Bicarbonate
characterized. Aims: To determine the effect of SCFAs
on volume regulation in proximal and distal rabbit
colonocytes. Methods: Isolated colonocytes were platedntroduction
on coverslips and placed in a perfusion apparatus that
permitted fluid changes. Cells were continuously moni-An intricate relationship exists between contents of the
tored by video-microscopy; volume was estimated byCO|0niC lumen and the function of epithelial cells. In
measured changes in the radius of individual cells. Readdition to transport either into or out of the colonic
sults: Distal colonocytes (DC) consistently had a slightlylumen, epithelial cell functions such as regulation of in-
greater basal volume than proximal colonocytes (PC)iracellular pH and maintenance of cell volume may be
[14.2 pl/f1:9.8 pl/fl] In HEPES-buffered solutions, an iso- modulated by specific components of the luminal fluid.
tonic change to a 90 m NaCl/50 mu Na propionate  Short-chain fatty acids (SCFAs), the predominant lumi-
solution elicited a significant increase in cell volume nal anions in colonic luminal fluid, are a prime candidate
within 10 min, but no noticeable regulatory volume de-for having such an effect. Previous studies, from our
crease over 30 min: V/Vo in DC: 1.29 .09; in PC: laboratory and others’, have shown that SCFAs are
1.25+ .05. In HCOy-buffered solutions, 50 mn PROP  readily absorbed across the colonic epithelium [5, 14-16]
caused significantly greater cell swelling; in DC: 1¥4 and acidify the intracellular pH of colonocytes [3].
.21:in PC: 1.52t .08. In DC both amiloride and EIPA Maintenance of cell volume within a critical range is
blocked the SCFA-induced increase in cell volume. Aa vital homeostatic function of all cells. Regulatory vol-
hypotonic challenge confirmed that these cells were caume responses to osmolar challenges have been well
pable of swelling. In contrast, amiloride did not signif- described [9]. Within the gut lumen, major variations
icantly inhibit SCFA-induced swelling in PC: control, from isosmolar conditions are limited, restricted to the
1.25+ .05; amiloride, 1.3& .10. Cell volume increased Stomach, upper small intestine and cecum. In addition to
in PC perfused with an isosmotic 50mrpropionate, 0smolar challenges, cells necessarily require volume-
Na-free solution: 1.22+ .04. Conclusions: (i) SCFAs regulatory responses in situations when there is no sig-
induce significant cell swelling, but no regulatory vol- nificant changes in osmolarity, but when the external
ume decrease, in isolated colonocytes; (i) HCaug- ~ Milieu contains a significant proportion of freely diffus-
ments SCFA-induced cell swelling; (iii) volume increase ible substances, most commonly weak electrolytes. This
in DC is dependent on Na-H exchange, but in PC appearrocess has been termed isosmotic volume regulation ir
contrast to the response to hyper- or hypotonic condi-
tions [9]. Such processes are particularly germane to the
[ colonic epithelium, which is exposed to high luminal
Correspondence tal.H. Sellin concentrations of weak electrolytes, specifically short-
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chain fatty acids (SCFASs), in the absence of a large osindividual cells was measured at 4-6 axes; volume was calculated
motic gradient. using standard formulae.
Isosmotic cell swelling induced by SCFAs has been A similar _protocol was used for all experiments. Asingle rouqd

postulated to occur by two mechanisms: (i) an initial cell was identified ar_]d observed fo_r 5 min to establish a__basellne

. . . . __volume {/,). Change in perfusate at time 0 marked the specific exper-
diffusion _Of prOtO”a,teq' neutral SCFAs 'ntO. cells causiNGimental intervention; the individual cell was then observed for 25-30
both an increase in intracellular osmolarity and a dewmin. At the end of each protocol, cells were perfused with hypotonic
crease in intracellular pH (pHfollowing dissociation of  media to ascertain cell responsiveness, analogous to the glucose cha
the SCFA, and (ii) stimulation of Na-H exchange mech-lenge at the end of an Ussing chamber flux experiment. Cells reliably

anisms, secondary to intracellular acidification, |eadingswelled in response to the hypotonic challenge and returned towards
to an increase in intracellular Na baseline volume with a switch back to isotonic perfusai@até not

. . shown) Results are expressed in two different ways:Mj).,/V,, the
In this study, we sought to examine the volume '€~ ratio of the maximal volume the cell reaches compared to the initial

sponses of isolated colonocytes to physiologic concenggyme, or (i) a time course of a group of cells over the duration of the
trations of SCFAs; employing a video-microscopy Sys-perfusion. Because different cells did not rea¢h., at an identical
tem to provide continuous monitoring of individual iso- time during a perfusion, th#,,,,/V, data generally show a greater
lated cells, we found major regional differences betweerincrease in volume than the time course.

proximal and distal colonocytes to a SCFA challenge.

Although distal colonocyte swelling is dependent onsgg|yutions

Na-H exchange, proximal colonocyte increase in cell vol-

ume appears to be Na-independent. The EDTA solution for cell isolation contained (in mmol/l) NaCl 107,
KCl 4.5, NaHPQ 0.2, NgHPO, 1.8, NaHCQ 25, EDTA (ethylenedi-
nitrilotetraacetic acid) 10, glucose 10, with 0.1% bovine serum albu-

Materials and Methods min. pH was adjusted to 7.4 with TRIS. The high K Tyrode solution
contained K gluconate 100, KCI 20, NaCl 20, CaCl25, MgC}, 1.0,
HEPES (N-(2-hydroxyethyl)piperazine-N-2-ethanesulphonic acid) 10,

CeLL |soLATION glucose 10, sodium pyruvate 5, with 0.1% bovine serum albumin.
Experiments were carried out in either a HEPES or bicarbonate buff-

New Zealand white male rabbits (2—-3 kg) were fed standard rabbi€red Rlnger solution gassed with 109"/9 ar 95% QIS% CQ. In .

chow and water ad libitum. Rabbits were sacrificed by ear vein injec-MOSt solutions, Na-SCFAs were substituted on an equimolar basis for

tion with Euthanasia solution (Beuthanasia-D, Schering-Plough Ani-NaCl. In the Na-free solutions, N-methgiglucamine was substituted
mal Health, Kenilworth, NJ) following protocols approved by institu- for Na.

tional animal welfare committee. The appropriate segment of colon

was removed rapidly, opened along its mesenteric border and rinsed cﬁ;tatistics

luminal contents. The serosa and muscle were removed by peeling off

the layers with a glass slide. The mucosal layer was fixed on a plastic o ) )

holder with tissue adhesive cyanoacrylate ester (SuperGlue, distributegtatistical significance between groups was determined by unpaired

by Tepco Associates, Skokie, IL) and transferred to a Parson’s EDTALtESS.

solution for 30 min at 37°C. The mucosa attached to the plastic holder

was vibrated once for 30 sec to isolate mostly individual cells, primar-

ily surface cells, which were collected and stored in an intracellularlike Results

high K Tyrode buffer. Cell viability with this method provides a >90%

viability [3].

INITIAL VOLUMES

Morphometry

The resting volume of colonocytes varied depending on
Cells were fixed to poly-1-lysine-coated coverslips following centrif- both the location and the bathing solution. In HEPES-
ugation using a Cytospin-3 (Shandon Instruments, Pittsburgh, PA)puffered solutions, isolated cells from the distal colon
The perfusion chamber (RC21B, Warner Instruments, Hamden, CTWere Iarger than those from proximal. (1&81.1 (n —
provided high optical resolution and a small reservoir volume (0.3 ml) _
permitting perfusion rates of approximately 1 ml/min. Solutions were 49) V§.10.6i 1.0 =191, P.< 0.01) In HCQ:-buffered .
maintained at 37°C. The video monitoring system has been describeﬁomt'qns' cells from, each site were smaller, but th? dif-
in detail previously [11]. Briefly, the chamber was mounted on a Ni- ferential between distal and proximal colon remained.
kon inverted microscope interfaced with an MTI series 68 video cam-(11.9+ 0.5 (0 = 17) vs.8.6 + 0.4 (h = 16), P < 0.01).
era (Dage-MTI, Michigan City, IN) attached to a VCR and video Removal of Na (N-methyB-glucamine substitution) did
monitor, linked to a video timer (For-A Co, Japan) and IV-530 contour pnot significantly change the volume of proximal colono-
synthesizer. The cell images were taken on high quality thermal pape&ytes (9.8+ 1.3 (0 = 8) vs.10.6+ 1.0, (1 = 15)). Thus

with a video graphic printer (Sony UP-811N). - . .
The diameter of individual colonocytes was measured using adIStaI COIOnO?yteS were consistently larger than pr0X|mQI

calibrated ocular at 3460 The focal plane for cells selected for mea- Colonocytes mdependent of buffer. Cells exposed to bi-

surement was adjusted to provide for maximal cell diameter througrcarbonate were smaller than those bathed in a HEPES

the cell center. Images were recorded every minute. The diameter dpuffer.
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1.3 | Fig. 1. Time course of volume changes in
proximal colon. The cell volume of isolated
colonocytes increases with changing perfusate
from a HEPES-buffered saline to solutions
containing (in nw): 90 NaCl, 50 Na propionate in
HEPES @-m—-a-), 90 NaCl, 50 Na propionate in
a HCQ; buffer (e —e —e ), and 140 Na propionate
in a HEPES buffer £{—A-A). Perfusate change at
time 0.V/V, represents the ratio of volume
changes over time compared to initial volume.
Fifty mm PROP/HEPES significantly increases
volume over baseline; a change from HEPES to
HCO;, but not an increase to 140MPROP,
caused a significantly greater increase in volume
* compared to 50 m propionate in HEPES buffer.
TIME (min) (See tex).
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RespoNnse TOSCFAs colon; the butyrate-induced swelling was similar to that
stimulated by an equimolar propionate challenge.

Time Course Regulation by[Na] and Na-H Exchange

Previous studies have shown that the Na-H exchanger is
integral to the increase in volume induced by SCFAs in
either transformed cell lines or isolated rat distal colon
crypts. Therefore, we examined how the Na-H exchange
inhibitor amiloride modulated the increase in volume in-
uced by 50 m propionate (Fig. 3). Amiloride alone
had no significant effect on cell volume. In distal colon,
103 m amiloride significantly inhibited the propionate-
Effect of Varying Buffers associated increase in cell volume. Amiloride also in-
hibited the volume increase elicited by butyrate. To rule
Varying the principal buffer from HEPES to HGQ- out that this inhibition was due to an unanticipated effect
tered the response to a SCFA challenge. In the presen@ @miloride on other transporters, e.g., Na channels, we
of bicarbonate, 50 m propionate elicited a greater vol- repeated th_es?‘ S_tUd'eS employing the more Spe.c'f'c Na-H
ume increase in both proximal and distal colon. In prox_exchange |nh|b|to.r, ElPA‘ EIPA had essen'gally the
imal colon,V,,.../V, in HEPES was 1.2 .1 (n= 10); with same effect as amiloride. These cells were quite capable

HCO, buffering, the ratio was significantly increased of increasing cell volume. A hypotonic challenge in the
15510 11), P<0.05). In distal colony, ./V. was presence of EIPA elicited a rapid and significant increase
5%, , .05). mad Vo

1.3+ .1 (0 = 9): with HCO, buffering, the ration in- M Cell volume:Vi,,/V, 1.5+ .2. .
creased to 1.% .2 (n = 11), (P < 0.01). This suggests The response in proximal colonocytes was very dif-

that the presence of external HG@lters volume regu- ferent. Amiloride failed to block the increase in volume
latory mechanisms, most likely by either facilitating pro- by enher 5:1) or 1|40 m;n propionate. To _mo(rje .;pem#cally f
pionate entry or slowing propionate exit from colono- examine the role o [Na], we examined the effect o
cytes. entirely removing _[Na] from the perfusate. In an
Additionally, we tested whether changes in SCI:ANMD_G-Rlnger, proximal colonocytes increased _ceII_voI-
chain length or concentration would alter the effect onUMe In response to 50mrpr(_)p|9nate. The combination
cell volume. In proximal colon 140 n propionate- Of the Ng—free and the am_ﬂongje data suggest that pro-
HEPES increased cell volume: however, the increase iﬁlonate—mduced cell swelling in the proximal colon is
V. IV, (L4 0.1) induced by 140 m propionate was undamentally different from that in the distal colon and
max Yo \--7 = Y i
not significantly greater than that of 5ovnpropionate- ot directly dependent on [Na].
HEPES. Increasing chain length increases the lipid So'biscussion
ubility of SCFAs and should increase diffusive entry of
SCFAs into colonocytes. The 4-carbon SCFA butyrateThis study demonstrates that physiologic concentrations
(50 mv) in HEPES elicited &,,,,/V,0f 1.4* .1indistal of SCFAs increase cell volumes in isolated epithelial

At time 0, we changed the perfusate from 14Q MaCl

to 90 mv NaCl/50 mu propionate. This elicited an in-
crease in cell volume over the ensuing 20 min in both
proximal and distal colon; we did not observe a predict-
able regulatory volume decrease during the period o
observation. (Figs. 1 and 2)
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Fig. 2. Time course of volume changes in distal
colon. The cell volume of isolated colonocytes
increases with changing perfusate from a
HEPES-buffered saline to solutions containing (in
mm): 90 NaCl, 50 Na propionate in HEPES
(m—m—m—), 90 NaCl, 50 Na propionate in a HGO
buffer (e —e —e ), and 50 Na butyrate in a

HEPES buffer {—A-A). Perfusate change at time
0. VIV, represents the ratio of volume changes
over time compared to initial volume. Fifty m
PROP/HEPES significantly increases volume over
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0.9 T B baseline; a change from HEPES to HC®ut not
-5 5 10 15 20 25 to butyrate, caused a significantly greater increase
? in volume compared to 50 mpropionate in
TIME (min) HEPES buffer. $ee tex).

cells from both the proximal and distal colon. As with sponse to SCFAs. To our knowledge, this is the first
ion transport, there are major segmental differences istudy that examined the effects of alterations of buffer on
volume regulation along the colon. SCFA-inducedresting colonocyte cell volumes. HGQas a permeable
swelling is dependent on Na-H exchange in distal colonweak electrolyte similar to SCFAs, may have been ex-
but does not appear to be Na-dependent in proximal copected to increase basal cell volume. HQ®@ay signif-
lon. Both proximal and distal colon exhibit greater in- icantly alter resting pH if it caused acidification, one
creases in volume in HCOcompared to HEPES- might expect inhibition of pH-sensitive channels and an
buffered solutions. increase in basal cell volume [1, 8]. Neither of these
A limited number of previous studies have examinedmechanisms appears to be operative in isolated colono-
the issue of SCFA-induced volume regulation in coloniccytes, in which HCQ is associated with decreased vol-
epithelia [4, 6, 12]. They have all found that SCFAs umes. Alternatively, Dagher has demonstrated that bi-
induce cell swelling, but there have been important dif-carbonate, rather than pH, may alter basal rates of Cl
ferences in methodology and results. It is difficult to transport in rat distal colon [2]. This suggests that HCO
readily compare data between different studies becausmay modulate a transport system that affects basal cell
of differences in cell type and methods; the most relevanvolume. Theoretically, HCQ may be expected to in-
studies have been done in HT29 cells in suspensiogrease cell volume by (i) functioning as a permeant weak
(electronic sizing) [12], shark rectal gland (water con-electrolyte or (ii) decreasing basal ptith subsequent
tent) [6], isolated crypts from rat distal colon (crypt di- inhibition of pH-sensitive K channels [1, 8].
ameter) [4], and isolated colonocytes from proximal and  The presence of HCQOenhances the SCFA-induced
distal rabbit colon adherent to coverslipgsgsent study  volume response in isolated colonocytes. Diener et al.,
One of the differences among studies is the presencproposed that a bicarbonate-containing solution, by pro-
of a regulatory volume decrease (RVD) in the continuedviding a more effective intracellular buffer, decreases
presence of SCFAs. Rowe et al., observed a 30% RVDSCFA-induced acidification and therefore dampens pH
only in the presence of Cl, in HT-29 colonic carcinoma driven Na entry through NaH exchangers [4]. We have
cell line measured by electronic sizing in HEPES bufferpreviously shown that, in isolated proximal colonocytes,
[12]. Diener et al., found a slight but significant RVD in substitution of a bicarbonate for a HEPES buffer, lessens
HCOs-bathed, but not HEPES-bathed, isolated rat cothe acidifying effects of propionate [3]. Therefore, in-
lonic crypts [4]. Feldman observed no RVD in shark creased cell swelling in the HG&ontaining solutions
rectal glands [6]. We did not detect RVD in isolated cannot be ascribed to enhanced Na-H exchange activity
colonocytes in either HEPES or HGuffers. Thus, secondary to a greater decrease in. pH fact, we would
RVD is not a consistent finding after isosmotic SCFA- expect a smaller decrease in;phhstead, HCQ may be
induced swelling. Although the potential mechanisms ofaltering other transporters, perhaps by either facilitating
RVD (or the lack) may be of considerable import, we an entry or inhibiting an exit step for SCFAs in these
will restrict our discussion to the issue of cell swelling ascells.
found in our experimental model.

NA-INDEPENDENT VOLUME INCREASES INPrROXIMAL CoLON
ErFects oFHCO; oN BasaL AND STIMULATED VOLUMES

The alterations in volume regulation in response to inhi-
Changes in buffer (HEPE®.HCO;) changed both the bition of Na-H exchange in distal colon is consistent with
resting volumes and the magnitude of the volume reprevious models implicating two factors in SCFA-
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A. PROXIMAL COLON protonated acid has not been investigated and may play
an important role in the volume increases.

Finally, our finding of SCFA-induced swelling in
PC independent of Na or Na-H exchange contrasts with
our results in distal colon and those of other investigators
[4,6,12]. The observed increase in volume suggests tha
significant differences in membrane permeabilities, ion
transporters, and pHegulation exist between different
colonic segments.

SCFA-induced changes in pldan be used as sur-
rogates for cellular uptake and exit of SCFAs. In this
5omM PROP [ NMDG ] /50mM PROP regard, we have previously demonstrated that isolated

proximal colonocytes in Na-free media respond to a pro-
pionate challenge by acidification and recovery of pH
a similar manner to cells in Na-containing media [3].
B. DISTAL COLON Such acidification demonstrates Na-independent entry of
SCFAs into colonocytes. The normalization of;dg-
1.5 -[ gests that (i) a Na-independent acid extrusion mechanisn
may be operative and, (ii) a driving force for continued
v 1.4 SCFA entry can be maintained in the absence of Na.
{O 13 T Thus, proximal colonocytes exhibit both Na-independent
volume and pHregulatory capacity. The mechanisms
12 * for these responses remain to be determined.
T\ In summary, these data demonstrate that SCFAs
1.1 * \ elicit predictable volume increases in isolated rabbit
TN * colonocytes. The characteristics of volume increase vary
1 depending on colonic segment (proximed. distal),
50mM PROP S0mM Butyrate buffer (HCO, vs.HEPES) and the effect of Na and Na-H
Fig. 3. Differential effects of Na and Na-H exchange inhibition in e_XChangerS' FUtu_re StUdI_eS measuring VOI[_Jme and pH
proximal and distal colon. Amiloride (I8 m) blocks the SCFA-  Simultaneously will permit further exploration of the
induced increase in volume in distal, but not proximal, colon. EIPA mechanisms involved in these responses.
(10°® m), an amiloride analogue specific for Na-H exchange, has a
similar effect in distal colon. In proximal colon, the effect is indepen-
dent of Na as well as Na-H exchange? ¥ 0.05 vs. control. (J)
Control; ) amiloride; @) EIPA.
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