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Role of the Enteric Nervous 

System in the Fluid and 

Electrolyte Secretion of 


Rotavirus Diarrhea 
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The mechanism underlying the intestinal fluid loss in rotavirus diarrhea, which 
often afflicts children in developing countries, is not known. One hypothesis is 
that the rotavirus evokes intestinal fluid and electrolyte secretion by activation 
of the nervous system in the intestinal wall, the enteric nervous system (ENS). 
Four different drugs that inhibit ENS functions were used to obtain experi- 
mental evidence for this hypothesis in mice in vitro and in vivo. The involvement 
of the ENS in rotavirus diarrhea indicates potential sites of action for drugs in 
the treatment of the disease. 

Rotavirus is the major cause of infantile gas- 
troenteritis worldwide and is associated with 
about 600,000 deaths every year, predomi- 
nantly in developing countries (1).Although 
two decades of research have significantly 
increased our understanding of virus immu- 
nology and have led to the development of an 
oral vaccine, our knowledge of the mecha- 
nisms that induce rotavirus diarrhea, nausea, 
and vomiting remains limited. 

Rotavirus infects the mature enterocytes in 
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the mid and upper villous epithelium of the 
small intestine, ultimately leading to cell death 
and villus atrophy. A striking observation in 
both animals and humans is that only a few 
percent of the mature villus epithelial cells and 
no crypt cells seem to be infected (2-5). Fluid 
secretion is usually ascribed to an imbalance 
between the secretory crypt cells and the mature 
absorptive villous epithelium. The death of the 
villus cells leads to a repopulation of the epi- 
thelium with immature secretory type cells. 
Mechanisms proposed to explain the rotavirus- 
induced intestinal secretion of fluid and electro- 
lytes include villous ischemia (5)  and a toxin- 
like effect by a nonstructural virus protein, 
NSP4 (6). 

A localized systemic response triggered 
by rotavirus-enterocyte interaction has been 
proposed previously (4). According to Ste- 
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phen and collaborators, rotavirus induces 
ischemia in villi before significant virus rep-
lication occurs in epithelial cells. These 
changes in the microcirculation are believed 
to be of pathophysiological importance and to 
be mediated by endogenous, neuroactive, 
hormonal substances (5). 

During the last two decades it has become 
increasingly apparent that intestinal secretion 
of fluid and electrolytes evoked by luminal 
agents is often induced by activation of the 
nervous system located in the intestinal wall, 
the enteric nervous system (ENS) (7-9). Here 
we have investigated the role of the ENS in 
the fluid secretion evoked by rotavirus in 
newborn mice. 

In Ussing chamber experiments (lo), 
transmural potential difference (PD) was 
monitored continuously in mice intestines in 
vitro. The intestinal segment was voltage-
clamped at 0 V and the short circuit current 
(SCC) determined at various intervals, which 
allowed us to estimate tissue electrical resis-
tance or conductance. The nearly twofold 
increase in PD in infected (1.89 i 0.15 mV; 
n = 27) relative to uninfected (0.90 i 0.07 
mV; n = 21) animals was significant by the 
Mann-Whitney U test (P < 0.0001). 

Two types of Ussing chambers were used 
to measure the SCC. In one type, the electri-
cal field was homogeneous, so that it was 
possible to reliably quantify tissue conduc-
tance. In the virus-infected tissue, conduc-
tance was significantly higher than in the 
noninfected tissue [28.6 ? 2.7 mS cm-2 (n = 
13) versus 18.3 ? 1 1 mS cm-2 (n = 12); 
P < 0.011. The corresponding values of PD 
in these experiments were 1.91 i 0.15 mV 

Fig. 1. Results obtained 
in the Ussing chamber 

A 

experiments. (A) The ef-
fect of increasing con-
centrations of TTX on 
the transepithelialPD in 
control intestinal seg-
ments (n = 5) and seg-
ments exposed to rota- 2 5 

virus In = 61. TTX was 
admin'istered' both to  
the mucosal and serosal 
compartments. (B) The 
effect of lidocaine (0.4 
and 4 mM) on PD in 
control (n = 5) and vi-
rus-infected (n = 6) in-
testinal segments. Only 
the serosal surface was 
exposed to  the drug. (C) 
The effect of increasing 

versus 0.79 t 0.06 mV (P  < 0.0001). 
Two drugs that specifically abolish 

nerve action potentials were tested, tetro-
dotoxin (TTX; blocker of sodium channels 
in excitable tissues) and lidocaine (local 
anesthetic). Neither drug significantly af-
fected tissue conductance. Addition of TTX 
to the serosal and the mucosal compart-
ments in infected and noninfected animals 
attenuated the PD in a dose-dependent 
manner (Fig. 1A). The decrease in PD was 
significantly larger in the infected than in 
the noninfected animals (P  < 0.01). 

In initial series of experiments, lidocaine 
was applied to both sides of the intestinal 
wall at three concentrations (0.4, 4, and 40 
mM). When the intestinal mucosa was ex-
posed to theophylline at the end of those 
experiments (to test the viability of the tis-
sue), no change in PD was observed, suggest-
ing that lidocaine had affected enterocyte 
function. In a second series of experiments 
lidocaine was therefore only administered to 
the serosal side at two concentrations (0.4 and 
4 mM). Theophylline evoked a significant 
increase in PD in these experiments. Lido-
caine attenuated the PD in infected and non-
infected intestines in a dose-dependent man-
ner (Fig. IB), with a significantly larger de-
crease seen in infected than in control ani-
mals (P  < 0.05). 

Hexamethonium, which inhibits synaptic 
transmission by blocking the nicotinic recep-
tor, had no effect (2, 20, and 200 pM) (11). 
Because hexamethonium is a highly polar 
compound and therefore not readily soluble 
in lipids, we investigated the effects of a more 
lipophilic nicotinic receptor blocker, meca-

mylamine. Mecamylamine tested at the same 
concentrations as hexamethonium decreased 
the PD in infected relative to noninfected 
intestinal segments without affecting tissue 
conductance (Fig. 1C). 

In perfusion experiments (12) we moni-
tored the PD and net fluid transport (NFT), 
which was measured with 14C-labeled poly-
ethylene glycol as a nonabsorbable radioac-
tive marker (Fig. 2). In experiments to test the 
viability of the intestinal segments, PD and 
NFT remained relatively constant in the non-
infected intestines, but changed significantly 
in the intestines exposed to virus. Because the 
differences in NFT and PD were not signifi-
cant at 60 min, the results reported below are 
based on experiments lasting only 40 min. 

The PD measured in infected animals was 
significantly higher than in nodinfected mice 
(Fig. 2B). This was also apparent in a differ-
ent series of experiments comparing the PD 
in infected and noninfected animals during 
the control period (10) (control animals: 
2.71 i 0.10 mV; n = 24; infected animals: 
4.24 i 0.20 mV; n = 27; P < 0.0001). 
Similarly, in the control period, the amount of 
fluid secreted in the infected animals (28.8 + 
4.9 p l  h o u r '  cm-'; n =26) was significant-
ly different from the fluid absorption ob-
served in the noninfected animals (1.1 i 2.6 
p1 hour-' cm-'; n = 22, P < 0.0001). 

When the serosal surface of the perfused 
segment was exposed to a TTX concentration 
of 0.l pM, there was a significant decrease in 
the PD of virus-infected segments, whereas 
the PD of control animals was not affected. 
Concomitantly, net fluid secretion in the in-
fected intestines was completely inhibited. 

.Control 
a Virus 

Control 
0 Vlrus 

concentrations of meca; 
mylamine on the PD in 
control (n = 5) and vi- 0.0J d/ , 

C -8 -7 .6 
1 

C -3.4 -2.4 -5 -4 
10.0 4 - 0.0 +/ I 

rus-infected (n = 6) in- C -6 

testinal segments. The Tetrodotoxin log C (Mol) Lidocaine log C (Mol) Mecamylamine log C (Mol) 
drug was administered 
both to  the serosal and 
mucosal compartments. Crosses indicate statistically significant differences compared with control observations (C). Asterisks indicate statistically significant 
differences between control and virus groups. 
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NFT in the noninfected intestines changed 
from a small net secretion to net absorption 
(Fig. 3). The changes caused by TTX were 
much larger in the infected than in the control 
intestines (Table 1). Exposure of the intesti- 
nal serosa to a 4 mM solution of lidocaine 
evoked a response similar to that seen with 
TTX (Fig. 4 and Table 1). 

Hexamethoniurn at a concentration of 20 
p,M significantly decreased the PD in the virus- 
infected segments but not in control segments 
(Fig. 5B). Similarly, net fluid secretion was 
attenuated in the infected segments, whereas in 
the control segments no significant effect was 
detected (Fig. 5A). The changes in PD and NFT 
were larger in the infected than in the control 
intestines (Table 1). 

A third type of experiment was canied out 
on 4- to 6-day-old awake animals. Diarrhea was 
determined by judging the stool according to a 
scoring system (13) after gently pressing the 
abdomen. Only lidocaine given intraperitoneal- 
ly (i.p.) was tested in these experiments, be- 
cause the effect of hexamethoniurn or 
mecamylamine given intravenously (i.v.) lasts 
for only 1 to 2 hours (14). Lidocaine (25 m a g ,  
dissolved in 50 p,l of physiological saline) was 
injected twice daily after giving rotavirus oral- 
ly. About 48 hours after rotavirus administra- 
tion the incidence of diarrhea peaked in the 
control group, with 14 of 15 mice exhibiting 
diarrhea. In the lidocaine group, 6 of 14 mice 
showed signs of diarrhea. The difference be- 
tween the two groups was highly significant 
(P < 0.005; Fisher's exact probability test). 

The observation that all four drugs signifi- 
cantly attenuated the intestinal secretory re-
sponse to rotavirus strongly suggests that the 
ENS participates in the virus-induced electro- 
lyte and fluid secretion, as has been shown for 
bacterial enterotoxins (7-9). The involvement 
of the ENS may explain how comparatively 
few virus-infected cells at the villus tips can 
cause the intestinal c~ypt  cells to augment their 
secretion of electrolytes and water. The en-
hanced fluid secretion may serve as a defense 
mechanism against the potentially harmful mu- 
cosal influence. In the case of the fluid secretion 
caused by cholera toxin and bile salt, it has been 
shown that the secretory response is accompa- 
nied by a motility response that enhances the 
luminal transport in an aboral direction (15). 

We used the TTX data to estimate the 
extent of ENS involvement in the intestinal 
fluid and electrolyte secretion evoked by ro- 
tavirus, given that TTX probably is the most 
investigated and most specific blocker of ner- 
vous activity among the drugs used in the 
present study (16). In the Ussing chamber 
experiments, 67% of the virus effect was 
mediated by the nervous system. A similar 
calculation for the effect of TTX on NFT in 
the perfusion experiments indicates that 85% 
of the virus response can be ascribed to neu- 
ronal involvement. The PD measurements in 

the perfusion experiments indicate than the 
virus effect is entirely due to nervous system 
activity. However, the latter calculation seems 
less reliable because the PD measurements in 
the noninfected segments were abnormally 
high. We conclude from these calculations that 
at least two-thirds of the secretory response to 
rotavirus is mediated by the ENS. 

Intestinal inflammation has been shown to 
evoke fluid secretion by activation of the ENS 
(9). The results of the present study are consis- 

-251 I I 	 I 

tent with these observations. Inflammation is 
accompanied by an increased tissue concentra- 
tion of a large number of biologically highly 
active compounds that alone or together may 
activate enteric neurons (1 7, 18). In the case of 
rotavirus, ENS activation may also occur by 
other mechanisms. It has been shown that rota- 
virus can infect primary neurons (19). Further- 
more, it was recently suggested that rotavirus 
exerts its effects through a "toxin-like" protein 
(NSP4), a nonstructural protein produced by the 

0 10 30 50 60 


Time (min) 	 Time (min) 

Fig. 2. Viability of the intestinal preparation perfused in vitro. The PD was monitored continuously 
for 60 min, and NFT was measured during three consecutive 20-min periods. (A) Changes in NFT 
during perfusion of infected (n = 7) and noninfected (n = 5) intestinal segments. Negative values 
indicate net fluid secretion. (9) Changes in ttie PD during perfusion of control segments (n = 6) and 
in intestinal segments exposed t o  rotavirus (n = 7). Both the NFT and PD remained constant in the 
control series, but decreased in the virus group. For technical reasons NFT was not recorded in one 
experiment. Asterisks indicate statistically significant differences between control and virus groups. 
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Fig. 3. (A) NFT and (9) PD before and after exposure of the intestinal serosa t o  TTX ( lo- '  M). 
Perfusion experiments were performed on control segments (n = 6) and on segments infected with 
rotavirus (n = 6). Crosses indicate statistically significant differences compared with the corre- 
soondine N o  drue observations. Asterisks indicate statisticallv significant differences between 

2 
 -
control i n d  virus iroups. 
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virus ( 6 ) ,thereby increasing intracellular calci- dntes or free nerve endings located underneath 
urn concentrations. Such calcium increases may the epithelial layer, thereby activating secretory 
trigger the release of amines or peptides from nervous reflexes (20). 
the endocrine cells of the gut to stimulate den- The replacement of fluid losses in diar- 

Table 1. Differences in transmural epithelial potential difference (PD) and net fluid transport (NFT) 
between control measurements and measurements made 20 min after exposure of the intestinal mucosa 
t o  the drug tested. In the "No drug" experiments, the change in NFT between the first and second 20-min 
period was determined. The number of observations is indicated in parentheses. 

PD (mV) NFT (CLI min ' cm- ' )  
Drug-

Control V~rus Control Virus 

No  drug 0.13 2 0.07(6) -0.66 i- 0.13t (7) 4.6 i- 4.3 (5) 7.3 2 6.2 (7) 
Tetrodotoxin -0.36 i0.22 (6) -1.79 Z 0.20*t (6) 10.8 i- 3.3 (6) 43.8 2 7.9't (6) 
Lidocaine -1.36 + 0.19* (6) -2.77 z 0.41*t (8) 15.0 Z 3.8 (6) 29.3 i- 12.3* (8) 
Hexamethonium -0.18 + 0.29 (6) -1.22 Z 0.26*t (6) 9.2 Z 4.2 (5) 25.2 + 3.7*t (6) 

*Stat~stically significant compared with the "No drug" experiments tstatistlcally significant compared w~th  the 
corresponding control experiments (Mann-Whitney U test; P < 0.05) 

A aControl r * l  B -*- O Control 

1 2-	 T EZ Vlrus"lrus 

1 No drug Lidocalne 

No drug L~doca~ne 

Fig. 4. The effect o f  lidocaine (1.6 X M) o n  (A) NFT and (B) PD. Control experiments were 
performed o n  six segments, and rotavirus experiments o n  eight segments. Crosses indicate 
statistically significant differences compared with the  corresponding N o  drug observations. Aster- 
isks indicate statistically significant differences between contro l  and virus groups. 

0Control 
E Z  V~rus 

I 

1 

No drug Hexarnethoniurn-50 


Hexarnethoniurn 

Fig. 5. (A) NFT and (B) PD before and after exposure of the  intestinal serosa t o  hexamethonium (2 
X lo - *  M). Perfusion experiments were performed o n  contro l  segments (n = 5 or  6) and o n  
segments infected with rotavirus (n = 6). For technical reasons, NFT was n o t  determined in one 
experiment. Crosses indicate statistically significant differences compared with the corresponding 
N o  drug observations. Asterisks indicate statistically significant differences between contro l  and 
virus groups. 

rhea w ~ t h  an oral solution of glucose and 
sod~um chloride represented a major thera- 
peutic advance when it was first introduced. 
The effect is dependent on an intact absorp- 
tive capacity of the intestinal epithelium. 
combining the oral glucose-salt sofution with 
a drug that attenuates the intestinal secretion 
of fluid has the potential to enhance this 
effect. The results of this and earlier stud~es 
( 8 ) strongly suggest that in most, if not all, 
intestinal secretory states, nerve reflexes in 
the ENS are stimulated to cause intestinal 
fluid losses. This implies new potent~al sites 
of action for drugs In the treatment of diar- 
rhea. The results with nicotinic receptor 
blockers indicate that the secretory nervous 
reflexes contain at least one synapse. Synap- 
tic transmission may in principle be influ- 
enced by drugs other than the nicotinic recep- 
tor blockers reported here. For example, it 
may be possible to target the system presyn- 
aptically (21) or to blockade neurotransmitter 
receptors on the enterocytes. Finally, intesti- 
nal secretion evoked by diarrheal agents that 
activate ENS via the intestinal endocrine cells 
can be significantly inhibited by L-type cal- 
cium channel blockers, which markedly at- 
tenuate the release of amines and peptides 
from these cells (20). 
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A Role for Histone Acetylation 
in the Developmental 
Regulation of V(D)J 

Recombination 
Michelle Taylor McMurry and Michael S. Krangel* 

V(D)j recombination is developmentally regulated in vivo by enhancer-depen- 
dent changes in the accessibility of chromosomal recombination signal se- 
quences to the recombinase, but the molecular nature of these changes is 
unknown. Here' histone H3 acetylation was measured along versions of a 
transgenicV(D)J recombination reporter and the endogenous Tcell receptor a16 
locus. Enhancer activity was shown to impart long-range, developmentally 
regulated changes in H3 acetylation, and H3 acetylation status was tightly 
linked to V(D)J recombination. H3 hyperacetylation is proposed as a molecular 
mechanism coupling enhancer activity to accessibility for V(D)J recombination. 

V(D)J recombination is initiated by recombi- 
nase activating gene1  (RAG-IF and RAG-2- 
mediated cleavage between T cell receptor 
(TCR) and immunoglobulin coding gene seg- 
ments (V,D, and J) and flanking recombination 
signal sequences (RSSs) (I). Chromosomal and 
nucleosomal RSSs are refractory to RAG-me- 
diated cleavage relative to naked DNA (2, 3), 
and V(D)J recombination is thought to be reg- 
ulated in vivo by enhancer- and promoter-de- 
pendent changes in chromatin structure that 
provide RAG proteins access to specific RSSs 
(4). However, the nature of chromatin structur- 
al modifications associated with accessibility to 
RAG proteins is not hown.  Recent studies 
indicate that enhancers and promoters can di- 
rect the hyperacetylation of core histones (5) 
due to histone acetyltransferase activity of tran-
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scriptional coactivators (6 ) .Moreover, histone 
hyperacetylation alters chromatin structure, as 
suggested by increased general sensitivity to 
endonucleases (7) and increased binding of 
transcription factors (8). Hyperacetylation of 
histones therefore provides a potential mecha- 
nism linking enhancer and promoter activity to 
RSS accessibility to RAG proteins. 

We initially addressed the relation between 
histone acetylation and accessibility for V(D)J 
recombination by studying a TCRG minilocus 
V(D)J recombination reporter in thymocytes of 
transgenic mice (Fig. 1, A and B). This reporter 
contains unrearranged human V6, D6, J6, and 
C6 gene segments. With a functional enhancer 
in the J63-C6 intron, V, D, and J gene segments 
are all accessible to RAG proteins, and hlly 
rearranged products (VDJ) are efficiently gen- 
erated (9, 10). With the enhancer deleted or 
mutated, V-to-D rearrangement is ob-
served (9,11, 12). The failure of VD4~-J  rear-
rangement without an enhancer reflects an in- 
ability of RAG proteins to access and cleave J 

segment RSSs (13). Because V and D accessi- 

www.sciencemag.org SCIENCE VOL 287 21 JANUARY 2000 	 495 

mailto:krangOOl@mc.duke.edu

