
the estimates of c.,, and c, equally, so the Pearblossom network [M. J. S. Johnston, I. S. electrolyte absorptive processes that are 
changes in dilatation would correspond to equal Sacks, A. T. Linde, D. Myren. Eos 63, 430 
contributions from these strain components. (1982)l. The fluctuations in dilatation recorded mechanistically similar to those of mam- 
This is clearly not entirely the case as c,,. and c,, by the dilatometer are approximately an order of malian small intestine, but these tissues 
are not well correlated for the most part (Fig. magnitude lower in amplitude than those in- 
1C). (ii) An obvious source of systematic error ferred from the two-color Geodimeter data dur- contain no crypts and do not Secrete ill 
in determining dilatation is the effect of not ing corresponding time periods. 
taking proper account of the atmospheric varia- 14. We thank M. L. MacKenzie, A. Rigoni. G. 'yclic AMP (9)' 
bles: temperature, pressure, and water vapor Oehler, J .  Carson, R. Pilkington, D. Bates, and In the present study, we used two 
pressure. To test this possibility, we assumed T. Von Tersch for partic~pation in the field 
that the observed dilatation is a linear function operations, A. Cole of the U.S. Forest Service direct techniques to the site of 
of these three variables and determined this at Pearblossom and W. Slawson of the Un~versl- intestinal fluid and electrolyte secretion. 
function by a least-squares procedure; we found ty of British Columbia for support in initiating 
that none of the coefficients were statistically the program, and J .  Blalock for permission to We used rabbit descending colon in vitro 
significant. construct the Pearblossom observatory for the as the experimental preparation because 

13. Currently there is substantial disagreement be- two-color Geodimeter. We acknowledge the 
tween strain changes inferred from the two- contributions of J .  C. Savage. W. H. prescott, the absorptive and secretory processes 
color Geodimeter data set and those recorded W. Thatcher. and M. Lisowski to this program. have been well be- with a Sacks-Evertson dilatometer at a depth of 
about 200 m within the northeast portion of the 24 March 1982: revised I2 October 1982 cause the flat-surface epithelium and the 

crypts can be visualized separately. The 
tissue was stretched across a Lucite 
holding ring yielding an exposed tissue 

Crypts Are the Site of Intestinal Fluid and Electrolyte Secretion area of 1 cm2 and mounted, mucosal 
surface up, on a microscope stage where 

Abstract. The site of adenosine 3',5'-monophosphate-mediatedjuid and electro- it was examined with a Nikon phase- 
lyre secretion across mammalian large intestine was found to be the crypts of contrast microscope. The mucosal sur- 
Lieberkiihn by means of two techniques. First, the formation ofjuid droplets was face was dried and covered with oil while 
visualized on the oil-covered mucosal surface directly over crypt duct openings when the serosal compartment was perfused 
secretion was stimulated. Second, microelectrode impalement of individual surface with Ringer solution. As shown in Fig. 
and crypt cells revealed that only the crypt cellsproduced a pattern of secretagogue- lA, the crypts and semitransparent sur- 
induced alterations in membrane potential and resistance that was characteristic of face epithelium can be readily distin- 
secretory epithelia. guished. 

Stimulation of secretion by addition of 
The large intestine of mammals dis- alter the secretory response to cholera prostaglandin E2 (PGE2) to the serosal 

plays morphologic heterogeneity, con- toxin (6). (ii) Exposure of rabbit jejunum perfusate resulted in the appearance of 
sisting of two distinct structural regions: to cycloheximide elicited morphologic small droplets of fluid on the mucosal 
the surface epithelium and the crypts (1). changes in the crypt cells and inhibited surface (Fig. 1B). The droplets always 
The surface epithelium is composed pri- secretion without affecting glucose ab- appeared over the crypts. Fluid droplets 
marily of columnar epithelial cells, sorption or the morphology of the villus could not be visualized over all crypts at 
whereas the epithelial cells and goblet cells (7). (iii) Brief exposure of rat or all times. In many instances the secreted 
cells (in a ratio of approximately 3 to 1) hamster jejunum to cholera toxin in- fluid spread over the surface epithelium 
of the crypts surround a central duct that creased the concentration of cyclic AMP rather than standing up in the oil as a 
opens onto the mucosal surface. The in villus cells and inhibited electrolyte readily visible bubble. Thus, bubbles 
intestine also shows functional heteroge- absorption, whereas a prolonged expo- that were initially visible because of the 
neity. Colonic mucosa absorbs salt and sure to the toxin was required to increase interface contrast between the oil and 
water by way of an electrogenic Na' the cyclic AMP content of crypts and water phases would become invisible as 
transport process that is stimulated by elicit electrolyte secretion (8). (iv) Gall- fluid spread over the surface. This was 
aldosterone (2) and inhibited by amilor- bladder and flounder intestine display especially true when secretion had pro- 
ide (3). In contrast, salt and water secre- 
tion results from the activity of an elec- 
trogenic C I  transport process that is Fig. I. Light micro- -*--- 
stimulated by adenosine 3',5'-mono- graph of colonic mu- , - *A 3----- 
phosphate (cyclic AMP) or agents that cosa, in vitro, looking , - , i I - 7- 

, I 

increase cellular cyclic AMP content (for down on  the n~ucosal  
k:.;' ., 

example. theophylline, prostaglandin E2, ::zz. $ ~ c ~ ~ ~ !  .-:%.i; : 
cholera toxin, or vasoactive intestinal ously perfused with 
peptide) (4). Ringer solution con- d - <','$, + . 

%:\";L + 
Studies of the electrophysiology of the taining (in millimolar -. 

surface cells of rabbit descending colon Nal 

143; K, 5.4; Ca,  1.2; have disclosed the presence of electro- Mg, C1, 123.7; 

genic Na' absorption (3, but the site of H C O ~ ,  24; H P O ~ ,  2.4; 
electrogenic C1- secretion remains unre- H2P04, 0.6; and glu- 
solved. Indirect evidence, derived pri- c o s e ~  10. This solu- 

marily from studies of mammalian small 6p ~~~~~ 2:; 
intestine, suggests that the crypts are 5 percent CO, and 4 _:-. responsible for cyclic AMP-induced flu- maintained at  3 7 0 ~ .  -. w,, 
id and electrolyte secretion. This evi- The mucosal surface was blotted gently with tissue paver and covered with a thin laver of water- 

dence includes -the following. (i) E ~ ~ ~ -  equilibrated paraffin oil ( x  175). (A) ~onstimulated ' t issue.  The crypts, (d ,  crypt diet openings) 
can be seen lying beneath the semitransparent surface epithelium. (B) Same area of tissue 10 of rabbit jejunum to hypertonic 
minutes after the addition of PGEz ( I O - 6 M )  to  the serosal bathing solution. Note location of 

lutions damaged the villus cells and im- fluid bubbles (b)  over the crypt duct openings. The epithelium now appears slightly blurred 
paired glucose absorption but did not because the fluid droplets have been brought into focus. 
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gressed to the stage where droplets from 
adjacent crypts (which seemed to lie in 
clusters) fused with one another. 

The appearance of fluid over the crypt 
openings with subsequent wetting of the 
surface epithelium provides evidence 
against the notion that fluid was actually 
secreted by the surface cells and collect- 
ed over the crypts. Droplets of fluid 
deposited directly on the surface epithe- 

lium with a micropipette, either before or 
after addition of PGE2, remained station- 
ary and did not spread to the crypt 
openings. In addition, when drying of the 
surface was incomplete, small fluid drop- 
lets were trapped on the surface beneath 
the oil; these did not change in size or 
migrate to the crypt openings before or 
during stimulation with PGE2. There ap- 
peared to be a low rate of crypt secretion 

Fig. 2. Record ob- N  ̂
tained during micro- IE O0 
electrode impalement o 
of a crypt cell under 5 short-circuit condi- 
tions [for details of 0 
the method, see Table - 
1 legend and ( l l ) ] .  
The I,, (upper trace) 
is interrupted by bi- 

0 

polar, transepithelial 
current pulses suffi- 
cient in magnitude to 9 - 2 0  
intermittently clamp E 
the transepithelial 
electrical potential - 4 0  
difference at 2 10 mV. 
Thus, the width of 
these current pulses 
is inversely related -60 
to the transepithelial 
resistance, R,. The 
lower record provides the electric 

t - 
2 0  sec 

.I uotential difference across the basolateral membrane. h. of 
an impaled crypt cell, and the conc"rrent deflections in d~ due to current pulsing. The increase 
induced by PGE2, lO-'M serosal solution (arrow), results from a redistribution of resistance in 
the limiting cell membrane, as  discussed in the text. 

Table I .  Response of crypt and surface cells to stimulation of transepithelial C 1  secretion with 
PGE2 or  to inhibition of transepithelial Na- absorption with amiloride. I,, and R, are 
transepithelial parameters that reflect the response of the total tissue to PGE, or  amiloride, 
whereas ~JJ andS, (see text) are recorded only from impaled crypt o r  surface cells, as designated 
above. Microelectrode tipa were advanced into crypt cells across their basolateral membranes 
and into surface cells across their apical membranes. The crypt cells were impaled under a Leitz 
TS stereomicroscope ( X  160) and impalement was verified by two methods. First, dimpling of 
the crypt was often observed during puncture. Second, transient voltage deflections were 
recorded as the electrode tip crossed the remnants of muscularis mucosa at the basal surface. If 
a stable cell recording was not obtained within 200 pm after passing the muscularis, the 
electrode was withdrawn completely from the tissue and the process repeated. The total tissue 
thickness is approximately 500 pm, so that these recordings can only be obtained from cells 
comprising the crypt. These studies were conducted under short-circuit conditions, so that the 
apical and basolateral membrane potentials are equal, that is, a single (1 value is given. All 
impalements were maintained for at least 30 seconds before, and 30 to 90 seconds after the 
addition of PGE, or  amiloride. Results are means (+ standard error) for n impalements of N 
tissues as follows: PGE, on crypt cells (N = 9, N = 6); PGEZ on surface cells (N  = 27, N = 5); 
amiloride on crypt cells (N = 3, N = 2). Values were taken during the steady state. The I,, 
across rabbit colon under control conditions reflects the rate of electrogenic Na+ absorption, 
whereas the PGE2-induced increment in I,, is a measure of C I  secretion rate (3, 4). Thus, the 
difference i11 I,, under control conditions obtained in these groups of tissues, and noted 
previously ( 3 ) ,  results from variations in the spontaneous rate of Na" absorption. 

Treatment 1 5 ,  Rt 
(pA . cm-') (ohm . cm2) 

Control 
PGE2 

Control 
PGE, 

Control 
Amiloride 

Crypt cells 
2 6 +  5 149 + 8 
46 + 5" 135 i 6" 

S ~ ~ r f n c e  cells 
102 * 25 164 t 30 
140 t 28* 120 + 18* 

Crypt cells 
7 8 +  6 201 * 28 
30 + 17 240 r 53 

*:lgnlficant d~fference from palred control value (P < 05) 

1220 

in nonstimulated tissues, but it is not 
clear whether this results from mucus or 
fluid production. 

Furosemide has been shown to inhibit 
CI- secretion in a variety of tissues, 
including rabbit descending colon (4). 
Addition of furosemide ( ~ o - ~ M )  to the 
serosal perfusate prevented formation of 
the PGE2-induced fluid droplets. Thus, 
direct visualization of fluid droplet for- 
mation, stimulated by PGE2 and inhibit- 
ed by furosemide, indicates that the 
crypts are the site of cyclic AMP-medi- 
ated fluid secretion by colonic mucosa. 
The mucus-producing goblet cells of the 
crypts discharge in response to  parasym- 
pathetic stimuli, but not in response to  
cyclic AMP, theophylline, or PGE2 ( I ,  
10). Therefore, the PGE2-induced emer- 
gence of fluid from the crypts probably 
results from the activity of the crypt 
epithelial cells and is not complicated by 
mucus production. 

Microelectrode techniques (11) were 
used to determine the site of electrolyte 
secretion by measuring the electrical re- 
sponses of individual surface and crypt 
cells to PGE2. We found (Fig. 2, upper 
trace) that PGE2 increased electrogenic 
CI- secretion across the colonic mucosa 
as reflected by increased short-circuit 
current (I,,) and decreased transepithe- 
lial resistance (R,) (see legend to Fig. 2). 
At the same time, the transmembrane 
electrical potential difference (4) of an 
impaled crypt cell depolarized (Fig. 2, 
lower trace). 

Table 1 provides a summary of these 
studies. In response to  PGE:, the depo- 
larization of $ and the decrease in frac- 
tional resistance, f,, are only observed in 
impaled crypt cells, not in surface cells. 
The f, represents the relative contribu- 
tion of the apical membrane to the total, 
transcellular resistance, R,/(R, + Rb),  
where R, and Rb are the resistances of 
the apical and basolateral membranes, 
respectively. Concomitant decreases in 
R, and crypt cell j; suggest that PGEz 
decreases apical membrane resistance, 
R,. This electrical response to secreta- 
gogue has been observed in two other 
CI--secreting tissues, tracheal epitheli- 
um (11) and cornea (12), and has been 
shown to result from a cyclic AMP- 
induced increase in apical membrane 
C1- permeability. 

Previous studies (5)  have shown that 
the surface epithelial cells are responsi- 
ble for electrogenic NA+ absorption. Mu- 
cosal application of the diuretic amilor- 
ide (which inhibits transepithelial Na+ 
transport by decreasing apical membrane 
Na+ permeability) hyperpolarizes 9 and 
increases f;. of surface epithelial cells (5). 
As shown in Table 1 ,  addition of amilor- 
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ide ( I O - ~ M )  to the mucosal bathing solu- 
tion decreased the I,,, reflecting de- 
creased Na' absorption, but did ,not 
alter 9 or f, of crypt cells. This finding 
suggests that the crypt cells are not in- 
volved in amiloride-sensitive electrogen- 
ic Na' absorption. 

Our results indicate that cells of the 
colonic crypts and not the surface epi- 
thelium are responsible for cyclic AMP- 
mediated electrogenic CI- secretion. 
These results. plus those of previous 
studies (5 ) .  also indicate that surface 
epithelial cells and not crypt cells are 
responsible for electrogenic Na ' absorp- 
tion. Thus, the structural heterogeneity 
of the colon is paralleled by a functional 
heterogeneity: the surface epithelium ab- 
sorbs and the crypts secrete. 

MICHAEL J. WELSH* 

PHILIP L. SMITH? 
MICHAEL FROMMS 

RAYMOND A. FRIZZELLS 
Department o f  Physiology. 
University of Tc~.ras Meditul School. 
Houston 77025 

References arid Notes 

1. R. D. Speclan and M. R. Neutra. J .  Cell Biol. 
85. 626 11980). 

2. R. A. Frizzell and S. G. Schl~ltz. J. biembr. 
Brol. 39. 1 (19781. 

3. R. A. Frizzell. M. J .  Koch. S. G. Schultz. ibid. 
27. 297 (1976): R. A. Frizzell and K. Turnheim. 
ibid. 40. 193 1978). 

4. R. A. Frizzell and K. Heintze, in Mec hutl~sms of 
Inresrincrl Secreriotl. H. J .  Binder. Ed. (Liss. 
New York. 1979). pp. 101-1 10. 

5. S. G. Schultz. R. A. Frizzell. H. N. Nellans. J .  
Memhr.  Biol. 33. 351 (1977): N. K. Wills. S.  A. 
Lewis. D. C. Eaton. fhid. 45. 81 (1979). 

6. G. M. Roggin. J .  G. Banwell. J. H. Hardley. 
T. R. Hendrix. Gtr.trri~enterolo~y 63, 981 
(1972). 

7. H. A. Serebro. F. L. Iber. J .  H. Hardley. T. R. 
Hendrix. ibid. 56. SO6 11969). 

8. H. R. deJonge. Bioc him. Bioph?.s. A( .ro 381. 128 
(1975). 

9.  M. Field. P. L. Sm~th ,  J .  E. Boulton. J. Memhr .  
B ~ o l .  55. 157 119801. 

10. J .  T. Lamont and A. Ventola. Go,~r roet~rc~ro lo~y  
72, 82 (1976): M. R. Neutra. L. J .  O'Malley. R. 
D. Spec~an. Atn. J. Ph.vsio1.: Girstro~nrr.\tinol 
cmd Liver Ph.v~iol . ,  in press. M. R. Neutra and 
R. D. Specian (personal commun~cation) ob- 
served no morphologic evidence of mucus se- 
cretion In rabbit colon~c tiabue In organ bath, 
w~ th  prostaglandin E-, concentration5 of 1 0 '  to 
10 h M .  

II .  M. J .  Welsh. P. L. Smlth. R. A. Fr~zzell. J. 
Memhr.  Biol.. in.pres5. 

I?. S. D. Klyce and R. K. S. Wong. J .  Physiol. 
~Lotldotr) 266. 777 11977): W. Nagel and P. 
Reinach. J .  Membr .  Biol. 56. 73 (1980). 

1.7 T h ~ s  research was supported by NIAMDD 
grant5 AM-27524 and AM-31091. Support of the 
authorc was as follows: M.J.W.. National Pul- 
monary Faculty Tralnlng Award (HL-07159): 
P.L.S.. National Research Service Award (AM- 
05973): M.F.. Visiting Scientist Award. Max 
Kade Follndation; R.A.F.. Research Career De- 
velopment Award (AM-00173). * Present address: Laboratory of Epithelial Trans- 
pon and Kidney Physiology. Department of 
Internal Medicine. University of Iowa College 
of Medicine. Iowa City 52242. 

+ Present address: Department of Physiology. 
Universitv of Kansas Medical Center. Kansas 
City 66103. 

i Present address: Institute Klinische Physiolo- 
gie. Freie Universitaet Berlin. Klinikum Steg- 
litz. Hendenburgdamm 30. D-1000 Berlin 45. 
Federal Reoublic of Germanv. 

A Present address: ~ e ~ a r t m e n i o f  Physiology and 
Biophysics. Un~versity of Alabama. Birming- 
ham 35294. 

25 June 1982: rev~red 23 August 1982 

SCIENCE, VOL. 218, 17 DECEMBER 1982 

Nature's Ballistic Missile 

Abstract. The purusitit. filng~is Haptoglossa m~rabilis infects its rotfer host by 
means of a gun-shaped atruch cell. The crnterior end o f the  cell is elongated to forth tr 
barrel; the  all clr the mouth i~ i r t~~~g inu t ed  deep into the cell to  form a bore. A w~alled 
chamber at the base of the bore lto~r.tes cr complex, missile-like attrrch apparrrtus. The 
projet.tile i.\ jred fi-orn thcj grtn (,ell trt high speed to ac c,ornplish initial penotrotiotl of 
the host. 

The endoparasitic fungus Haptoglossti the rohr is evaginated to form a bulbous 
mimbilis (Eumycota) infects its Adineta structure (adhesorium), which attaches 
(Rotifera) host by means of a gun-like to the host. The stachel passes down the 
injection cell. When a moving rotifer rohr and penetrates the host wall. The 
strikes this cell, a missile is shot through schlauch evaginates through the hole in 
the host's cuticle. a hypodermic-like the wall and an amoeboid infection unit 
structure is inserted into the body. and a is injected into a host cell. In P. brussi- 
walled sporidium is pumped in to initiate cue it takes about 1 minute to produce 
infection ( I ) .  The sporidium grows into a the adhesorium. penetrate the wall, and 
large. cylindrical thallus. which at matu- infect the host. 
rity produces several evacuation tubes Even though H.  mirribi1i.s and the Plas- 
through whlch biflagellate zoospores es- modiophorales may not be closely relat- 
cape to the exterior. After a swarming ed, their mode of attack is very similar. 
period. each zoospore produces a spheri- However, the gun cell of H. rnircibi1i.c. is 
cal cyst that germinates almost immedi- more sophisticated in structure and de- 
ately to produce a "gun" cell. The ma- sign than the encysted Zoospore of the 
ture cell with attached cyst (Fig. I )  is Plasmodiophorales. We report here pre- 
shaped like a miniature cannon and is liminary ultrastructural observations of 
anchored to the substrate by an adhesive the gun cell, with special reference to the 
pad in such a way that the "barrel" is unique structure of the missile itself. 
raised at an angle to the substrate to Methods for recovering and culturing 
facilitate host encounters. Only a frac- Adineta rotifers and H. mirtibilis have 
tion of a second e l a ~ s e s  between contact been outlined elsewhere (5). The rotifers 
with the host and release of the infective were used as bait to recover the fungus 
sporidium (2). from greenhouse soil and to maintain the 

Barron ( 1 )  suggested that the mecha- fungus in nonaxenic culture. A petri dish 
nism of attack in H~ptoglossci might be containing 2 percent water agar to which 
similar to that described for the unrelat- gun cells had attached themselves was 
ed, plant-parasitic Po1ymy.rcr berue Kes- rinsed gently in running tap water to 
kin (3) and Plrr~modiopltorcr brassit.oe remove surface debris. The washed plate 
Wor. (4) of the Plasmodiophorales (Myx- was then flooded with fixative solution 
omycota). In the Plasmodiophorales containing 3 percent glutaraldehyde and 
an electron-dense, bullet-like structure 1.5 percent acrolein in 0.07M phosphate 
("stachel") forms within a tubular cavity buffer (pH 6.8). The fluid was drawn off 
("rohr") inside the zoospore cyst. The slowly with a Pasteur pipette and the 
rohr possesses a short. narrow tail dish containing the parasite was overlaid 
("schlauch"). At the moment of attack, with lukewarm water agar. Small blocks 

of agar ( 1  by 1 mm) with the gun cells 
sandwiched between them were cut out 
and placed in fresh fixative solution for 4 
to 5 hours. The material was postfixed in 
I percent OsOj made up in the same 
buffer. dehydrated through a graded ace- 
tone series, and embedded in Spurr's 
plastic. Sections were cut with diamond 
knives, stained wiih 4 percent uranyl 
acetate in absolute methanol and Reyn- 
old's lead citrate, and viewed with a 
Phillips 200A or a JEOL JEM 100 CX 
electron microscope operating at 60 
kV. 

Fig. 1. Light micrograph of a cluster of five Figure I is a light micrograph of a 
gun cells of Hapto~losscr mircibili~. The four cluster of five gun cells of H.  mirclbilis. 
peripheral cells are in a mature but unfired ~ h ,  four peripheral are i n  a mature 
state. The central cell has fired but failed to 
penetrate a rotifer: the sporidium 1s) is stlll but unfired state. I n  these the proto- 
attached to the emDtv eun cell bv the hvoo- plasm is concentrated in the tapering . . 
dermic-like tube (~ '3306) .  forward section (barrel) and the swollen 
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