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SUMMARY 

The manner in wilick the flatworm, Hymenolepis dlminuta (Cestoda), regulates 
the transport of glucose and Na + across the brush border was examined. While the 
presence of an nnstirred region in the brush border may fisvor the reabsorption of 
leaked glucose, some leaked glucose was lost to the ambient medium. This loss was 
markedly enhanced by preloading the worms with glucose and by removing N~ + from 
the incubation medium. Since glucose and N ~t+ influxes are coupled, glucose ~eakagc 
stimulated the influx of e2Na+. However, this Z2Na+ influx was balanced by a simul- 
taneous increased 22Na+ ¢ffiux. The presence of phlorizia inhibited both uni- 
directional fluxes of 22Na+ indicating that effiux of 22Na+ occurred by counter- 
transport; eountertransport of [14C]glucose appeared to be negligible. A model has 
been proposed in which the transport of glucose and compensating transfers of Na + 
across the membrane occur via the same carrier. 

1 NTP~ODUCTION 

Most parasitic flatworms can absorb nutrients through the tegument. Transport 
across the brush bord=r is considered to be the first step in this process, and in those 
flatworms which lack a gut, its importance is undeniable. On the basis of in vitro 
kinetic studies describing the unequal distdbution of solutes between the cytoplasm 
and the ambient medium, the presence of specific transport systems in the plasma 
membrane have been postulated. 

The absorption kinetics of glucose has been extensively studied in the tape- 
worm, H. diminuta. The transport process exhibits a first order dependence on the 
concentration of Na + in the external medium [1] and coefficients of coupling of 
glucose and Na ÷ have been estimated [2]. It has also been demonstrated [2] that a 
high concentration (100 raM) of K ÷ does not inhibit the Na + activation of glucose 
transport even when the Na + concentration is low (25 raM). 

Phlorizin competitively inhibits glucose transport in H. diminuta [2, 3] having 
an affinity for the transport system some 250-times greater than that of glucose. In 
spite of its inhibitory potency the effects of phlorizin are rapidly reversed by washing 



127 

[4]. Since the amount of 1*C-labelled plflorizin absorbed by the worm is negligible 
[5], the site of phlorizin inhibition is probably located at the external surface of the 
wornL 

Read et al. [2] demonstrated by double-labelling experiments that the influxes 
of glucose and Na + in H. diminuta are apparently coupled. They also postulated the 
existence of a separate Na + transport system based on the observation that a medi- 
ated influx of Na + occurred in "glucose-free" media. However, fhis curious observa- 
tion is equivocal since some glucose leakage from the worm may have bsen involved. 

Since there is little :information available on this latter subjcet, a more rigorous 
examination of glucose and N'a + fluxes in H. diminuta was initiated. The effect of 
various sugars on the e~ux rate of [14C]glucose was determined. Glucose effiux 
was also detera~ned cbam~cally and an attempt was made to correlate the rate of 
glucose leakage with the simultaneous unidirectional fluxes of Na  + (2ZNa+). The 
effects of.phlorizin, ouabain, and various ions on 2ZNa+ influx were also examined. 
Finally, tissue Na ÷, K +, glucose, and water were measured by direct analysis to 
determine whether the observed fluxes could be explained in terms of membrane 
phenomena alone. 

MATERIALS AND METHODS 

Animals 
Infective larvae (cysticereoids) ofH. diminuta were grown in laboratory stucle; 

of  beetles, Tenebrio molitor. Young male rats (Holtzman Co.) each were fol~e-fed 
30 cysticereoids using a stomach tube. Rats were maintained on Purina Laboratory 
Chow and water act iibitum. At 11 days postinfeclion the worms ,"ere removed from 
the intestine of rat for use in the experiments. At this age each worm weighed approx. 
60-80 mg wet wt. I l-day-old worms were used in all experiments. 

Salines 
The salines used were Krebs-Ringer with 25 mM tris(hydroxym'.thyl)- 

aminomethaacomaleate buffer at pH 7.4 and, where indicated, sodium-free saline in 
which the NaCI was replaced isosmotlcully with t ris (hydeo xymethyl ~.~xnl nomet hane - 
chloride, LiCI, KCI, or choline-chlorlde. 

Sodium inflwc procedure 
After removal from the rat the worms were washed and randomized into 

groups (4 worms/group). Each group was preinenheted at 37 °C for 15 rain in 10 m] 
of fresh saline, and then incubated at 37 °C for 2 rain in 5 ml of  the appropriate 
saline containing 10 mM 2ZNaCl (Amersham/Scarle). To terminate the incubation 
the worms were rinsed briefly, blotted on hard filter paper, and extracted in 3 ml of 
70 ~ ethanol for 24 h. Radioactivity in the ethanol extracts was determined using 
liquid scintillation spcetrometer (Beckman). The worms were dried a~: 95 °C for 24 h 
and weighed to the nearest 0.1 rag. Washing, preincuhetion, and incubation medi~ 
were of the same ionic composition. 

Determination of olucase leakage 
Worms (4 worms/assay) were incubated for 1 h in 10 ml of ,~aline containing 

:5 mM glucose. This procedure raised the tissue glucose, [Gi], of the ~vorm. The worms 
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were removed, rinsed in three changes of prewarmed saline, and then incubated in 
2 m[ of saline or' Na+-free saline ~asin~ KCI to replace the deleted NaCI). After 
30 s, 2, 5, 15. 30, and 60 rain the worms were removed and dried. Glucose in 0.5 ml 
aliquots of the incubation media was determined using the glucose oxidase method 
(Glucastat Special; Worthington Biechemicals). 

Cotmtertransport of glucose 
By definition glucose influx in H. diminuta occurs by active transport. The K, 

for glucose transport is approximately 1 mM and at glucose concentrations greater 
than 5 raM, the system operates at maximal velocity. In an attempt to determine 
whether the system countertraasports glucose, worms were "preloaded" in saline 
containing 5 mM [14C]glucose for 30 rain. The worms wexe removed, rinsed rapidly 
three times in prewarmed saline, and then incubated in saline containing unlahelled 
glucose or 2-deox~glucose. The latter sugar was included as a control because it 
does not interact with the glucose transport system. After 2 and 5 mi,a incubations 
the worms were rinsed, blotted, and extracted in ethanol, l~a~inaetiv[ty in the ethanol 
extracts was determined as above. Radiochromatographic analyses of the ethanol 
extracts showed that more than 95 % of the radioactivity was present as glucose. 

Glucose and sodium accwnul~tion 
In the accum~tlatiou studies worms were preincubated in saline for 15 rain and 

then incubated in 10ml of saline containing 5 mM flacose with or without I mM 
ouabaln. Incubations without glucose or ouabain served as controls. After intervals 
at" time up to I h the worms were removed, rinsed, and extracted in 70 % etha[~ol for 
24 h. Glucose in 0.5ml aliq-ots of the ethanol extracts was determined using the 
glucose oxidase method. Na + and K ÷ concentrations in the ethanol extract.,: were 
determined using a Baird Atomic flame photometer, Model KY-2C. Standard 
solutions of Na ~', K + and Li + in the CI form were obtained from Baird Atomi,:, Inc. 

Unidirectional fluxes of No + 
The methods for measuring the unidirectional fluxes of Na + are summ~trized 

in Table II. Some worms (Groups 3 and 4) were incubated for I h in saline containing 
22Na ÷, one group with 5 mM glucose to increase the [Gt] and, thus, the ~ t e  of  
glucose leakage. The worms were rinse.J in prewarmed Sarline, blotted dry on hard filter 
paper, weighed (=[=0.5 rag), then incubated in 5 ml of fresh saline containing Is) mM 
Na + (without the 22Na'~ label). TPs.  CI was used to replace the deleted ~aCl. 
After intervals of u,? to 30 rain the warms were rinsed, blotted, re-weighed, and ex- 
tracted in 70 ~ ethanol. Based on the radioactivity remaining in the worms, the efliux 
rates of 22Na+ we~'e determined. 

Other incubations (Table lI; groups 1 and 2) were identical to those desq:ribed 
above except that the 22Na+ label was present in the second incubation rather than in 
the first. In this ~ ty  both the unidirectional fluxes (influx and eiflux) of 22Ha+ could 
be measured simultaneously. A low Na + concentration (10 raM) was chosen t~r the 
second incubations to minimize the passive movements of the label. Since significant 
changes in worm water and [G~] might occur during incubation, these latter p;sram- 
eters were also determined (Fig. 3; lower graph). The values for [Gj] were calmdated 
on the basis of worm water at the end of each respective incubation period. Tht: data 
were compared using the Students t test. 
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RESULTS 

Sodium influx in 2 rain incubations 
Unlabelled Na + (120raM) inhibited the influx of 10raM zzNn + (Table I) 

indicating the presence of a mediated transport system for Na+ when glucose is not 
present in the incubation medium. However, phlorizin also inhibited 2ZHa+ influx. 
Furthermore, the incubation produced by 120raM Na* plus phlorizin was not 
significantly greater (P = 0,fiS) than that produced by 120raM N~x ÷ alone. Since 
phlorizin is u potent inhibitor of glucose transport in H. diminut,2, the apparent 
mediated influx of 22Na+ in "glucose-free" media can be accounted Ibr by a leak- 
pump involving glucose leakage and subsequent coupled influx with Na +. 

TABLE I 

THE EFFECTS OF I mM PHLORIZIN AND OUABAIN AND VARIOUS tONS (120 raM) ON 
THE UPTAKE OF 10 mM ~2Na+ BY If. DIMI~/UTA 1N 2 MIN INCUBATIONS 
"Iris. CI was reed to replace the deleted NaCI in the controls and incubations with phlorizin and 
ouabain. The rates are reported as #mol of 22Na+ absorbed/g ethanol extracted dr:, wt./h. Each 
value is the mean :[: S.E. of $ replicates. 

Inhibitor Rate Stimulation (S) or inhibition ( l )  
(%) 

Control 14.79 :[:0.77 - 
Li ÷ 10.32 ±0.42 271 
K ÷ 13,26=[:0.60 0 
Na ÷ 7.60~: 0.66 46 I 
Choline 19.39 J:0.42 38 S 
Phlorizin 9.02 :t: 0.~0 36 I 
Ouabain 14.62 ah0,91 0 
Na + +phlorizin 7.21 ~0.74 51 1 

Accumulation of glucose and Na + 
During a 1 h incubation in saline plus 5 mM glucose, tissue glucose, [Gi], 

increased from 5 mM to about 25 mM (Fig. 1), Tissue l'~a ÷, INn+it, also increased 
while K +, [K~-i], did not change. The presence of I mM ouabain had no effect on the 
capacity of the worms to accumulate glucose or Na + (not shown). While there was a 
2-fold increase in [Gi] in the controls, it has been demonstrated previously [3] that 
there is a corresponding decrease in glycogen during a I h incubation in saline alone. 
Thus, the increased [Gl] is probably the result of glycogenolysis; not only do worms 
degrade glycogen in the absence of external glucose, but glucose is the only ~lycogenie 
monosaccharide in H. diminuta [6]. 

Glucose leakage 
The data in Fig. 2 show the effects of [Gl] and sodium on glucose leakage. 

When worms were first incubated for 1 h in safine with 5 mM glucose and then 
transferred to glucose-free media, glucose rapidly appcat'ed in the incubation medium 
(Fig. 2; middle curve) und continued to increase for 15 rain. During the last 45 rain of 
incubation, glucose in the ambient medium gradually decreased. A precipitous in- 
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Fig. 1. Tissue 1'4a + ([Naj + ], triangles) and  potassium ([K~ "~ | ,  squares) during the ac.:umalasinn o1. 
glucose ([Gi), circles) in H. dtminula. Cin~ed symbols, worms incubated in saline -]-5 raM glucose. 
Open symbols (controls), worms incubated in saline alone. All values are expresse,:l as Fmol/ml 
worm water and  are the average o1. 3 replicmes. Since there were no changes in the [J;i + ], only one 
line is given for clarity. Na + and K + concentrations were determined by direct analysis ruing a flame 
photometer. Glucose was determined using the glucose oxidase method. The presence of  ouabaln in 
the incubation medium did no t  affect the capacity o f  the worms to acemnnlate glucose and  Na  + 
(not shown). 7", t ime in minutes. 
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Fig. 2. Chemical determlna(ion of g l~o~  leakage in H. dimhz,ta. Each ~ssy consbt(~l o i '4 worms 
(approximately 50 m8 dry wt.) in 2 m] o f  incubation medium. In the controls (k)~ver curve) tile 
incubation medium consisted o f  saline. To increase the glucose leakage, some worms w e ~  ptalnett- 
bated for I h with glucose, then washed prio~, to incubation in  saline (middle curve). T]~ upper corve 
Tepresents glucose cffhtTt in l~a*-ft~e saline w b ¢ ~  the  NaCI was ~pleced isosmoticaJly with KCI. 
Each point  is the average o f  3 r~plic&tes ml:l represents the total,umol o f  glucose in the mediltm/g 
dry wt. T, t ime in minutes. 



131 

crease in medium glucose was also produced b~, ineubation in Na+-free saline (F'~g. 2; 
upper curve), However,  glucose uccumulate~ in the medium for the entrle 60rain 
incubation period. 

Effect- of  glucose and 2-deoxyolueose on [l't(/,']@lucose efflax 
There was a 1 0 ~  decrease in tissoe/[t4C]glucose during a ~ rain incubation 

in saline (Table II t ) .  When unlaheHad glucose (I or  10 raM)  wa~ added to the e~lux 
mednl t I ss t,~ • m, he o of  [ C]glueose was no/~'ester than that in saline alone. Since, the 
rate of  glucose transport  d id  , o r  affect the/rate of  [t 4C]gluco ~ efitux, it appears that  
exchange of  glucose between tissue and/medium by countertransport is negligible. 

Effects of  glucose leakage on the unidi~eF.onal Na ÷ flwxes 
The methods for measuring the ~ffects o f  the glucose leak (i.e., efflux by diffu- 

sion) on the influx and  efl]ux of  ZZNa*/are summarized in Table H. 22Na ÷ influx in 

TABLE [I 

Group Preiueubation Rinse. Inco~oate for up Rinse, weish and 
medium (t h) weigh to ,~0 rain extract in ethanol 

I Salirte (control) ~ :. |0/ram =~Na + 
2 Saliue+81ueos© ~ (I']a + influx) ~ > /~'aol =iNn+ in worm 
3 i=Nn+ ]------~l- I~mM unlaheUedNa + [ determiued -- 
4 lINa+-t-glucose J f/.q.~,+ etux) ) 

TABLE |It  

F FFEC'F OF GLUCOSE ON [ IC~.GLUCOSE EFFLUX FROM H. DIMINDTA (PRELOADED 
IN MEDIA CONTAINlI4G 5 mlvt. [t4C]GLUCOSE FOR 30 MIN) 
2oDcoxyglueose was also tested a t a control since it ~ not interact with the 8lu~o~ transport 
system. The v a l ~  represent ~m~01 of [14Clglncose remaining in the worras/g ethanol e~:,,racmd 
dry wt. Each value is the mean ~:S.E. of 3 replicates. [t'~C]-glucos¢ elilax rates in the Stresetl~e of 
glucose and 2.deoxyglucose were/not significantly c!ifferent from the salil~ control (a ~_ 0.05). 

Sugar Eftlux time (m~n) 

None (saline control) 46.9:~1.39 41.6-~-0,86 
/ 

/ Glucose 
1 mM 47.2:[:2.32 41.9~-1.~$ 

10ram 51.9:=4.38 40.64-0.81 
2-Deoxyglucosa iI~'  2 

3 mM 47. .96 42.8 ~:2,82 
10ram 44..¢i~2.80. 42,0:~1.11 
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Fig. 3. Effects of  a high [GI] on the uoiditcctional fluxes of ZaNa+ i n / / d i m i n u t a  (see text and 
Table 11 for details). Worms (group 2) were equilibrated for I h in saline eontainiP8 $ mM glucose. 
The infltcv, of  tO mM 2~Na + was then determined (bpper graph; solid triangles). Other worms (group 
4) were equilibrated in saline containing $ mM glu~:ose and 22]'~'a+. The efflu.cof 2ZNlt+ from these 
worms in saline containfl 10 mM unlabelled Na  was determined (upper graph; solid circles). Worms 
equilibrated in saline lacking glucose (groups I and 3) served as eomrol$ (upper graph;,)pen triae, gles 
and open circles, respectively} Tri~. CI was used to replace the deleted NaCI. The ,lalues arc ex- 
pressed as pmol 2~Na+/g ethanol extracted dry wt. The ahsolute rates of  inflwt and al]]ux ['or 2, 5, 
and i0  rain are given in Table IV, At  each t ime period the [GI] and ~ worm water were also deter- 
mined (lower graph; circles and squares, respectively; solid symbols, experim*.ntals; op?.n symbols, 
controls). Each assay was conducted in replicates of  3. 

TABLE IV 

EFFECTS OF GLUCOSE LEAKAGE ON T H E  UNIDIRECTIONAL FLUXES OF' 2~Na+ I N  
t f .  DIMINHTA 

See text and Fig. 3 for details. The influx rates are expressed as pmol of  :e~Na+ absorbed (~S.F..)/ 
8 ethanol extracted dry wt./2,5, and l0  rain. EflIux rate: represent pmol SZNa+ ]o~t (:]:S.E.)/g 
ethanol extracted dry wt./2,5, and IO rain. Each assay was conducted in replicates of  3. The a~;olute 
values for influx and emux at each time period were not significantly different (P > 0.051. 

Incubation Influx Efflux 
time (rain) 

2 66.24 ~= 0..?~ 68.01 =i=0.85 
5 1fl5.86~ 1,58 109.2g:l:3.g3 

l0 137.39~L61 14:LSfl:k7,8[ 
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the controls (Fig; 3; open tria:~gles) was approximately lioear up to 30 mln, while 
2zNa+ influx in wornts preloaded with glucose (Fig. 3; closed triangles) was matrkedly 
stimulated for 10 miin. This stlmulatury effect corresponded with the enhanced 
glucose leak represented in Fig. 2. =2Ns÷ influx then sharply ~.,crea,'~ed at about 
10 rain, 

The rate of gh rose leakage also affected the rate at which 22~Ia+ le~ the worms. 
Efllux from controls (Fig. 3; open circles) was a linear function of titan wh~l¢ ef,lux 
from the experimenl Js was stimulated (Fig. 3; ¢lused circles). Thus, an elevated (G,] 
enhanced both uni~ rectional fluxes of Na +. A comparison of the dat~ (Table IV) 
revealed that the z~l tgnitudc of the unidirectional =2Na ÷ fluxes was the sam~ up to 
10rain. After 10mi there wa.,; a net loss of the label. 

Effects  oj'phloriziwt , t N a  + efJl~zx 
It is recalled that phlorizin inhibit~i ZZN'a+ influx (Table I). F'hlorizin also 

inhibited 2zNa+ e~ zx (Fig. 4.) indicating that both directional ~novemezzts of sodium 
occurred via the ~rt, ,e "carrier". 

2N 

~ ÷  
E=~ m 

t Z ~ le 
T 

Fig, 4. Effect nf  phloi'Jzin on the efltux of ZZNa+ from I f .  diminuta. Worms wexe equilibtaterl in. 
saJine containing 5 mhi[ glucose and ~;~&+ for I h. Efl~ttxof2ZNa ~" inlo 3.5 ml of ~.line containin.g 10 
mM unlabelled Na + ~indddlel curve, open triangles), 10 mM unlahelled Nx + plt~; O.S mM phlor~zia 
(upper curve, open circles), and 154 mM Na + (lower curve, closed circles; was ,~z|er..dned. Ttis • CI 
was used to replace ~laCI. Each ass~' was conducted in. replicates of 5. The values ~:re deternzined 
from the radioactivit,~] remaining it1 tl~e worms and represent primo! 2=Na+/8 e thanol extracted dry wt. 

DISCUSSION 

The data l~j~resented in T~zble HI show that tissue glucose of 1~: dimlnuta does 
not readily exchaflge with medium glucose by countertransport, i.e., the presence of 
10 mM glucose ir I the e/flux medium did not enhance the rate of [t4C]glncose ef~ax 
from the worms I This observe.tion suggests that glucose ¢fflux occurs mainly by 
diffusion, a prac~iss which can be termed a glucose leak. 

As was eicpected the rate of glucose leakage (determined chemically) was 
enhanced by iuclleasing the [Gt] of the worms. However, there was a transition from 
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leakage to absorption at about 10 rain follow¢~l by n gradual decrease in medium 
glucose to the level of the controls. A glucose leak was also evident when Ne.+-free 
saline was used as the bathing medium. Previous studies [7, 8] suggest that g l t~se  
leakage is a natural process in tapeworms. 

With this in mind, it has been demonstratecl [2] that H. dimiauta transports 
Na + by some mediated system in "glucose-free" media. However, demonstration that 
worms leak glucose suggests that this Na y transport is, in fact, influx couplet'l with 
glucose leaked from the worm. This conclusion is independently snpport,~'d by the 
fact that phlorizin, a competitive inhibitor of glucose transport, abolished this Na ÷ 
transport activity. In this respect the movement of glucose across the brush border 
of H. diminuta resembles a leak-pump. 

The data in Fig. 3 not only give support to the direct association between 
glucose leakage and N'a + fluxes, but also show the close correspondence between the 
rates of inward and ot~tward Na + movements; the influx and effiux rates of Z2Naq" 
were the same in incubations up to 10 min. The fact that phlorizin inhibited influx as 
well as efllux of 22Na+ suggests further that both unidirectional fluxes of Nu + occur 
via the same system. If  this concept is accurate, then H. diminuta can maintain electro- 
neutrality during the initial step in glucose trimsport by an exchange of Na + across the 
plasma membrane rather than by co-trausport of an anion. It is reasonable that such a 
mechanism wou]d favor the conservation of energy and the maintenance of homeo- 
stasis in that region of the worm involved in transport. Clearly, present techuiques 
for determining coupling coefficients of glucose and Na + in such systems based on the 
net amount of 22Na+ absorbed in "rapid transfer" incubations m ~ t  he re-evaluated. 

It should be noted that water loss alone might cause the loss of some celhilar 
solutes. Ahhough there was some shrinkage of the worms during the first 10 ~ in  of 
incubation (Fig. 3; lower graph), it was insufficient to account for the observed Na ÷ 
effiux during this time. Furthermore, if  a major portion of the observed Na + effiux 
originated from the shrinkage phenoraenon, one would also expect a decre,'tse in 
tissue glucose; ~o such change in [Gj] was observed. It is also noteworthy that the 
incubation media contained low (10mM) sodium. Thus, H. diminuta is able to 
maintain (for at least 25 rain) a high [Gi] in a medium in which a reversed Na ÷ 
gradient from normal is imposed. 

It seems relevant at this point to compare glucose transport in H. dlminuta with 
that in the mammalian intestine. The tapeworm surface consists of  a plasma mem- 
brane which is maximized by the presence of microvilli. The cytoplasmic layer beneath 
the plasma membrane is a syncytium. While fluid movement or solvent drag through 
tight junctions is an important pathway for solute transport in the mammalian 
intestine [9], there are no tight junctions or other extraceilular pathways in tapeworms. 
Thus, since tapeworms lack a gut of any kind, the absorption of water and solutes 
must occur through the plasma membrane alone, 

While there is a net transcellular movement of Na + during the active transport 
of glucose in mammalian iu~stine, CI- movement in the same direction is sut~¢ie[tt to 
maintain electrcneutr~lity [10]. On the other hand, the rate of  glucose transport and 
accumulation in H. diminnta is unchanged in CI--frec media in which other anions 
are present as isosmotic replacements for the deleted Ci-  [11]. Although some 
inhibition of glucose transport was observed when CH3OO- was used as the re- 
placement ion, there was no inhibition when NO3- was used, The failure to find 
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evidence thatlCI- is directly involved in glucose transpor~ is consistent with the data 
of the present paper. 

Model of the ;glucose transport system in H. diminuta 
An ad'equate model of the glucose transport system in H. diminuta must 

account for all of the properties of the system deser'~d ahove. These are: (1) ird~uxes 
of glucose unit Na + arc coupled. (2) Efflux of glucose by countertr~nsport is negligible. 
(3) Na+-coulded glucose influx stimulates Ha ÷ efllux anti the ratio of Na + influx to 
Na ÷ effiux is.l : 1. (4) Phlorizin inhibition of Na+-coupled influx,:~ecrea.~.; the rate of 
Na + efliux ir:tdicating that Na + efltux occurs by counteriraosport, i.e., by the same 
system. The x ~.odel must also explain the observation that glucose influx does enhance 
the net upta;ie of labelled Na + from the ambient: medim~ indicating that both Na ÷ 
and glucose ~lissociate from the "carrier" upon r,.*ftching '~he inside of the cell. 

The C~Lrrent view of membrane structure i~:t which the membrane is comprised 
of protein "i*:ehergs" floating in a "sea" of lipid ~vas dese~ihed by Singer [I 2]. In this 
hypothesis tire transport proteins or "carriers" e:ttend a~l the way through the mem- 
brane. Wate--filled channels across the membra~oe may be fornted by gr~>upings of 
four (or ntore) protein suhunits. A confbnnational chaP.ge in the spatial relationship 
of the subur its (with or without the assistance c.~" chemical energy) would, in effcc~, 
"'force" a molecule through the channel and eject it oil the other side. 

Fig. 5 represents a two-dimensional model that acCOUnts for the fluxes of 
glucose and Na ÷ in H. diminnta. The model is comprised of the substrate glucose, 
Na ÷, and aTt asymmetric carrier. The carrier is visualized as consisting ofaLt least six 
subunits of protein funning two channels across the membrane. Na + and glucose 
molecules ((,utside) impinge on the active center o f the influx channel. Simultaneously, 
Na ÷ (inside) is bound to the active center of the efltux channel. The carrier is asym- 
metric in that the active centers of the channels are structurally separate, and that 

Glucose o Outside 
Xa ÷ • 

Inside 

Fig. 5. A tv,10 .dimensional model of the 81ucose transport system in H. dimfnuta. The carrier consists 
of six subunits of protein forming two structurally separate channels across the membrar~¢. The 
darkened and outlined areas ate Ihe active centers of the channels. The carrier is asymmetric in that 
glucose. (O) and Na +, (0) from the outside are attracted to the active center ofone channel, while 
Na + alone is attract~-d to the other. The ¢onformational change in the c~rrier which transD~rts 
iflneose and ]~'~t ÷ into the ¢¢11 through one ¢hamtel is accompanied hy a complementary cortfor- 
malional ¢h~t~tp which ejects Na + from the cell through the other. 
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binding of Na + at the active center of the efllux channel does not require glucose. The 
conformational change in the carrier tha~. "forces" glucose and Na ÷ through one 
cLannel is accompanied by a complementary conformational change that ejects Na + 
from the cell through the other. Because of its asymmetry operation of the system 
would result in the net acanmulation of gh~-.use inside the cell. At the present time no 
easy method of experimentally testing how chemical energy may be used by the 
system is available, 

The model described above also pr~,dicts tha~ operatLm of the carrier requires 
the presence of Na ÷ on both sides of the membrane. Thus, inhibition of Na + binding 
inside the cell would inhibit the coupled infl.ux of glucose and Na'~. Mother  prediction 
of the model is that operation of the system is nonelectrogenic in that charge compen~ 
sating transfers of Na ÷ across the membrane maintain electroneutrallty. Both of 
these predictions are amenable to experimental examination which might lend further 
support to the model. 
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