
would dovetail with another poten- 
tial role for glucose during freezing, 
that of a fermentable fuel reserve to 
support energy requirements of the 
ischaemic state. It is interesting to 
speculate that multiple actions of 
glucose (colligative, structural, and 
metabolic) could make this sugar 
valuable for artificial cryopreserva- 
tion of mammalian tissues and or- 
gans. 

complete after several days of thaw- 
ing (9). 

Much remains to be explored to 
determine the molecular mecha- 
nisms involved in freeze tolerance 
and the specific actions of pro- 
tectants such as glucose. Freeze-tol- 
erant frogs provide cryobiologists 
with the first good opportunity to 
study natural freezing survival on an 
organ-specific basis. For medical ap- 
plications these animals provide an 
excellent model system for the de- 
velopment of organ cryopreservation 
technology. 

3. 

Low Temperatures. Cambridge, UK: Cam- 
bridge Univ. Press, 1985. 
Jacobsen, I. A., and D. E. Pegg. Cryopres- 
ervation of organs. Cryobiology 21: 377- 
384, 1984. 

4. 

5. 

Layne, J. R., and R. E. Lee. Freeze toler- 
ance and the dynamics of ice formation 
in wood frogs (Rana sylvatica) from south- 
ern Ohio. Can. J. 2001. In press. 
Schmid, W. D. Survival of frogs at low 
temperature. Science Wash. DC 215: 697- 
698, 1982. 

6. 
Life in the frozen state 

Extracellular freezing imposes an 
ischaemic and anoxic state on all 
cells of the body. Circulatory 
changes during the early stages of 
freezing may allow remaining oxy- 
gen supplies to be used by the most 
sensitive organs, but when freezing 
is complete there are no breathing, 
no heartbeat, and no blood flow. 

7. 

Studies performed in my laboratory were 
supported by grants from the Canadian Liver 
Foundation and the National Sciences and 
Engineering Research Council of Canada. 

8. 

Energy metabolism in the frozen 
state is based on fermentation of en- 
dogenous fuel reserves in each indi- 
vidual organ. Organs show a de- 
crease in glycogen content with 
long-term freezing and an accumu- 
lation of lactate and/or alanine as 
end products of anaerobic glycolysis 
(9). Amino acid fermentation also ap- 
pears to occur in some organs (nota- 
bly skeletal muscle; 9). Some small 
percentage of cryoprotectant glucose 
may also be fermented, although 
end-product accumulation is better 
correlated with glycogen loss (9). 
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Organ-specific responses to the 
frozen state are seen. Accumulation 
of metabolic end products differed 
in both amount [net lactate plus ala- 
nine accumulation was lo-fold 
higher in heart than in skeletal mus- 
cle (Fig. a)] and pattern [e.g., pre- 
dominantly lactate in heart, 2.5:1 
1actate:alanine in kidney, 1:4.5 lac- 
tate:alanine in skeletal muscle (g)]. 
Differences in total end-product ac- 
cumulation suggest substantial dif- 
ferences in organ-specific metabolic 
rates in the frozen state. 

LawrenceP.Karniskiand PeterSAronson 

Freezing also appears to place 
varying levels of metabolic stress on 
individual organs, as judged from 
the effects of the frozen state on en- 
ergy status. Skeletal muscle energy 
reserves (adenylates, creatine phos- 
phate) are minimally affected by 
freezing, even after 3 days frozen (9). 
Liver energy status, however, is 
much more strongly affected by 
freezing (ATP levels drop by 50% 
within 18 h), although recovery is 

The proximal tubule of the mam- 
malian kidney is presented with the 

enormous task of resorbing approxi- 
mately 60% of the load of NaCl pre- 
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centrations, plays a critical role in 
this process. How does this occur? 

Paracellular vs. transcellular 
Cl- resorption 

The proximal tubule is a “leaky” 
epithelium. That is, the pathway 
through the tight junctions between 
the cells is relatively highly perme- 
able to ions. Thus passive resorption 
of Cl- between the cells can occur if 
there is a favorable electrochemical 
gradient for Cl- directed from the 
lumen across the tubular wall. 

In the early proximal tubule the 
process of Na+-coupled organic sol- 
ute resorption (e.g., Na+ cotransport 
of glucose, amino acids, etc.) gener- 
ates an outward flow of positive 
charge across the epithelium, result- 
ing in a lumen-negative electrical 
potential difference across the tu- 
bular wall. This then serves as a 
driving force to promote a modest 
rate of passive Cl- resorption. How- 
ever, the Na+-coupled resorption of 
organic solutes and HCO, accounts 
for most of the solute in the nearly 
isosmotic resorbate in the early 
proximal tubule. Because of this 
preferential resorption of HCO,, the 
luminal concentration of HCO, de- 
clines and that of Cl- rises along the 
length of the proximal tubule. 
Hence, in the later proximal tubule 
there is a lumen-to-capillary con- 
centration gradient of Cl- that favors 
its passive resorption. It has been 
thought that passive Cl- transport 
occurring in this manner between 
the cells accounts for most if not all 
of the Cl- resorption in the mam- 
malian proximal tubule (2). 

However, several recent studies 
have suggested that active transport 
through the cells must also contrib- 
ute significantly to Cl- resorption in 
the proximal tubule (2, 6). For ex- 
ample, substantial transtubular re- 
sorption of Cl- can take place in the 
absence of a passive driving force. 
Moreover, even in the presence of 
an outwardly directed transtubular 
concentration gradient of Cl-, inhib- 
itors of cellular metabolism or active 
Na+ transport greatly reduce the rate 
of Cl- resorption. Finally, intracel- 
lular Cl- activity in the proximal 
tubule cell is above the level at 
which Cl- would be in electrochem- 
ical equilibrium across the luminal 
membrane. Taken together, these 
findings indicate that substantial ac- 
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FIGURE 1. Effect of an outward formate gradient on Cl- uptake (A) and an outward Cl- 
gradient on formate uptake (B) into rabbit renal microvillus membrane vesicles. [Adapted 
from Karniski and Aronson (4)) 

tive Cl- resorption through the cells 
takes place in the proximal tubule 
and that the step of Cl- uptake across 
the luminal membrane of the prox- 
imal tubule cell must be an uphill 
process. But what is the mechanism 
for this uphill Cl- transport? 

Studies on membrane vesicles 
implicate Cl--formate exchange 

The mechanisms of Cl- transport 
have been studied using luminal 
(microvillus, brush border) mem- 
brane vesicles isolated from the rab- 
bit renal cortex. This technique al- 
lows examination of transport 
events at the luminal membrane in- 
dependently of cellular metabolism 
or transport processes at the basolat- 
era1 cell surface. 

A general strategy with this tech- 
nique is to test whether imposing 
transmembrane ion gradients can 

drive the uphill accumulation of a 
solute of interest. A positive result 
indicates the presence of a coupled 
transport process, such as cotrans- 
port or exchange, that can mediate 
secondary active transport of the sol- 
ute of interest. This strategy failed to 
detect the presence of Na+-Cl- co- 
transport or Na’-K’-Xl- cotransport 
as possible mechanisms of uphill Cl- 
transport in rabbit renal microvillus 
membrane vesicles (8). Although 
Cl--OH- exchange had been de- 
scribed in these membranes (9, lo), 
we (4, 8) and others (3) were unable 
to confirm this finding. Thus none of 
the mechanisms for uphill Cl- trans- 
port previously observed in other ep- 
ithelia was clearly demonstrable. 

However, although we could not 
demonstrate appreciable Cl--OH or 
Cl--HCO, exchange, we found a 
high activity of Cl--Cl- exchange in 
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these membrane vesicles (4). Ob- 
viously, Cl--Cl- exchange is a futile 
process resulting in no net transport. 
We reasoned that it would make no 
sense for such a transport system to 
exist unless it were capable of me- 
diating net transport. We assumed 
that the observed Cl--Cl- exchange 
must reflect an anion transporter ca- 
pable of exchanging some other an- 
ion for Cl-. We therefore screened a 
large number of anions for their abil- 
ity to share this anion exchanger. 

After an extensive and mostly 
frustrating search, we obtained the 
findings shown in Fig. 1A. In this 
experiment, imposing a l&l out- 
ward formate gradient stimulated 
the initial rate of Cl- uptake two- to 
threefold and induced a transient 
uphill accumulation of Cl- above its 
eventual level of equilibrium up- 
take, indicating the presence of a 
Cl--formate exchange process (4). 

An identical outward gradient of 
acetate stimulated the rate of Cl- 
uptake only minimally and did not 
induce uphill Cl- accumulation. 
Similar negative results were ob- 
tained when 1O:l outward gradients 
of other anions such as propionate, 
butvrate, HCO,, lactate, and sulfate 
were imposed. Further confirming 
the presence of Cl--formate ex- 
change was the finding (Fig. 1B) that 
imposing a lo:1 outward Cl- gra- 
dient induced the transient uphill 
accumulation of formate (4). Thus 
these experiments demonstrated the 
presence of a novel and totally un- 
expected transport system capable of 
mediating the specific exchange of 
Cl- for formate across the luminal 
membrane of the proximal tubule 
cell. 

Formate recycling 

Resorption of a significant fraction 
of filtered Cl- by exchange for for- 

No*, H 
te------ 
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\ / HCOOH 

mate would result in the net secre- 
tion of thousands of millimoles of 
formate into the urine, unless a 
mechanism existed for recycling se- 
creted formate back across the lu- 
minal membrane into the proximal 
tubule cell. In fact, such a mecha- 
nism is present, 

Imposing an inside-alkaline pH 
gradient caused the accumulation of 
formate against its concentration 
gradient in renal microvillus mem- 
brane vesicles (4, consistent with 
the transport of formate via nonionic 
diffusion of uncharged formic acid. 
Whereas uptake of formate in ex- 
change for Cl- was sensitive to in- 
hibition by high concentrations of 
disulfonic stilbenes, well-known in- 
hibitors of carrier-mediated anion 
exchange, the uptake of formate 
driven by an inside-alkaline pH gra- 
dient was not inhibitor sensitive, 
consistent with passive nonionic dif- 
fusion of formic acid. 

As illustrated by steps 2 and 3 in 
Fig. 2, entry of uncharged formic 
acid into the cell by nonionic diffu- 
sion followed by exchange of intra- 
cellular formate for luminal Cl- re- 
sults in a net uptake of H+ and Cl- 
inward across the luminal mem- 
brane. In essence, formate serves as 
a coupling factor to allow H+-COU- 
pled Cl- uptake. 

In fact, when ‘2Br was used as a 
tracer for Cl-, its uphill accumula- 
tion in renal microvillus vesicles 
was stimulated when an inside-al- 
kaline pH gradient was imposed in 
the presence of a physiological con- 
centration of formate (i.e., 0.2 mM) 
but not when the same pH gradient 
was imposed in the absence of for- 
mate (4). Ives and Verkman (3) found 
that imposing an inward Cl- gra- 
dient caused acidification of the in- 
travesicular space in the presence 
but not in the absence of formate, 
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FIGURE 2. Three-step model for Na+-coupled Cl- transport involving Cl--formate exchange 
and formic acid recycling across luminal membrane of proximal tubule cell. [From Karniski 
and Aronson (4)) 

confirming the presence of a for- 
mate-dependent Hf-coupled Cl- 
transport process as predicted by the 
model in Fig. 2. 

To the extent that active H+ secre- 
tion across the luminal membrane 
occurs by a Na+-coupled mechanism 
such as Na’-H+ exchange (step 1 in 
Fig. 2), as is largely the case in the 
proximal tubule, the net effect is 
equivalent to an electroneutral Na’- 
coupled Cl- transport process. This 
process is driven by the inward Nat 
gradient that is present across the 
luminal membrane due to the pri- 
mary active extrusion of Na’ across 
the basolateral membrane via the 
Na’-K’-ATPase. 

Evidence for Cl--formate exchange 
in the intact epithelium 

A central issue not addressed by 
the membrane vesicle studies was 
whether CLformate exchange plays 
an important role in the intact prox- 
imal tubule in the presence of phys- 
iological formate concentrations 
(0.2-l .2 mM). 

To examine this issue, we collab- 
orated with Schild et al. (7) to test 
the effects of formate on the rate of 
NaCl transport in the rabbit proxi- 
mal tubule. Addition of 0.25 or 0.5 
mM formate to the bath and lumen 
reversibly stimulated the rate of 
fluid absorption by 60% in straight 
(S,) proximal tubules perfused in vi- 
tro with a low HCO;-high Cl- solu- 
tion similar to that found in vivo in 
these segments. 

Under the conditions of these ex- 
periments, the stimulation of fluid 
absorption was a measure of a pro- 
portional increase in NaCl absorp- 
tion. This stimulation of NaCl ab- 
sorption by formate was not associ- 
ated with any change in the trans- 
epithelial electrical potential differ- 
ence, consistent with the operation 
of an electroneutral mechanism of 
NaCl absorption as predicted by the 
model in Fig. 2. 

Similar concentrations of acetate 
failed to stimulate fluid absorption, 
consistent with the specificity of an- 
ion exchange as determined in the 
membrane vesicle studies. The for- 
mate-stimulated component of NaCl 
absorption was inhibited by the ad- 
dition of the disulfonic stilbene DIDS 
(4,~ ’ - diisothiocyanostilbene - 2,~ ‘- 
disufonic acid) to the lumen and by 
the addition of ouabain to the peri- 
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tubular bath (7). These effects are 
also predicted by the model in Fig. 
2, in which stilbene-sensitive Cl-- 
formate exchange is indirectly cou- 
pled to the luminal membrane Na+ 
gradient, which itself arises from 
ouabain-sensitive Na+ extrusion by 
Na+-K+-ATPase across the basolat- 
era1 membrane. 

In proximal convoluted (S,) tu- 
bules symmetrically perfused and 
bathed with a low HCOY-high Cl- 
solution, formate similarly caused a 
reversible stimulation of fluid ab- 
sorption (7). However, when these 
tubules were perfused and bathed 
with a high HCO,-low Cl- solution, 
formate failed to significantly stim- 
ulate fluid absorption. The lack of 
an effect of formate on fluid absorp- 
tion in this instance correlated with 
a higher luminal pH along the per- 
fused segment. This finding may in- 
dicate that under physiological con- 
ditions the pH-dependent recycling 
of formate from lumen to cell via 
nonionic diffusion of formic acid is 
rate limiting for Na’-coupled Cl- 
transport occurring by this mecha- 
nism. 

In studies of the rat proximal con- 
voluted tubule by microperfusion in 
vivo, Alpern (1) observed that addi- 
tion of Cl- to an initially Cl-free 
luminal perfusate caused a much 
larger acidification of the cell in the 
presence than in the absence of 1 
mM formate. This suggests the pres- 
ence of a formate-dependent H+-Cl- 
uptake process across the luminal 
membrane of the rat proximal tu- 
bule cell, as predicted by the model 
of Cl-formate exchange in parallel 
with the nonionic diffusion of formic 
acid shown in Fig. 2. Taken together, 
the studies on rabbit and rat tubules 
strongly support the concept that 
Cl--formate exchange is a major 
mechanism for transcellular Cl- re- 
sorption in the intact proximal tu- 
bule under physiological conditions. 

Origin of formate in the body 

Formate is the smallest and prob- 
ably least studied of the short-chain 
fatty acids. Found in human plasma 
at concentrations ranging from 0.2 to 
1.2 mM, formate arises from inges- 
tion, intestinal fermentation, and 
metabolism. 

Although certain foods such as 
coffee contain millimolar concentra- 
tions of formate, the major source of 

intestinal formate is bacterial fer- 
mentation of plant cell wall polysac- 
charides. Human fecal concentra- 
tions are 1-2 mM, although the lev- 
els are probably much higher in the 
proximal colon and distal ileum 
where formate is formed and then 
transported across the mucosa by 
unknown mechanisms. 

Formate is a product of the metab- 
olism of several compounds. For ex- 
ample, formate arises from the oxi- 
dation of methyl groups, particularly 
from methionine. It is also a product 
of tryptophan degradation. In addi- 
tion, formate is the major toxic me- 
tabolite in methanol intoxication, 
with reported plasma levels exceed- 
ing 30 mM. Once formed, formate is 
transferred to tetrahydrofolate by 
the enzyme formyltetrahydrofolate 
synthetase, yielding IO-formyl tet- 
rahydrofolate. From here, formate 
takes part in a number of one-carbon 
transfer reactions, particularly the 
formation of purine rings and methi- 
onine. Excess formic acid is oxidized 
to CO, via a reaction catalyzed by 
formyltetrahydrofolate dehydroge- 
nase. 

Directions for future studies 

What is the physiological advan- 
tage of carrying out Na’-coupled Cl- 
resorption in the proximal tubule by 
a roundabout mechanism involving 
formate recycling rather than by a 
more direct mechanism such as Na+- 
Cl- cotransport ? Is it possible that 
the local concentration of formate is 
regulated as a means of modulating 
proximal tubule NaCl resorption? 

Even in the absence of added for- 
mate, a component of active, trans- 
cellular Cl- resorption has been ob- 
served in the proximal tubule, as 
already discussed. Does this reflect 
the presence of additional pathways 
for Cl- transport across the luminal 
membrane, or is endogenous pro- 
duction of formate by proximal tu- 
bule cells sufficient to maintain a 
modest rate of Cl--formate exchange 
even in the absence of added for- 
mate? 

Answering these questions re- 
quires studies of the metabolic pro- 
duction and/or disposal of formate 
in proximal tubule cells and the con- 
centration of formate in luminal 
fluid, in peritubular blood, and in 
proximal tubule cells as a function 

of maneuvers to alter proximal tu- 
bule NaCl resorption. 

Is Cl--formate exchange of physi- 
ological importance only in the 
proximal tubule? In fact, exchange 
of Cl- for formate has been demon- 
strated in microvillus membrane 
vesicles isolated from the rabbit 
ileum (5). Current evidence suggests 
that Na+-coupled Cl- absorption in 
the ileum results from Cl--HCO, ex- 
change operating in parallel with 
Na+-H+ exchange. But this does not 
exclude the possibility that Cl--for- 
mate exchange operating in parallel 
with formic acid diffusion and Na’- 
H+ exchange may significantly con- 
tribute to NaCl absorption in this 
epithelium. Studies of the effect of 
formate on NaCl absorption in the 
intact ileum are required to answer 
this question. The possible presence 
of Cl--formate exchange in other ep- 
ithelia capable of uphill Cl- trans- 
port should also be examined. 

Finally, it should be noted that 
Cl--formate exchange, diffusion of 
formic acid, and Na+-H+ exchange 
operating in parallel together repre- 
sent a process for net solute uptake 
across the plasma membrane. Na+- 
H+ exchange is a ubiquitous trans- 
port process present not only in epi- 
thelial cells but also in many types 
of nonepithelial cells including neu- 
rons. If Cl--formate exchange is 
present in parallel with Na+-H+ ex- 
change in the plasma membrane of 
nonepithelial cells, such cells might 
swell in the presence of excess for- 
mate. Could this be a mechanism 
contributing to the cellular toxicity 
of formate in methanol intoxication? 
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Glucose Sensors in Viscera 
and Control of Blood 
Glucose Level 
Akira Niijima and Nod Mei 

In addition to the well-known glucose-responsive neurons in the 
hypothalamus, recent studies of sensory signals from the visceral area 
have brought us a new understanding of the mechanisms that control 
the blood glucose level. The activity of efferent fibres to the pancreas 
and the liver is precisely modulated, not only by central hypothalamic 
glucoreceptors but also by peripheral (hepatic and intestinal) 
glucoreceptors. 

Despite the difficulties inherent in 
the study of the autonomic nervous 
system (thinness of the relevant 
fibres, lack of morphological special- 
ization of visceral receptors, depres- 
sive effect of anesthesia on func- 
tional condition of viscera, and so 
on), recent investigations have 
brought to light an amazing variety 
and complexity of sensory signals 
from the vegetative area. Available 
data have modified classical con- 
cepts and raised several questions, 
including that of the normal role of 
the visceral afferents. In particular, 
the control of blood glucose level by 
the intestinal and hepatic receptors 
has received much attention. 

Professor Niijima is Head of the Department 
of Physiology, Niigata University, School of 
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Richness of sensory innervation 
of viscera 

It was classically thought that sen- 
sory fibres are rare in the autonomic 
nervous system and that visceral 
nerves are mainly motor nerves. In 
fact, sensory fibres are found in all 
the nerves of both the sympathetic 
and parasympathetic systems. More- 
over, they are abundant, often more 
so than motor fibres, which demon- 
strates that the visceral nerves 
mainly subserve sensory activities. 
This underestimation is easily ex- 
plained by the fact that the unmye- 
linated fibres that prevail in visceral 
nerves cannot be properly investi- 
gated with light microscopy. For ex- 
ample, the vagus nerves contain 
about 80% of such fibres, the major- 
ity of which are sensory (1, 7). 

Complexity of sensory signals from 
the visceral area 

The use of the single-nerve tech- 

nique and the microelectrode tech- 
nique applied to the cranial and 
spinal ganglia has revealed the com- 
plexity of the messages conveyed by 
the visceral afferents. 

In addition to painful signals, the 
autonomic nervous system carries a 
large range of physiological infor- 
mation that can be triggered by a 
variety of interoceptors, including 
different kinds of mechanoreceptors, 
thermoreceptors, and chemorecep- 
tors (3, 5, 12). 

Although they have been studied 
only in certain viscera including the 
digestive system, interoceptors seem 
to be present in all parts of the veg- 
etative territory. Some are very spe- 
cific, such as chemoreceptors that 
are stimulated by one substance or a 
group of substances, whereas others 
(multimodal receptors) are nonspe- 
cific and respond indiscriminately to 
chemical, thermal, and mechanical 
stimulations. 

It is now possible to ascribe var- 
ious physiological roles to visceral 
afferents. They may be classified 
into different categories, depending 
on the type and location of receptors 
and of central structures. They in- 
volve the control of visceral motility, 
the maintenance of homeostasis, and 
the regulation of behaviour. Among 
these mechanisms, the regulation of 
blood glucose level is a good exam- 
ple of the importance of the physio- 
logical role played by the visceral 
afferents. 

Regulation of blood glucose 

It is generally recognized that hor- 
mones play a major part in the con- 
trol of the blood glucose level. Insu- 
lin is a key substance in controlling 
entry of glucose into the cells and its 
utilization. Another effect of insulin 
is to increase storage of glycogen in 
the liver and other tissues. 

After a meal the increased secre- 
tion of insulin results in an acceler- 
ation of glucose utilization by body 
cells, which in turn causes a de- 
crease in the blood glucose level. 
During starvation there is an in- 
crease in the rate of secretion of glu- 
cagon, epinephrine, and norepi- 
nephrine, which facilitates release of 
glucose from the liver, thereby con- 
tributing to the maintenance of the 
blood glucose concentration. There- 
fore, the endocrine pancreas, the ad- 
renal medulla, and the liver play 
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