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A null allele at  the mouse Car 2 locus was induced by ethylnitrosurea; mice homozylpms for the new allele lack the 
eat'honk anhydrase (CA)-ll isornzyme. The expression of this genetic lesion was investigated by:, (1) using tissue 
fracflonatiou techniques to determine localization and activity of  CA in the kidney, and (2) examJnlnl renal 
response to CA inhibitian in C A l l  deficient mice (CAD), in normal (N) mice a i d  ha heterozYllOeS lifter m a t ~  (LM). 
N and L1V! mice had CA activity in proximal tulmle brush beerier membraat-~ and cl~eml. CA aclliVily was also 
localized to membranes and cytosol of the outer medullary region. CAD mdce lacked c3~toseli¢ activily bnt had 
normal CA aet|-Aty in all membranes examined, All membrane associated CA had 2--8-fold ~ xulfom,mide 
sensitivity than cytosolic CA. These inh~i t ion characteristics suggest that the memlwane m z y l e  is CA-IV. ~ i n e  
u r inn~  excretion of Na +, K ÷, and llCO~" was similar in all groups. Urine p l l  sad  E l -  exc re l iu  were higher mid 
titratable acid Ut lmt  was lower in CAD mice, Inhibition of CA (melhazolamide, 25 mlg,/Iql) led in all Ilreaps to 
equivaknt inerements of urine pH, urine Ilow, and HCO~-, Na*, and K + excretle~ E l -  exeretim was unchaqed ,  
Thus the extent of the gemlic delldency of  CA-Ii mice extends to the kidney ~ bat  does l o t  ~ memb¢lme 
localization or  levels of CA, probably CA-IV, The similar response to CA inldbit iol  ilt CAD mice SUllleS~ that  
CA-IV, the membrane bound i s o e ~  is the important isoenzyme in proximal tatmle I!CO3" r e ~  

Introduction 

In 1967, March et al. demonstrated carbonic anhy- 
drase (CA) activity in both cytosolic and microsomal 
fractions of dog renal cortex and suggested that there 
may be different isoenzymes of CA in the cytosol and 
in the membrane [1]. In 1977, Wistrand and Kinne 
provided further evidence that CA activity was associ- 
ated with highly purified brush b o ~ e r  membranes and 
basal-lateral plasma membranes. Due to its lower 
sulfonamide sensitivity the membrane-bound enzyme 
was considered to be an isoenzyme different from the 
cytosoli¢ form, CA-II [2]. It was tematively named 
CA-IV [2]. Recently, this assumption was confirmed 
when the enzyme CA-IV was purified and shown to 
have different molecular weight e~.d partial amin~, acid 
sequence and different immunological epilopes [3], The 
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intrarena[ distribution of  CA-IV beyond the proximal 
tubule is not known for certainty since histoehemical 
studies can not differentiate between isoenzymes. 

In 19~, Lewis, et aL isolated a null mutation in the 
Car 2 h allele characteristic of CA-I! in DBA mice [4], 
lu these animals the ~ l i c  CA-II isocnzyme could 
not be detected by immunodiffusion analysis in any 
tissue. CA-II deficiency h~xs also been observed in 
humans [5]. This disease is associated with osteopctro- 
sis and renal tubular acidosis. These patients, however, 
have a normal renal response to CA inhibition [6]. This 
observation suggests that the kidneys of these individu- 
als contained funvlionally active CA. 

In this paper, mice deficient in CA-It  (CAD) were 
used to investigate for the presence of CA in the 
kidney and if so which type is expressed. In addition, 
the topic of the intracellulm and intrarcnal d~ri lmtion 
of CA was addressed. Finally, baseline renal function 
and response to CA inhibiiion was ¢~mtfined to pro- 
vide preliminary data for further studies coacernin8 
the functional role of membrane-bound CA in the 
kidney. 
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A preliminary account of this work was presented in 
abstract form at the American Physiological Society 
Meeting, October, 1989 in Rochester, MN. 

Methods 

Anbnat mode/ 
A null mutation in the Car 2 ~ alleIe of CA-II was 

found in FI progeny of a male DBA/2J  that was 
pre-treated with N.ethyI.N-nitrosurea and mated to 
C57BL/fJ females. Mice homoz~gous for this muta- 
tion were found to lack completely the CA-Ii isozyme 
in all tissues of the body [4]. Litter mates and CA-II 
deficient animals were the product of crossing het- 
erozygous mice, each parent having one null allele. 
H o m o ~ o u s  mice do not breed well and were not used 
in the crossings. Three groups of mice were used in this 
study, CA-ll  deficient mice (CAD)weight 21.5 + 0.8 g, 
heterozygous siblings (LM)weight  24./)=1=0.4 g, and 
normal, Swiss-Webster (N) (Charles River) mice weight 
35.3 _+ 1.7 g. The CAD mice are quite normal with 
respect to activity and visual appearance. They are 
smaller compared to litter mates anti normal mice. 
CAD mice lack the cerebral calcification and os- 
teopetrotic phenotype seen in CAD humans [4]. The 
CAD and LM mice used in the present studies were 
kindly supplied by Drs. Richard Tashian and Robert 
Erikmn of the University of Michigan. 

Localization studies 
Kidney tissue was harvested from mice of either sex 

and pooled in groups of three animals (six kidneys) to 
provide enough material to analyze. Mice were killed 
by cervical dislocation. The kidneys were removed and 
placed in ice-enid buffer (10 mM mannitol and 2 mM 
Tris-HCl, pH adjusted to 7.1 with NaOH). All proce- 
dures and centrifugation were carried out at 4 ° C. 

The light brown cortical tissue was completely sepa- 
rated from the red outer medulla by hand, using a 
razor blade. The remaining tissue was split in half and 
white papilla was removed thus yieiding the outer 
medullary tissue. 

L-~tosolic and membrane fractions enriched in brush 
border membranes were obtained from cortical tissue 
by a modification of the differential precipitation 
method described by Booth and Kenny [7]. Tissue 
(about 0.6 g wet weight from six kidneys) was homoge- 
nized by hand, first 10 times with a loose fitting and 
then I0 times with a tight fitting Dounce homogenizer. 
The ratio of tissue to medium was 1 : 6 g wet wt/ml.  A 
small amount of the homogenate was analyzed for 
enzyme activities and protein content, another small 
amount was centrifuged for i h and 15 rain at 100000 
× g. The resulting supernatant was concentrated in a 
Centrieon 10 microeoneentrator (Amicon, Danvars, MA 
01923) and represents the cytosolic fraction. The re- 

maining homogenate was brought to a volume of t5 ml 
and a l M MgCI 2 solution was added to achieve a final 
concentration of 5 mM Mg ~÷. The suspension was 
gently stirred for 15 rain and centrifuged for 12 rain at 
1500 × g. The sediment was discarded and the super- 
natant centrifuged for 45 rain at 20000 × g. The result- 
ing pellet was suspended in a small volume of buffer 
containing 10fl mM mannitol and 20 mM Hepes, pH 
adjusted to 7.4 with Tris base, and homogenized by 
repeated suction through a 26 gauge needle. 

The medullary tissue (about 1.0 g wet wt from six 
kidneys) was minced in a small amount of ST buffer 
(250 mmol/[  sucrose~ I0 mmol / l  triethanolamine, pH 
adjusted to 7.6 with I-ICI) and then homogenized as 
described above for cortical tissue. A cytosolic fraction 
was gained from the medullary homogenate similar to 
the methods employed for cortical tissue. Membrane 
fractions were prepared by differential centrifugation. 
After centrifngation for 10 rain at 700 x g, the super- 
natant was centrifuged at 16000 × g  for 20 rain. The 
resuttittg supernatant was saved, the upper white layer 
of the sediment removed, suspended in 5 ml of ST 
buffer by homogenization in a loose fitting Potter- 
Elvejhem homogenizer and spun for 20 min at 16000 
× g. This step was repeated twice and yielded the 
plasma membrane fraeticm [8]. 

For enzymatic eharaeterizati0n of the different frac- 
tions the following enzyme activities were determined 
at 37 ~C as markers: lactate dehydrogenase for cylosol 
[91, 7-glutamyitranspeptidase for luminal membranes 
[10], Na, K-ATPas¢ for basal-lateral plasma membranes 
[11], sueeinate-cytochrome-c reductase for mitochon- 
dria [12], acid phosphatase for lysosomes [13], and 
NADH-dehydrogenase for endoplasmic reticulum [lal. 
Carbonic anhydrase activity in the various fractions was 
determined at 25 = C with 8% CO 2, barbital buffer and 
a 1 ml reaction volume [15]. Inhibition constants were 
determined for ethuxolamide and methazolamide in 
terms of 150, the concentration of drug that inhibits 
50% of enzyn,e activity in the assay procedure. Protein 
content of the fractions was estimated after precipita- 
tion with 10% triehtoroacetic acid in the cold and 
resuspension of the precipitate in 1 M NaOH [16]. 
Unfractionated bovine serum albumin was used as a 
standard. All determinations were performed at least 
in duplicate or as otherwi~ noted. 

Renal function studies 
Mice were maintained on a 12 h light-dark c /de  and 

fed standard mouse chow and water ad libitum. There 
were no differen~s between groups of mice in the 
amount of food or water consumed or the volume of 
urine or feces expressed prior to or following experi- 
ments. All animals were fasted for 12 h before individ- 
ual experiments with water ad libitum. For urine col- 
lections mice were placed in individual urine collection 



cages. All experiments were of 3 h duration with no 
food or  wa te r  dur ing the e~per iment.  Pr ior  to each 
exper iment  the mouse's b ladder  was empt ied  by de- 
pressing the abdomen. 

Baseline renal function w&s determined in each 
group following a 0.(}3 ml /g  body weight i.p. injection 
of water. Response to CA inhibition was studied fol- 
lowing 25 mg/kg mclhazolamide by i.p. injection. The 
total volume of fluid injected was the same as in the 
baseline experiments. Th¢~ experiments were per- 
formed in 10 normal, :5 litter mate and 8 CAD mice. 

All urine was collected and stored under oil and on 
ice until analyzed. Urine Na + and K ~ were deter- 
mined by flame photometry (Eppendor0 and CI- by 
using a ch[oridometer (Haake). Urine pH was mea- 
sured with a glass electrode and urine HCO~ was 
calculated from pH and Too ~ measured manometri- 
cally. Titratable acid was detel=mined by titratin 8 urine 
with 0.1 M NaOH to pH 7.4. 

Statist ics 
Unless stated otherwise results are expressed as 

means _+ S.E. Statistical significance was determined by 
analysis of variance for repeated measures. Post hoc 
tests were performed using the Ncuman-Keuls proce- 
dure. 

R e s n l t s  

Local i za l ion  studie~ 

1. Renal  corter~ The enrichment of marker enzymes 
found in the cytosolie and brush border membrane 
fractions from kidney cortex of the three groups of 
animals are compiled in Table [. No significant differ- 
ences b0tween any of the groups were observed indi- 
cating that fractions identical in purity were obtained. 
The cytosolic fractions had, as expected, a high enrich- 
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ment of lactate dehydrogenase (LDH) and a low activ- 
iH of all other marker enzymes. 

In the brush border membrane fraction activity of 
y-glutamyltranspeptidase was enriched by a factor of 
6.3, 7,[, and 7.7, respectively. The contamination with 
marker enzymes for other cell organelles was low with 
the exception of contamination with acid phosphatase, 
i.e. lysosomes. This is a well known feature of brush 
border membrane fractions obtained t~j divalent cation 
precipitation [7]. The contamination of membrane frac- 
tions with cylosolic enzymes was estimated from LDH 
enrichment factors. It amounted to 7.5% in N, 6.6% in 
LM and 9.3% in CAD mice. 

Table II gives the activities of CA from the kidney 
cortex fractions. The highest specific activity was found 
in the cytosolic fraclions derived from normal and litter 
mates, while cytosolic fractions derived from CAD 
mice showed no activity. In all three groups CA activity 
associated with brush border membranes was found. 
Litter mate and CAD mice had similar activity which 
was less than that found in brush border membranes 
from normal mice. Also in TabIe lI the results of 
studies on the. sensitivity of the CA activity to stdfo- 
namides are compiled. The sensitivity found in cytoso|- 
ic fractions and in membrane fractions was similar 
when the three groups were compared. However, in 
each instance the sensitivily of CA in the brush border 
membrane fractions was lower (2-8-fold) than in the 
cytosulic fraetiou. 

2. Renal  outer  medulla.  Table Il l  summarizes the 
enrichment factors of marker e ~  found in the 
fractions of the renal outer medulla. The crude plasma 
membrane fractions are enriched in y.glutam~ltran~ 
peptidase and in Na,K-ATPase suggesting a contribu- 
lion of apical as well as basal-lateral membranes. Again 
the cylosolic fraction was enriched in LDH. In the 
medulla the relative contribution of cytnsolic proteins 

TABLE I 

Enrichment facnors o f  mucker enzymes in cytoso/ic and membrane fracr/ons f i~n  mocae kidney cortex 

Mean values± S.D. from six =xpcximents (N). respectively, values from one experiment (LM). and mean valu¢~ from two experin-c~ts (CAD) aim 
given. In the latter the difference between the two values was always less than I0%. Specific ermyme att ires (~m01 substraie/h per mg l~romeim) 
in the homui$cnatc of rtonnal mice were 822±1.7 for [aclale dehydrogen,T.~c: |fz7:[:2.2 for succinate detnkclrogenas¢ 2.19:t:0.16 for acid 
phesphatase. 66.6~7.7 for NAIDH-dehydrogenase, 57.3_+2. =} For 7-glutamylt~nspcplidase and 5.124.0.7 fosr N~,K-ATPase. No significant 
differences between normal mice, litter mates and CA-deficient mice were observed. Contamination of membrane fractions by c~os04i¢ pfotehts 
was evaluated by dividing Ihe LDI-! enrichment faclors iu the membrane fraction by 4hme found in the c~esolic fractioe. N = mm~a! mice; 
LM = litter mates; CAD - CA-II deficient mice. 

Cytosolic fraction ~ fraction 

N LM CAD N LM CAD 

racial© dehydmgenase (¢ylosol) 
Succinate dehydrogenase (mitochondda) 
Acid pho~hatase (lys(xs~m©s) 
NADH-dehydrogenaso (eadoplasmic r~ticulum) 
7-Glutamyllmn~:.ptidasc (luminal plasma rnembran¢,~ 
Na,K-ATPo~ (contraluminul plasma membranes) 

4.5 :L~).9 4,4 4.q 0.34:1:0.0(]9 0.29 0.42 
not dezeeiabl= 0,06 :i: OJ~l O.lO 0.13 
0..58 ± 0.005 0.58 0,47 2.80 ± 0,540 3.04 2.$2 
0,66± LO09 0,64 0.75 0.26_+0.064 0.30 0.30 
0.0Z ~ I).(}(]0 0,04 0 , 0 4  6.30±0,760 7.1 ?.? 
0,07± O,00t 0.06 0.07 0.51 ± 0.041 0.69 0,6~ 
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TABLE II 

C~/'~'tl/I r auhydrase activities and inhibition characteristics" Or O'losoli¢ 
uttd nwmbratle tract]ell5 from moll$~, kidney c o r t e x  

Values are means+_S.E. Mean values are from the number of 
determinatinns on individual samples, given in the parentheses. 
These samples were generated from six experiments for N, one 
experiment for LM and two experiments for CAD ftbr¢c animals, six 
kidneys per experimer:~L One enzyme unit (eu l  is defined as the 
activity yielded when the catalyzed reaction time is one half the 
uncalalyzed and is given by the equation O, ,w, ; -  r~a,l/l,at - N =  
normal: I.M - litter Mates: CAD = CA-il  deficient. 

Aclivity la~ (10 - s  M) 

l e a / r a g  proteinl melhazolamide e tho~olamide 

Cyto.~fl 
N 90.0-4, 8.6 (2) 
LM 47.8=+5.7-(2) 
CAD < l .a (2) 

Brush herder membrane 
N 10.2 + 0.9 (M 
LM 4.9_-L- Ik3 (2) 
CAD 5,3± I.I (2) 

1.9±0.8(5) 0.4 ±0.2 (5~ 
2.7_+ 1.0(3) O,6+RI (2) 

8.05:0.1 (2) I.I +0.2(2)  
14.3±2.7(2) 1.2+a,1121 
9.5 ± 1.8 (3) I. I ±0.4 {3) 

TABLE IV 

Carboreic aahydrase acth'ities and hlhih#ion character,)its in c2~/oxotic 
and membrane fractions from mouse outer medulla 

Values are means+S.E.  Me,'m values art: from the number of 
determinalinns on individual samples, given in the parentheses. 
These samples were generated frnm six experiments for N, one 
experiment for LM and two experiments for CAD (three animals, six 
k idne~  per experiment). One enzyme unit (eu) is defined as the 
activity yielded when the catalyzed reaction time is one half the 
uncatab/zed and is given by the equation (tuncL,t--t¢at)/t., t .  N -  
normal; LM = litler mates; CAD = CA-]I deficient. 

Activity Isl I < 10 -s  MI 

~'ea/mg protein) methazolamide ¢th0xznlamide 

Cytosot 
N 39.4:1:4,3 (3) 
LM 26.7+2,8(2) 
CAD < I.O (2) 

Plasma membranes 
N 3.3+(i.3 (2) 
LM 3.5 ± 0.4 (2) 
C A D  2,62:0.9 131 

2.5__.0,7{2) 0.g_+ 0.1 (2 l  
2.8±0.312) 0 . 7 + 0 2 ( 2 )  

11).55:1.0 (21 1.3+1).6(2) 
8.6± 1.1 (3) 1.6_+ 1).5 (2) 

14.3_+ t.5 (2) 1.1±0.5(2) 

to the crude plasma membrane fraction was lower than 
in the cortex. It accounted for 0.8% in normal, 1.1% in 
titter mate, and 0.8% in CAD mice, 

As shown in Table IV the eytosolic fraction of 
normal and litter mate mice exhibited significant CA 
activity although the specific activity was about 50% 
lower than in the cortical cytosol. The relatively high 
sulfonamide sensitivity suggests that this represents 
CA-II activity. The plasma membrane fractions derived 
from each group showed significant CA activity. The 
specific activity found in these fractions was not statis- 
tically different. The CA present in these membrane 
fractions exhibited lower sulfonamide sensitivity than 
the cytosolic Ca., similar to comparison made in the 
cortical fractions. 

Renal function studies 
Fig. 1 shows the baseline urinary status for the three 

groups. All groups had similar baseline HCO.~, Na +, 
and K + excretion and urine flow. Urine pH and CI- 
output wag similar in N and LM but significantly higher 
in CAD. Titratable acid output was significantly lower 
in CAD, 0.47 _+ 0,03 iN), 0.46 ___ 0.05 (LM), and 0.10 + 
0.01 (CAD) v.equiv./min (data not shown in Fig. 1). 

The renal response to CA inhibition with me)hazel- 
am)de at 25 mg/kg is presented in Fig. 1, Urinary 
HCO.~, Na +, and K* excretion were significantly and 
similarly increased in all groups following methazo- 
lamide. CI- excretion was not affected by CA inhibi- 
tion. Titratable acid output went re zero following 
methazolamide in all groups. Urine flow and pH also 

TABLE Il l  

Enriehmem factors of marker enzymes in cytosotic and memgrane tract)ore' #pal m~l~¢ kidney cater medulla 

Mean values _+ 5.D. from six experiments (N), respectively values from one experiment (LM). and mean values from two experiments (CAD) are 
given. In the latter the difference between the two values was always less than 10%, Specific enzyme activities i ~zmol subs t ra te /h  per mg protein) 
in the humogenate e l  normal mice were 211.1-1- 4.fi for lactate delc/drogenase, 42.3±4.1 for sueeinale dehydrogenase, 3.40,4-0.26 for acid 
phosphatas=, 50.4+3.8 for NADH-dchydrogenase, 64.2-2:3.1 for ?-glutamyltranspeptidase and 11).4-+2.3 for Na,K-ATPase. No significant 
differences between nurmal mice, litter mates and CA-deficient mice were observed. In LM and CAD .~embrane fractions Na,K-ATPas¢ activity 
could not be determined due to lack of material. Contamination of membrane fr~cli0ns by cyto~lic proteins was evaluated by dividing the LDH 
enrichment factors in the membrane fraction by those found in the cytosol ic fraction. N = normal mice; LM = litter mates; C A D -  CA-It  
deficient mice. 

O/resPite fraction Membrane fraction 

N LM CAD N LM CAD 

tac t  ale dehydrogenase (cytosoi) 
Succinate dehydrogenase (mitoehondria) 
Acid phosphatase (lysosomes) 
NADH-dehydrogenase lendoplasmic reticulum) 
-'/-Glntamyltranspeptidase (luminal plasma membranes) 
Na,K-ATPase (contralaminal plasma membmaesP 

3,6 +0.6 4.1 3.9 tL33± 0.00! (I,05 I).03 
not detectable 0 . ~  + 0,007 d.23 [I.55 
0,45 4- 0,01)6 l),Oq 0.35 1,1~1 -I- 0.004 1,3 ILgff 
0 . t 4+0 .001  0 1 0  O.l f i  0.72 :l: l).006 l . I  11.'/8 
0,06 ,4- 0,000 0.05 0.05 2.80 ,4- 0.025 3.8 3. I 
not detectable - - 2.65 4-11.23 - - 
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pH" 
8 

urlr,e urine f low Cl ° 
IpH Nl/mln ,~;eq/mtr0 T 

1 0.75 O. 1 ~ . ~  

0.00 "J 0.0 

No" 
/ueq/min 

0.6. 

0 . 4 .  

0 . 0  
N LM CAD 

g+ HCOf 

N LM CAD N LM CAD 
Fig.  l, Base l ine  rena l  func t ion  and  renal  response  to ca rbon ic  anhydrase  inhibi t ion fo l Iu~ing  25 m g / k g  me thazoh ,  mide  by i.e. inject ion,  Va lues  
azc means+_ S.E,  N = nozmal  mi¢¢ i n  = 10); LM - lil tur mat~: mice  ( n  = 5); and  C A D  = C A - | ]  def ic ient  mic~  <n - 8), " $ ign i r~an l ly  d i f fe ren t  

[r~m basel ine .  = Signif icant  d i f f e rence  b e l w e e n  groups ,  

increased equivalently in all groups in response to 
inhibition. 

Discussion 

The results presented above provide further infor- 
mation on: (1) the presence of membrane bound CA in 
the kidney; (2) the cellular distribution of CA-I1 and 
CA-IV; (3) the nature of residuat CA activity in Car-2" 
homozygous mice; (4) the functional role of membrane 
bound CA in the absence of cytosolic CA-IL 

Localization studies 

Previous studies have shown that CO~ hydration 
activity of renal cytosolic CA isocnzyme is similar to 
that of the red cell CA-II and thus the former is 
denoted CA-ll [17]. The membrane bound, CA+IV [3], 
form is also a high activity form but has some differ- 
ences compared to CA-II. Kc, t is 1/4 and K m 1/2 
that of CA-ll [1,17], thus there is about a 2-fold differ- 
ence in specific activity. Both forms have similar p- 
nitrophenylacetate esterase activity [3]. CA.IV differs 
in amino acid composition, molecular weight, and 
chromatographic and isoelectric focusing behavior as 
well [3]. There is no evidence for CA-I or CA-III in the 
kidney [18,19]. lnhibitors of CA are somewhat more 
a~tive against CA-11 than CA-IV varying 3-15-fold 
depending on the inhibitor [ 1,3,20]. 

In the present study, all ~tosolic fractions from 
normal and litter mate mice had i~o values for metha- 
zolamide and ethoxolamide similar to red cell CA-II 
and renal cytosolic CA in dog [20]. Membrane fractions 
from all groups yielded I50 vMues that were 2-8-fold 

higher than cytosolic enzyme, in agreement with past 
studies [1,2,3,17,20]. Thus it appears that the cytosolic 
and membrane bound forms of CA, in the present 
~tudy are different i s o c ~ i e  forms; the membrane 
form is CA-IV and the ~tosolic form is CA-II. 

Tissue fractionation and histochcmical studies on 
the cellular localization of CA in renal cells have 
always been complicated by local contamination. In 
tissue sections as well as cell membrane preparations a 
contribution of cytosolic activity to the activity associ- 
ated with membranes can not be excluded. This fact is 
exemplified in the studies with normal and litter mate 
mice. For example, ff one assumes that during purifica- 
tion of renal cortex cytosol, CA and LDH behave 
identical, the contamination of membrane fractions 
with cytosol would be 7.5%. Such contamination would 
result in an increment of specific activity equivalent to 
more than 50% of the aclivity found in the membrane 
fraction. Thus, despite a relatively low contamination 
with res~ct  to marker proteins, this contamination 
becomes significant when dealing with a high activity 
enzyme such as CA. These diffieu!'.ics do not exist in 
the Car 2 ~ homo~gous mic~ which are devoid of 
cytoplasmic CA activity. In these mice all enzyme activ- 
ity found in the membrane fraction can b¢ regarded as 
membrane associated. Thus, the results obtained with 
the CAD mice unequivocalh! establish the presence of 
CA in the brush border of this species, similar to 
findings in other species [18,20,21,22,23]. Additionally 
and importantly, these resulLs show that membrane 
bound CA ts expressed independently from cytosolic 
CA. 

CA activity was found in medulla~ cytosolic frac- 
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tions of normal and litter mate mice. It is probably 
derived from a variety of medullary structures such as 
collecting ducts (OMCD}, thick ascending limb of Hen- 
les loop (MTAL) and perhaps the transition zone be- 
tween $3 and descending thin limb type 2 ceils of 
Henles loop (DLT2). These stuetures show cytoplasmic 
staining in histochemical investigations in mice [22]. 

There seems to be significant CA activity associated 
with medullary plasma membranes. The cellular origin 
of lhis activity is more difficult to delineate. According 
to histochemical studies in mice the $3 segment of the 
proximal tubule, which extenct~ into the outer medulla 
has no CA activity [22]. We therefore can tentatively 
exclude brush border membranes as the source of the 
activity. Although, as indicated by the ,/-glutamyl- 
transpeptidase activity these membranes contribute to 
the medullary plasma membrane fraction. Most proba- 
bly the CA activity originates from/vITAL where mem- 
brane associated CA activity has been observed histo- 
chemically [22]. Thus, in mice, membrane bound CA-IV 
seems to be present not only in the proximal tubule but 
also in the MTAL. 

CA activily was found to be greater in the cytosol 
than in membranes of normal and litter mate mice. 
This agrees with earlier findings, which showed that 
CA in the cytosol was 4-6-fold greater per  mg protein 
than in membranes [1,17]. In the present case the 
difference was 0-fold. Thus, a similar relationship for 
cytosolic/membrane bound activity is seen in mice as 
well I1,17]. Lack of cytosolic CA-II in CAD does not 
appear to affect the level of membrane bound enzyme 
since the activity per mg protein was similar to nor- 
maIs. 

Renal function studies 
Baseline urine flow, and HCO 3 , Na +, and K + ex- 

cretion were similar in all three groups. However, there 
were important differences between normal and litter 
mates mice and the CAD mice; tilratable acid excre- 
tion was less, E l -  excretion and urine pH were higher. 
These differences are puzzling and are not consistent 
with that reported for CA-II deficient humans [6]. 

If CAD mice and humans have a slight metabolic 
acidosis as previously reported [4,6] then the CAD 
mice should be excreting acid, with a low urine pH as 
with CAD humans [6]. With less titratable acid and 
higher urine pH, the question is how can CAD mice 
regulate acid-base status? It is not expected that these 
mice have a reduced acid load since their diet was 
similar in composition and quantity, and metabolism 
appeared to be the same (see Methods) as in normals 
and litter mates. The possibility exists that CAD mice 
increase production of ammonia and augment acid 
secretion via increased ammonium (NH~) excretion. 
Evidence for this may be the higher C L -  output seen 

in CAD which could serve as the counter ion for NH~ 
cncrvtion and the higher urine pH. 

A major difference with respect to renal CA local- 
ization between mice and humans is the complete lack 
of distal convoluted ruble (DCT) CA in mice, while 
humans have both membrane and cytosolic enzyme in 
this segment [18,22]. Thus, in hu .r=an CA-I[ deficiency, 
the DCT would act like the proximal tubule, no cytoso- 
lic CA with viable membrane CA-IV associated with 
bicarbonate reabsorption (acid secretion), On the other 
hand, CAD mlce would not have the membrane en- 
z ~ e  in this segment and may therefore, rely on an 
NH~" trapping scheme as ha~ been suggested for other 
segments where membrane CA-IV is not present [24]. 
Experiments are in progress to clarify these points. 

Renal response to CA inhibition was equivalent in 
all three groups. The HtCO:( response, 10-15 
t~equiv./min per kg, in all groups agrees in magnitude 
with inhibition responses in man, dog, and rat [25]. 
Increments in urine pH, flow, and Na ÷ and K + output 
without a CI-  response and the disappearance of 
titratable acid are also in agreement with past studies 
[26]. That CAD mice responded to CA inhibition is 
also in agreement with work done in human CAD 
patients [6]. 

The role of membrane bound and cytosolic CA in 
urinary acidif icat ion/HCO~ reabsorption in the proxi- 
mal tubule is greatly debated. In the proximal tubule 
80% of the filtered HCO~ is reabsorbed [2/]. Selective 
(membrane only) and non-selective (cytcsolie and 
membrane) inhibition of CA results in the same 80- 
90% suppression of this HCO~ reabsorption [27]. Thus, 
the membrane bound enzyme, which has be¢~, shown 
to be in functional contact with proximal tubule fluid 
[28,29], is critical for HCOj- reabsorption in the proxi- 
mal tubule and the cytosolic enzyme is not. Our data 
show the same, that normal response to CA inhibition 
in CAD mice is completely due to the presence of 
membrane bound CA in the proximal tubule. 

In conclusion, evidence is presented to support the 
idea that membrane bound, CA-IV, is localized to 
brushborder membranes of the proximal tubule and to 
medullary thick ascending limb of Henles loop in mice. 
Likewise, the cytosolic form, CA-II, is present in the 
proximal tubule and in medullary collecting ducts, and 
thin descending and thick ascending limbs of Henles 
loop. It appears that expression of cytosolic CA-II and 
membrane bound CA-IV are controlled by separate 
genes. Expression is independent, CA-IV is expressed 
in normal amounts and distribution even when CA-It  is 
not, as is the case with CA-1I deficient mice. Extrapo- 
lating the present data to human CA deficiency it can 
now be concluded that there is absence of CA-I! not 
only in the red cells but in the kidney as well, and 
perhaps all tissues of the body. Additionally, response 
to CA inhibition is due to the presence of CA-IV in 
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both CAD mice and humans. CAdV is the isoenz"/me 
of importance in reabsorbing bicarbonate In the proxi- 
mal tubule; CA-II appears to bc unnecessary for this 
function. 
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