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! ABSTRACT -~
; E 2 !
The regulation:of rena] glutamine metabolism in re]atlon to acid-
Iy 5 g base status was investigated in rats © The model. of NNACl indiiced acid-"

v LA osis was .usedrand two new expenmental situations - 1ntroduced Recovery

% v . from acidosis. was mg_/esv.igated in rats aliowed to drmk H,0 1__1_1ﬂ of
) HH,,C’I and the ;;récess of recuvery‘was §cce!év:ated by adm‘inisfraﬂqn of
Nacoy (1.5 mo1/100g body wt). “Anfmals allowed to recover' from acidosts
o “were again chalienged with varaus acld loads and the responses of these
£ “rechallenged rats campared to the respanses of naive-challenged rats.
_Urinary anlmma excretion, total renaI anmmla prnduct\on and
. F ' glutamine extractmn retumed to nurma] by about 26h in animals which
i were allawed & recover fron metabolic acidosis by drinking H0k In
.. comparison, in animals administered-NaHCO, at the start of recovery, :
these parameters vere back to norfal by 8h. * Ra‘ts_ which were permitted
three days’ to re:ove.rffrnm metabolic acidosis yleré ah'lev.tn excrete more
acid as‘amom‘m,n salt than animals challenged with ‘Nﬂdcl ‘fo.r the first

) tjgie; when challenged with high acid loads.  There was no difference in -
response to lower, acid loads. . “ “

Decreases in the renal contehts of glutamine, s-kétoglutarate and

fis ; malate were found during metabolic acidosis and mcreases in glutamme,

5 . glutamate; a-ketoglutarate, malate, ‘citrate, Tactate, phosphoenoTpyruvase.
i - and‘&phosphuglycerate uccurred during recovery. No significant différence
in"the renal content of metabol ites was 0bserved between rats administered

g; - NaHCD:i and rats adninistered the same amount of NaCl dur'ng recovery.
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The rennl activities of nhosvhnenolpyruvate carhaxykmase (PEPCK),

g]utaminase (PDG) and ‘glutamate dehydrogenase "(GDH) in. these animals

" were alsn. |qvestigated, PEPCK activity increased identically in naive-

challenged and rec'haﬂenged rat'S. During recovery PEPCK actfvity're-'
turned to normal by about 16)| and no-sigmificant d|fferem:e m act1v1ty
:au]d be dlscemed between ammals intubated mth NaHCO4 and an?mals.

(ntubated with-NaCl. Imunnhtratwn of PEPCK revea]ed that the in- -

creased activity during acidosis and the decreased activity ldurim_; re-

covery are due to changes in the content of this enzyme. The activities
of PDG and GDH increased during ac1das1s and remained elevabed Tong
after renal glutamine metabolism r‘eturned to normal), -in. v'ivo.

Amonia formation by isolated mitochondria and the. fluxes through

PDG and GDH increased ‘during met'a.boHc acidosis. . However, normal rates.. .

of amionia production in vivo were attained 12-24h.after the ‘indiction
of acidosis while no acceleration-of GDH flux_in isotated mitochondria

was evident at this time. In the most physiological medium used {1 mM_

glutamine, 3'm¥ glutamate, 4 mM phosphate) ammonia fnmaiinn. and GDH'

< flux decreased cginciﬂenta]ly during recovery. and .preceeded the fall in

PDG flux. The differences in renal arrlmniagenes‘s between na{ve—cha]-
\enged rats and rechallenged rats and hemeen rats mtubnted with NaCl
and Na}jtoa durlng recovery could not be accounted for by metabolic

‘differences; in fsolated mitachondria: “In the most unphysiglogical

mediumruseﬂﬂ (1 mM. glutaniine, 20 ri4 phosphate) ‘the ‘witochondrial capacity

to metabolize'glutanine remained elevated for at Teast 15 days of recov-

ery.
These observations suggest that renal glutamine metabolism is not




it

controled simply by changés'in the contents of PG or” PEPCK. or by the
- mitochondrial events which are- responsible ‘for  the changes in’the fluxes
through PDG or GOH. in 1solated mitochondr

The changes observed"n
aketoglutarate are consistent with its purported regilatory role. *
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4, : CHAPTER 1
- ., - INTRODUCTION

There!is "ng doubt that ‘glutamine is a factor of general imporfance . -

in cell meé‘ahe]ism but the nature of its function is fot yet clear”
(’122). Thi“s -remark aptly reflects the state of knwiedge of glutamine
metabolism ‘in 1939.. It was: in this year that glutamine was first shown
to exist. n|fts ‘free’fom in various mamalfan tisiues (7, 112, 122).
ﬂuwever, the demnstratinn by Krebs (87) in 1935 of the presence of
mammalian enzymes capalﬂe of synthesizing and hydrolyzing glutamine was '/
the first mdwcatwn that glutamme played a role in animal metabo)ism.
These early observatwns essentially. represent the beginming of -the .

study of g]utamne me:abohsm, Since' then a great deal of attentlon has.

" been focussed on the many aspects of glutamirie metabolism and regulation.

PART 1. Phy'si'a]ugicn Inportance of Ammonia and Glutamine 7

Friend and Foe

1 1 Amiionia

A marked po]arlty \s mpartzd to ammonia by its pyranqda! ‘shape ‘and
proJecting hybrid nrbital The unpalred e)ectrnns occupying this’ project-
ing orbital are a potential’ source for electron-seeking-atoms. Hence,
protons will, readily-bind with amonia €0 form amwonium fons. Because
amonia 15 4 snall molecule), gaseous and soluble In Tipids (128), 1t can
veadily diffuse atross membranes and hence is 'extre;gly mobile” in
biological systems. St T )

These molecular. properties of anmonia have important physiclogical

consequences. . Ammonia play§ a crucial. rote in the maintenance of acid-"




base balance by-facilitating the excretion of protons. Thisattributé
o

7of ammonia was first recognized over 130 years ago with the cbservation
that more ammoriia is.excreted by carnivores; which have acid drine, than

by herbivores,. which have alkaline urine (68). That ammonia plays a

= ia1g in the mainteniance of acid-base balance was corroborated by two

‘ other, nbsérvations. One, the ‘adml‘n‘istratian of al‘kaﬁ‘to carnivores
reduced urinary ammonia (68) and gwo," the administration of mineftal acid
1ncreased the excrétion of - amom\(se) TI\BSE ohservations have been

. repeatiedly. Eﬂl\f"‘med and the 1mportance of amonia to acid excretmn g
unequ{voca!ly astabhshed P

Althouqh ammonia. is how rgcagmzed as an mpnrtant cellular constits

" uent, it is also, i very toxic molecule (70, .107)." Recognition ‘of this

charapter'istic of amponia dates back to :neﬁm century, when toxic

effects were observed in experinents With dogs which died under violent

: convulsion after having am‘rx:)nium chloride.‘!njected into ‘their Jugu)ar
veins (47) Apart from the, d1re:t eﬂ"ects of a buildup nf anmonium ions
(107), an-increase in PhHy Wil _indirectly affect celiular metabolism hy

"ﬂ.s participation in the equilibriun reaction catalyzed by glutamate

denydrogenase (16). Sincé ammonia is very_mobile, it can easily enter
the, bram (29)wherre the results of sich effécts chreaten vital-Tife-

sustav‘ning pro:esses. |

1.2' Role of Ammonia:in Acid Excretion

Lgr@e quanﬂt(es’n‘f} I\ydro'gen fons arisé daily from the d}étary

intake of preformed acids, and. from acids forméd'during intermediary
e 8 !

metabolisn (109, 152)." ‘A vast potential source of acid is €O produced
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buffer system (109,-201).,

during intermediary metabolism s'lnce the hydruwn of c(l2 forms. carbonic
acid.- However, coz can be rapidly retmved by puimonary ventilation

since’ it is volatile'and can freely diffuse across membranes. In this

sense, the lungs play a major role in the -elimination of acid.. In N
comparisony. only a very smail fraction of the total daily acid produced
s, non-volatile and cannot. be eliinated by the Tungs. - Nevertheless,
since the Concentration of M fons ‘in the body.is very' Tow (in the order
of 40 nmoles/L) and sincé’ cellular processes are ex‘t__r‘eme'ly sensitive to
these reactive fons; it is vital that highly effective mechanisms exist
to buffer- an‘d‘_ excrete non-volatile dcid. .‘ A
The buffering of nan-volatile acid is accomplished by the concerted
action l;f a number of chemical buffering system‘s':‘ Phosphate compounds
+and proteins (parhcu'lar]y the |m1dazohum group of histidine rzsldues)
pussess the necessary pK's to act as ‘buffers at physiological pH.:
However., the key role 1s attributed to the bicarbonate-carbonic ac‘fd

The importance of this system is not due‘to

its buffering ability, per Se, since.a pK'of 6.1.is too_far.removed from

physiological pH.. Rather the dominant role played by this buffer is ’

attributable mainly to two other characteristics. First, it is the
buffer of highest cwce;\tration (n. the extracellular fluid and Eecond‘
the_ components. 'uf this system are under extrémely effective ‘control by
the 1ungs and k\dneys. Combination of a hydrogen 13n with bicarbonate
resuh:s in the formation of carbonic acid; which rapidly équilﬁbrates .
With C0,. The €0, is removed by pulmonary ventilation a/nd hence, ‘due to

a constant pC0,, carbonic acid is esentially a "fixed" component of this

; buffer system (théreby increasing its effective buffering capacity).

;
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The‘excretion of non-vélatile acid is accomplished by the .kidney.
The acl.d. brought to the kidney mainly. as neutral sodium salts,.is

excreted prinarily as titratable acid and ammonium salts (129), The

elimination of acid-in these forms involves a mechanism which exchanges -

 tubular sodiun for hydrogen ions in-theadjacent tubular cells. In this

- ‘ i ]
.exchange mechanism.the sodium ions enter-the tubular cells. down an

derwed from mtrace’nu]ar carbumc acid which. also pruv1des the hicar- B

e]eétrd—chemica] gradient (729), which essentially dr‘ives the carrier-
’aned (115) secretwn of H* ions into the-tubular. Tumen,. against an-

electro chem(cal gradient (101 144), The sezreted hydrogen jons._ are

bonate fons which are returned, along with the sodium jons, to the

. geferal "circulation through;the peritubular blood (129). The form in

Which the secretéd hydrogen ions are excreted.depends upon the.pK of the
acids formed in. the tubular fluid. -If the pK of the acid formed (§

higher than the pH of the urine, then the hydrogen ions will be.excreted:

- as t(tratab]e acid: However,. if the acid formed ;ms a pK lower than the

pH of the urme than “the acid will' remain.dissociated. The sudium-»

proton exchange pump can operate

nst a g1umeru]ar pH of down to 4. 6

“only (up to'a [H] gradient.c of about 800-1000 to 1 between :ubu]ar Tumen

and peritubular blood (133)). - Consequently the kidney canmot excrete
appvecﬂble amounts of strong acid. in its free fnm;

Anmn'a plays a unique role in the excretiun of strong acids. It

‘wnuld appear that" w(th apk of 9. 1,/the ammonia .- ammonium pair would be

unsitable as a urinary buffer;since only a.very small, fraction wnu]d

exist as ammonia at the pH of urine. “This is true for _ammonia filtered

5 N

at»the-g]on\eru]us._ However,. the ammonia-required for-buffering strong
L A v, 8 LA i :
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acid is‘praduceu in the adjacent. tubular céil's (129). sy’v%ncue of s
gaseous _nature, ‘small size and Jipid so]ubﬂlty, ammonia rapuﬂy dlffuses
from the tubular cells into the tubular lunen where by virtue of. its
basicity, it read!_ly binds the h.vdrogeh ions in the tubular fluid to:
Form am{onium ions. Since mam;“es')re mch Jess permeable-to ammonium
fons and since protonation 15 greatly favoured at ac1d PH, the NH4 fis
Sseintially Frapped tn-the tubular Tumen. The, cunversinn of -amonta to

ammonium -also keeps’ thé PhHy of the tubular fluid-Tow;’ thus favouring:

cuntinued diffusmn of‘amnia. Ammonia thus vlays’e‘cr ial role in

the’ excretion.of strong acids by permitting cne exthdqge of, Na® fons for’
i+ ions to cuntmue without foy;mihg a 11m1nng PH gradient. S
~In the rat about 30-30 percent of the total acid excreteg.is

excreted as tltrable acid," the remaimng 70 80. percent is excreted m

combination with ammonfa (128). Hydmgen ion exr.retloﬂ is dramatica'ﬂy 7

increased dur1hg ammonium chloride-induced metabolic acld’aels. A four

to five fold"increase in total acid exr:retion in the r;at reduces titra-

table acidity to about 10 percent. and increases' the fraction excrefed as
ammonia to about 90 percent” (125). These ra'lat\ve changes occur because

of a six to seven fold:increase in anmunie excret1un with on1_y‘a wo to

_three fold increase, at most, in the excretian of t1tratab1e acid. “The

Jdncrease in titratable acid is prnhably due, in parf, to the greater
participat‘loh \0f Tow pK urinary buffers such.as creatinine and urate,

which would contribute more fully at the lemr urinary pH reached’in

metabolic acidosis. Part.of the 1ncreesed't1tratahle acidi‘cy is.also

prnbab]y due to extra phosphate mobilized from the neﬂs nnd bone to e

provide extra’ buffer, (152).. By far the mst suhstahﬂal :onthhntinn to,"
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e the. increased acid excretion is due.to the increased ‘ammonia-formation N
b 7 by the Kidney. ’ v O . 3
15811 i An’ Act:ive Form of Amuma 2 - é
4 g | Ammugh by 1939 the rote of anmnia in acid excretion was flmﬂy # g

E estabhshed and the toxvc effe:ts of this substance recégnized, the . -

relevance uf glutamjne t.n ammonia metabolism was not well avpreciaten. e

' Since the demonstration by Nash and Benedict (118) in 1921 that the con- . 7,

R R i ~ centration of preformed ammonia in the'blood was insufficient to account: .4
for the ammonia excreted in.the-urine, it was recognized that ammonia
must be produced in- the kidney from nitrogenous.precirsors extracted

"7 from the arterial blood. - Over the subsequent twenty years a number.of- -

S S st

' nitrogencus. substances (ures, amino acids, adenylic acid and.proteins) £
Eg i were suggested as. possible precursors (129) The First clear-cut demon- :
stration of M(|e )mportance of g]utamme as @ uercursar of ammonia- came
From experiments by Van S’kae et al (188) in 1943.- These worknks demon-
strated that the rate ¢f- glitanine axtractmn by the kidney during
acidosis was sufficient to account for a'major portion of the ammonia

Pon . * - .produced. Subseque’nt Studies ‘029) uti]ili’ng more, advanced surgical

technigiies’and refined methods of amino acid analysis all confirmed the
_' original findings of Van Slyke and' his ‘associates.’ "Expen’ments with

n‘5-\abeﬂeu glutamine by Pitts and his ssociates (137, 138, 177)

roded defmmmy that both the am\de and amina mrogens uf glutamine -
“are the mﬂ]ﬂr‘ precursors of ‘renal ammonia.

Today. the ceptral role of glutamine (n nitrogen metabohsm s uen
(i apghreciat_ed, Tts importance is attested to by the fact that it is




usualiyfthe aming aci‘d present”in highest concentration. in manma'lia‘h

plasma (114) and alsa by its presence in mgh :dncentrations m most

mamma) fan nssues (14).. Tn amonia netabolisn specifical]y, giutaming
. acts as @ Stnrage form' in trg uptake, . transport, and format\on of -amonia.

In- nitrogen metabohsm in general, glutanine serves as'a preferrad
3

m_t_r;egumr in'a number oferizymatic reactions: which require nitrogen g

for the formation of a variety of. conpaunds, (174).  Presufiably, the .

concentrahon of ammonia penmtted.m thet cells s ‘not suitable for |

amoma to partlmpate as the ni:rngen donor in these reactlnns Not

oniy ‘does glutamin play a role in nmcgen metabo) i o but TEaiso /

serves as a transport form for’ glutanate. Glutamme crosses cell mem:

bfanies nore readily than glutamat & and iy

ate, ‘both

derived from glutamine, have synaptic functions (114). Thé physiological

role of glutamine, 6f course; depends on the: tissue or cell.
The demands on g\ucann'.;e evidently require st e coibinucli

< wlthdrawa]s from the circu]ating glutamine pool be ‘balancéd by contin-

uouis conmhunons ‘from other tissues. The actual mechanisms-operating

qo maintain a cm'!stant supply of glutamine in the r'\a_ce of continual

repoval are unclear. . Part of the confusion presunably derives from

différences in species and experinental states which ars used to investi-

Gatasthls plishomsuons G taTAs veTuss K baaii VAFIGE1Y denonstrated

to occur by the bra1n (\06, 186), heart (69), liver and peripheral

tissues (69, 158, 186). Only. the kidiey (158, 186) and the ‘gastrointes:

tinal-tract plus liver (185, 202) have been shows ‘to extract g'lutamine
A aiutamine turnover in"the rat was unchanged after amium hioride
Toading [172). " This imblies that fncressed synthesis dos ok play @’




i role in supplying the extra glutamine utilized by the Kidney. Th1s

- measurement of arterio-venous differences failed to reveal which tissués ;

“used Tess glutamine (172), -Since the magnitude of the change in glutamine

& must be assumed that no single tissue is responsible for the provision

1.4 Enlm! gy

leads to the conclusion that the’ extra glutamine extracted occurs -at tne

éxpense of. glutamme normally utilized by other tissues, Howevgr, .

utilization by any one organ necessary to continue supplying the kidney
: . Lo
should, be sufficiently large to be detected by the' methods used, then it
[

of ‘extra glutamine to the kidney. The alternative is that a conhxnatmn

of extra-renal hﬁsues afl. decrease utilization such that the sun 15 ' 4
sufﬁment to : s_upp'ly thg extra glutamine required by the kidney. Changes

of this.magnitude might escape detection because Tndividual sribrio-

venous' are to? small to be measured experimentally.

PART II. Renal Glutamine Metabolism” W a 4

A nunber of renal enzymes capable of genérating ammosia from sluta-
-~ i

ine, in vitroy have been demonstrated.

AT Y- mummynran;pept\dase
Part af the confusion as to which enzymes are respans1b'le for gen-
erating amonia i3 'attributable to the miltiple activities of y-g'luta-
myltranspeptidase, sometimes referred to as y-g]ﬂtanw'(transferase‘ “This -
enzyme can release ammni‘a by/;ran;ferrinq the v-glutamyl radical of
g]utannne to a receptor nmecule (trnnspept\datmn) _ When the receptor

molecule is glutanune, the reaction catalyzed is referred tu as an

-




: activator is non-physiological, ‘the possibility of asphysiological

autotranspeptidation reaction. This® enzyme can also convert glutamine
to glutamate ‘and amonia by its glutaminase ‘activity (182, 183) The

supposed involvement of the transpeptidation and glutaminase reactions-

rests primarily on the stimﬂatinn of these activities by maleate ‘(183).
Thompson and Meister (184) suggest that the binding of maleate to y-
glutamyl transpeptidase causes a conformational change in the enzyme . . -
which-prombtes the utilization of g]utamine'as substr‘ate. Although this
activator with maleate’ capabilities has been entertained (178). It has
been proposed (184) that the effect of mleate on the enzyme may be

related to structura] similarities between maleate and ém!noacy]g!xcme

8 acceptor substrates’, whlch also promote a cunfurmanon :hange in the

“énzyme. *Both of these‘activities have been shown to be responsive to pH

changes in a-"physiological-manner". At lower pH, the glutaminase

activity predont over ‘the tr reaction (34). An-increase
in the actwuty of y-¢ g!utamyitranspevtldase has been found in k‘ldneys J
from acidotic. rats' (6). y

&

o
Support for the ‘involvement of the ‘transferase activity comes from

the studies of Welbourne et al (126,.197)." Welbourné proposed that the

transferase acti wty of. this. enzyme contr(butes a significant fraction™

of the ammonia formed under normal agid~basg mndnmns

This .conclusion.
is based Targely on two' types-of ‘expériments;  First, analysis of gluta-:

mate and ammonia failed to account for all-of the glutamine nitrogen

utilized by ‘the kidney perfused with supra- physiolagical concentrations

of g\utam‘lnz (197). . The unana]yzed nitrogen was ‘assumed to be retained

»mthln the. kidney as glutamﬂpeptides, the presuried product of the




transferase reantion. Second NeTbuume shoied that acetazolamide”
substantially o amonia production by thé ntact’ functioning

kidney .and the perfused kidney ‘when administered

in vivo to the normal
rat (126). Acetazolamide is a competitive inhibitor of transferase
activity (126): Consequently, Welbourne concluded ‘that the. transferase
reaction is a major contributor to renal anmoniagenesis in_the normal
rat. . s o

On ‘the other hand, Ross and -Bullock (158) were able to compietely
account for nitrogen from glutamine. left in the. kidney after perfusion

with'high glutamind concentrations. Only eight percent of the glutamine

metabolized was in a.substance that liberated glutamate on-acid hydrol-

ysis and this was suggested to be 5-oxypyrolidine-2-carboxylate, a non-
enzymatic breakdown product of glutamine.. In addition, as Tannen
points out (175) ,{acetazohmmg may not be a se]ec:we inhibitor of the
“transferase reaction. Acetazo]nmde nas also been-shown to. mmmt
gluconeogenesis (181) and hence a decrease in amonia Fora may be
secondary, to this effect.
™
B. Glutaminase I Pathway . .
_The cytosol of renal cells also contains on ehzyme called wt

amidase (31). After tr Fion of “with an a-keto-acid to

form /a-ketoglutaramate and the corresponding a-amino ac(d, w-amidase is
ahle to release the am{de n(trogan of a-ketoglutaramate as ammonia (30)

The concerted action of

and w-amidase is, for
ms:orim reasons, generally referred to as the glutaminase II pathway.

If a-ketoglutarate is.the a-keto acid substrate, then the corresponding




v
t

. from the product of the transgmination reaction, phenylglanine.

. ‘ ; SO
aning acid formed would be glutamate, the net!result being theconver:

sion of glutanine to glutamate and amonia. ;
s . £ nee
.

atkg Glut X ’ Ny

‘ Glutamine < - a-ketoglu —> a-ketoglutarate

1t ‘has been denonstrated for the rat kidney enzyie that phenylpyruvate
is the preferred a-keto acid (31) and that the renal tissue concentration
of phenylpyruvate 15 well above the K 'of; the enzyme for this substrate
(31): ‘In urder to obtain net conversion of glutamine to g\utamate and
ammonia with phenylpyruvate as the a-keto .acid substrate, an additional
transanination reaction would have to be' involved, coupling the formation
of glutamate fron‘a-ketoglutarate with the regeneration of .phenylpyruvate
Tet 7 ek :

Pyr Phe Ny

Glutami U ! amate —Ja a-ketoglutarate”

Even though the activity of the glutaminase IT yathway is appar-

ently. m:reased in the rat, durmg metabolic’ ;c\doﬂs {s6, 81, 145, 176),
the enzymatic activity expressed in vitro under "physiological condi~
tions" is sufficient to contribute on1y a very small proportion of the

renal ammonia production (51). However, all of these studies employdd




pyruvic acid as the o-keto acid substrate for the qlutamine transaminase .

reaction. Nevertheless, relatively low activity of-the, glutaminase 11

pathway was found when pyruvate was replaced with phenylpyruvate and:

. this was only slightly. increased by acidosis (8\. 176). " Tracer studies

(177) using TSy anjno-1abelled glutamine indicate appréciable transami-
nation of the amino group of g'(utamme into amino acids other than

glutamate, and this has’ been jitérpreted ‘to suggest the involvement,of -
the ‘glutaninase 11 pathway i the renal metabolisn of glutamine. In ©

contrast,-studies utilizing kidney cortex, slices have shown that an

inhibitor of glu tr
significant effect on the produttion of amonia by these slices (147),
whereas an analogue of glutamine (6-diazo-5-ox0-Lenorleucine) ; which

does ot Anhibit the glutaninase 11 pathwey, marketﬂy reduces amonia

‘production (53). S

(C) " Glutamine Synthetase - . . g

Another enzyme Tocated n the cytosol of rat kidney {s glutamine -
synthetase. This enzyme catal yzes the formation of glutamine from
ammonia and glutamate, with the umﬁa;ion Gf ATP ds a source of energy.
Although this reaction is revérsible, its equilibnium constant: greatly -
favours synthesis (129). Therefore, a!thnugh‘gé]ut'amine s:ynthetase
cannot be d(ru:‘t\y involved. in the release of amonia -from glutamine;
its relative activity can potenﬁaﬂy influence’ net: amonia production.
It has been demonstrated that’ metabohc iCldosls. mduced in vwo,
diminishes the flux through this enzyme in the intact functioning kidney
(41), in the perfused kidney and in kidney tissue slices (66, 77). The

(amino=t does rot have any




decreased flux is not attributable to reduced enzyme amount since’the

"activity of glutamine synthetase, in yitro, is not affected (22, 75) or

only minimally d!minished (97, 145) by metabolic acidusis. Failure of
methionine .sulfoximine (an inhibitorof glutamine synthetase) to affect
the increase in ammonia. pmductian during acidosis in vivo (197) does
not ne:essari"ly I‘I.I“IE out -the involvement 9f_ glutamine synthetase in‘
determining net ammonia production, especially sincé a.decrease in

glutamine synthetase activity was postulited as the mechanism.

: - ; v
(D) . Phosphate-Dependent Glutaminase

Although the physio]og‘:a'l importance of the above mentioned, enzymes
in renal anmniagenesis cannot be dlscouuted the interpretat(on of
their.activities in terms of other functinns or as phenumena nbserved in

vitro hds also been: possiblé (178). However, no ﬁmchun. other than' -

\ . S
ammoniagenesis is-known for phosphate-dependent.glutaminase. This

enzyme is associated with mitochondria (40!‘ 76, 81) and since.it is'

activated' by ph is called i (PDG).
It is also referred to as "I to disti it froii- g1

I, 3
A'large body of evidence fiow exists which suggests that PDG is thé
fiajoi ‘enzyme respo’ns/ilﬂe for generat‘fng ammonia from glutamine, .in vivo

This evidence is primarily derived from measurements of ‘phosphate-

" dependent 'g'lutami‘nase activity in vitro. " Goldstein et al (51, 53) have

shown that the activity of PDG under cnnditior_\s designed to simuhte

those found-in vivo (with phys{n'lugmal cnncentranons of substrates and

Anhibitors) quantitatively relates to the rate of amonia ex:retmn, in’




vivo. Also, the activity nf PDG in rat kldney is increased hy acidosis
(125, 146). A the avaﬂable evidence is consistent with”the currently.”
favoured 'v_iew that PDG is the major enzyme responsible for the release
of ammonia from glutamine. - s 2

1.5 Metaho'llc Pathways fm' G]utamate Removal

The deamidation of dlutaniie by phosphate-dependent glutaminase
resn1t§ in the formation of g1utamate. The physiological properties of
. glutamate make the.fate of this amino scid of central {nportance to
renal ammoniagenesis. First; glutamate is a potent inhibitor of phos- -
phate-dependent glutaminase (54, 58, 148).. It appears ‘that the inhibi-
tion of g[utaminase by Q]ucamatg is associated with m;érsa]-nf dimer
formation (49). Therefore, for renal smoriiagenes s o proteed, gluta-
mate must be continuouﬂy removed from the svta of POG. , Second, whereas
glutamine is a nedtral amino: acid, g}utamate is acidic and will be
partially dissociated. at physln1og1ca1 B N & Wesi, deanidation of
glutamine effectively results in"the net formation of ammonium (MH4)
~and not its; basic form, amwnia (NH). ‘In order for amonia to become
available to buffer urinary acid, glutamate must be metabolized to a
neutral substance (176). Theoretically, glucose, CO, and fat are three

possible neutral compounds. The most Tikely neutral €nd products ‘are

! .
) Z(CSH‘UO:.*NZ) + ZNZQ 2305 i CGH]ZDG +.400, + 4NH3

glucose-and C0,: ;

. " m"s“z 7 500, + 2,0 +2NHy
Glucose is essentially undissociated ac physiological pH, c'oz can be

|
1,
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vespired off by the Tungs and fat is uncharged. “Third, the aming nitrac’

gen of glutamine also.contributes to urinary ammonia (138): - Conse- -

quently, the conversion of glutamate to a neutral compeund must provide

forthe release of amfonia. . {
The known enzymatic content of the rat kidney provides, for four

potential pathuays for the further metdbolism of glutamate.

M. ‘Glutamate Dehydrogenase Pathway . . 3
one netabglic option’ considered 1ikely 1s the intramitochondrial

conversion of glutamate to a-ketoglutarate via glutamate dehydrogenase

(GDH)." Subsequént conversion of a-ketoglutarate to a neutral compound

wiﬂ'permit the ﬁiirogen reledsed in this-reaction to be available as &

amonia. ' The Tikelihood of this possible route is augmented by the fact

that .GDH activity increases in the rat in response to nleta}:o'{ic acidosis

(132, 145, 165). Also, acidosis has,been shoim to increase’the Flux

through glutamate dehydrogenase in isolated mitochondria (161) and

tissie slices (141) fron rat kidney. ' . ‘
Conversion of a-ketoglutarate to either fat or glucose Vrequires

i that the carbon skeleton leave the mitochondria and that reducing equiv-

- ‘alents (NADPH dnd NADH for triglyceride synthesis and NADH for-gluconeo~

" gensis) be generated. in the cytosol. In'order to meet these requirements,

'it is generally accepted that both the carbon skeieton of a-ketoglutarate

and the mitochondrial reducing equivalents are transported’out of the .

mitochondria as malate (150). Oxidation of malate to oxaloacetate via

cytoplasmic: malate:déhydrogenase generates the required cytopiasmic

NADH. n of oxaloacetafe'to glucose or fat can then




proceed via phosphoenolpyruvate carboxykinase. The additional require-
ment: in fat synthesis for NADPH may, be met by the hexose monophosphate
shunt which has been shown to be ingreased by acidosis (201). Malic
enzyme may a]so play a role fn the gem:ratwn of cytosolic NADPH in. the.”
rat kidney (194‘ 196). - =5 4
a-Ketogl utarate can not he remo ed solely through the reactions of
the Krebs' cycle per-se. This 15 bacause a-ketoglitarate is a Krebs'
cycle internediate and although two carbon atoms are emoved. as 0, for
each turn of the cycle, two additional carbon atoms. are added as acetate
from acetyl-CoR. For complete oxidation of a-ketoglutarate, the carbon
skeleton must Teave the cycle and re-enter as acetyl-Cok. It fs gener-
ally accepted that ‘for conplete oxidatjon of a-ketoglutarate, the carbon
skeleton leaves the mitochondria as aspartate (150). . Interconversion
between uxﬂoéc_e:_ate and aspartate occurs freely in both mitochondria -
and cytosol via the.appropriaté transaminase. -Conversion of oxaloacetate
to'pyruvate via phosphoerialpyruvate carboxykinase does ot generate
NADH. “Pyruvate s free to enter the mitochondria and be converted to
acetyl-CoA via pyruvate -dehydrogenase for its eventual disslpation as

€0;.

-~

B. Glutamate Oxaloacetate Transaminase/Purine Nucleotide Cyclé Pathway

+The presence of gl oxaloacetate tr i (60T). provides
for another possible route for glutamate removal. Transanination of -
glutamate with oxaloacetate resylts in.the formation of a-ketoglutarate
and aspartate. Asp:artate, so formed, can leave the mitochondria by an
obligatory exchange for glutamate. Trans‘amhi’_ation of aspartate with -




‘thé existence of three otﬁér enzymes in the rat kidney, aspartate may '

gac e Sa g

a-ketoglutarate in the cytosol would have the same net result as'the
previously described pathway for the.transport of the a-ketoglutarate

carbon skeleton out of the mitochondria as aspartate, However, owing to

4150 be metabolized by the so-called purine nucleotide cycle ‘(PNC). The

. enzymes which catalyze the reactions of this cycle are adenylate deaminase,

adenylsuccinate syqthétase and adenylnsﬁcc(nase.’ This cyr.le_uses‘ catalytic
amounts of .indsine munophasphate adenonsuccinate and adenosine monophos-
phate as well as GTP 3s an energy source to cnnvertvaspartate tn apmonia
and funarate (104). Coup”ng of this patiway Wit the glutamate-hydroxyl
transporter will pemnt continued exit. of aspartate from the mitochondria.
It has also been demonstrated that reactions occur in the rat-kidney

which convert fumarate to malate (18): Subsequent conversion of malate

‘must be'to. eitfier glucose or fat via phosphoenolpyruvate carboxykinase

since cylop'la‘smic NADH will be generated by malate dehydrogenase.
“Support for the participation of this pathway in the, rerioval of
glutamate comes from the observed increases in adenylosu:cinate synthe~
tase and adenylasucc!nase during metabolic acidosis (18). The lack of
an effect of amino-oxyacetate (a potent transaminase inhibitor) on
ammonia production by slices (147) and isnhteid mitochondria (QZ)' has
beeri-interpreted to indicate that this metabolic pathway does .not play a

role in renal amoniagengsis (178). However, Schoolwerth et al (160) ~ ..

_have shown that in isolated rat kidney mitochondria, a decrease in

‘glutamate transamination to aspartate in -the presence of amiv}‘o—axyacetate

is accompanied by' a .concomitant incréase ‘in-glutamate deamination by

7 glutamate dehydrogenase.. Therefore,'a reduction ‘in the metabolism of

'

]
i
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glutamine due to inhibition of 2 tr emay, ..

not be notlced by measm‘lng ammonia formation, smce in the presence of

" glutamate.is decarboxylation to y-aminobutyric' atid (GABA). This so

amino-oxyacetaté more ammonia may be formed via glutamate dehydrogenase.

Furthermore, Schoolwerth ‘et al (161) have showh that g]utamate- utilization

~by rat kidney mitochondria occirs primarily by transaminahon Tnerefofe;’

it appears that the' potential physiological inportarcé of this uathway

in renal ammoniagefesis cannot be‘ignored. B N v

C. -Am'mobytrlc Acid Shunt

Another metabolit option; available to 1ntram1techondr1a11_y-pmduced

called GABA shunt is catalyzed by the mitochondrial enzyme, gluiamate

decarboxylase and has been shown to be active in rat kidney (134).

* Transamination of GABA With co-substrate a-ketoglutarate results in:the

‘fnnnatiun of g1utamate and succ\'n(c-semialdehyde. The carbon skeleton
can’ then enter thé Krebs. cycle as succinate via the enzyme succinic
semn]dehyd)e dehydrogenase. Yhus. when a- ketng'l utarate is Ee-suhstrate

in the transamination réaction glutamate.is regenerated and. the net

result of this pathway-is the conversion of a-Ketoglutarate to succinate:

It has been shown in sonicates of rat renal mitochondria that GABA
transamination also oq:urs_‘ with pyruvate and does so at a rate at least
two-thirds of the- rate with a-ketoglutarate (61): With pjruvate as.co-"
"suhstratg. the net result of: the GABA shunt will be conversion of élutaf v
mate to alanine. -In some species, a quantitatively signiiicant amount

of a'lanine is' released by the kidney (123, 136, 166). Iﬁ the rat,

serine has ‘consistently been shnwn to be added to the renal vein (2,




alamne ar serme. ar utrhzed to form anmama by a’ route ther than

135, 173, 204). 1f-hydroxypyrivate was used Aseco-substratetin the cm' o
transamination reaction. seririe would. be formed; hence thls cou’ld be- the-
possible origin of thg serme released by. the kldney. -

It has® a1so been shnwn that rat kxdney slices are capabh of funn'lng
ammonia from GABA (189) . Regeneratlon of glutamate by-transamination of
GABR wi th u-ketog]utaratz and subsequent deaminanon of: g1 umme by
g]ucamate dehydrogenase has been.ruled out as the mechamsm (189).

.Therefore, potentially at least, glutanate can-be. removed by the GABA

i shunt and cunverted to either ‘succinate or tn another” aninio ac]d such as

oxidative deamination via gl utamate clehydruganaseY G'Iucuse does- not

appear to be a passxb1e end product of this | -pathway s1nce it is not

-~formed in slices incubated with GABA. The:role of this path»_tahin’

ammoniagenesis. is uncertain, es’pecia“y since neither gl\;tamate decar-+*

boxylase “activity rior ammonia formation from GABA are increased in

" metabolic gcidosis (95, 189). However, studies with kidney cortex 42

, slices-have shown that semicarbazide  (an inhibitor of glutamate decar-

boxylase) prevents the ‘full expression of chronically acidotic rates of
amioniagenesis (61). Consequently the GABA shunt may ‘be requlred for -
“maximal ammoniagenesis. » A

D. Glutamate Exit § Tk

A final option for glutamine-derived glutamate isA‘direct transport '

into the cytosol.” Studias perfored with rat 1iver and hieart mitochon-

. dria have demonstrated the.existence of a bidirectionﬂ‘_g1ytamate;

hydroxyl carrier ¢8, 96, 113)." Thit such a transporter existé in rat
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kidney mitochondria is apparent since mitochondria isolated. from-rat

*kidney can form amionia (161) from glutamate and this requires: partici-

pation of .the glutanate-hydroxy] ‘transporter.

Futile cycling. of g'lutamate to glutamne probab]y daes not_occur

since glutl e synthetase is.not present in the same calls in which the’

adaptive changes in PDG occur (22). Transport of glutamate back. into

the.mitochondria via the spartate. carfrier would-serve the

supp!y of for aspar

’e‘xn:. Glutamate transported into the cytosol cotld also'be transammated

“to aspartate by. cytoplasmic glutamate-oxaldacetate tr i How=

ever, the net result vould be-the same as the transport of aspartate

into thE cytosol aﬂ.er transamination from g'lutamate |ntram!tochondr1a] y.

2 Consequentiy; al though transport of -glutamate ‘into the ‘cytosa) may

" occur, it does not représent a distinct metabu]\c alternative for. the

a A

M though it appears certain that bnth stphate-dependent gluta-
m(nase and glutamate dehydrogenase play cnhca] roles in renal u'umma-
gepesis; the metabolic: fate of glutamine cm.m remains less certain.. -/

The “ability of tha kldne?’ to pruduce g1 ucuse from glntam!rJe has, been re-

’ peated'ly confirmed in tissue Slices (60, 77, aa) and. perfused kidney (120, ~

£ 153).. A adaptive increase in“this g'luconeogzmc capacity measured in

vitrol in‘response to acidosis induced

in vive, has also been clear'ly

"demoristrated (3, 27. 66)... Measurengnt of ‘glucose. enzymatically in the
’re\nal‘ artery and vein fail ta‘de@ecf glucose release in normal animals
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: 26, 156) .and ‘detéct anIy @ very smaﬂ . a'lthough s(gniﬂcant,,outpu; in
e ac\doﬂc animals (175). However, this s not surprising since substantm +

g]ucose could be released: by the kidney, but beca'\isew of rapid blood ﬂow

Woild escape detection by -the analytical method used. ' In addition, R
; glucose A=V differences are x'nfficun. to interére: ‘because the medulla .. . | .

s a potentially important user of glucose (110). Thérefore, an increase -

“-in glucose autput by the k\dney ma_y also be

nterpreted-as a decrease in’ |

gl uEgse utilization by the meduHa., Application of an isotupe—di]ution

hod for the measuremerit:of glucose release has. shown ‘addition of

" ’ 91ur505e to thé blood by the kidneys of hepatectomized'rats and also.that -

this glucose release ‘w'as‘increased‘by acidosis (78). - ¢ i L, ' T 4
Totdl 00, produ‘ction by the kidney is not affected by acid-base | :

'status (128, 131). " This indicates th;t total oxidative metabolisn : ‘)

remains the same.and hence, the energy requirenent of the ihdney- does :

not change in ac(dns\s. Therefore, in order for. acidosis to mcrease : o

Y athe net Femoval of litahate to €0y ‘oxidation of sone other fuel must

be reduced.
e The Kidney- is a1s6 capible of stortng-faTF amgunts of neutral
1ipids (12‘8). Thatfat may also’rep}esent a possible metabolic fate of
the’ g\utam'ne carbon has atso received consideration. Dies and’ Lotspeich
(43), have demonstrated that renal NADPH generation is markedly increased

‘ ! through the hexose monophosphate shunt durm\z metabolic acidosis. As: 3

NADPH production is required for. fatty dcid synthesis, this may be

Cifterpreted as that fat ‘¥s also increased if acidosis.

] . ,Experimental attempts to determln% the metabolic fate of glutamine . * 3

]
!
i

‘have ;involved -thé Use of tissue slices, tubiles and perfused: and intact .
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acidotic rats, -glucose formation accounted for approximately 50 percent ° \

_without changing the percent of product formed. These r'esults “suggest

kidneys. Conclusions from these studies vary. With the perfused kidney, i
!

Hems found that bdut 15 percent of the glutamine extracted by the

" normal. kidney was converted to glucose (66). With kidneys taken from

of ‘the glutamine extracted. Since the extra glucose formed was equiva-

Tent to the ‘extra glutamine extracted, Hems concluded that glucose'is

the. major metabolic fate of the extra glutamine utilized during acidosis.
Kamh and Strope used kidney cortex.slices (7). Results of their
experiments using U-'%C-glutamine indicate that about 15 percent of the

glutamine utilized by siices taken from normal rats was converted to . .

" glucose (whether determined by measurement of product o' label).

remainder of the glutamine l:a.rbnn could be completely accounted for by
the. formation. of other products. Acidosis increased giutamine uptake ) J

and’ conversion to glucose, C0,, pyrivate, lactate,: glytanate.and 11pid !

that’ the removal of the extra glutamne utined durmg acidosis does

" not occur by ‘a ‘single pathway, but by mcreased conversion to all end” 3

products. In studies using L- 0-%) glutanie, Baverel and Lund (9) - Do
also conclude that both €0, production and glucose formation are major
metabol ic fates:of ‘glutamine utilized by rat kidney cortex tubules,

Attémpts to determine the metabolic fate of glutamine, in vivo, were'

!
done in the dng by P1tts et a! (139) by infusing tracer amnunts of U

Vi glutamine.” Tt was concluded that both glucose fornation and C0,,
production were increased: by acidosis, but that coz production repre—
sents the major metabolic fate of glutaxnine in the dag. &

3

i

H

4

Conclusions as to. the metabolic fate of glutamine, in Vivo, based - i
; % v o S e

i

i

i
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.4 on experiments of the type described above are inherently shaky for two
reasons. First, it 'is-true that whén glutamine is the’sole ‘carbon

source, the products formed are the metabolic fates of glutamine.

" However, ‘glutamine 15 not the only substrate-available.to the Kidney, in
vivo: | Tt.has been shown thit ‘glutamine metabolism is dramatically :
altered-in the presence dfbther substrates such as Ketone: bodies (99), ce
fatty acids (192) and hactate (38, 157)., Second, since. the oxidation of
other substrates occurs at the:sane.tine and in the same conpartnent as P

. the degradatfon of glutamine, then the degradamon products of glutamine \

wﬂ/\ miX with those arising.in the Krgbs gyc]e from other substrates. !

< Therefore, in experiments with labelled gl‘utan{ine, the labelled molecules

, arising fron glutariine Wil be diluted by unlabelled molecules arising
from other substrates. This means that the-yield of labelled product .
will not accurately represent_the net 1 ux of glutamine to that product. S

v " vinay et al (195) have taken. \nto account the effect of jsotope y -+
dilution on the formation of labelied glucose and 0y by rat Kidney I

. cortex tuhu]es The .extent of - isotope dilution was estlmated from the’

relative fluxes, through the Krebs' cycle and. gluconeogenesis; which were

in turn, calculated fron} the oxygen consumed and the amounts of g?ucose g

. i and c0, formed. . The results of thede experinents indicate that in the

i i Traence:ofioleste; giutaninescatbon isteanveriad dindst entineiy ko
glucose. ' However, this approach still suffers the obvious criticism
that isolated renal tubules are comprised of a, nufiber of different “cell 7 Ly
typés and “tFerefore the oxygen- consumed by the whole.‘tubule may not
reflect what is I‘\appeniy\g inside the cells which metabol 1.ze glutamine.

" Hence, the overall ‘applicability of such experiments to-the situation in




) vivo remains teruous. The metabolic fate of glutamine still refairs an
¢ open questjon, but it {§ probaMy;S‘eé‘sonah]e to speculate that its *

metabolic fate varies according tofthe energy requirerient of the kidney. i
ok P

PARTIII. "Present Concepts Concerning the Regulation of Renal Glutamine . .
: Metabol ism

"A’nthough it is true that the elev:lz\‘on of plasma glutamine concen- EE i
tration by infusion of. glutariine increases renal ammoniagenesis (24), - ¥
other evidence mdvcates that/the renal metabahsm of glutamine is not -

- T W T e romend. chropic
£ v " “acidosis. The evidence for this ‘is that large increases in glutamine
: - extraction and ammonia-excretion occur by the kidney during qh\t‘u_m‘c‘

acidosis, despite constant or decreased plasma glutamine levels (71, " .

I
125). Transport of glutamine into the kidney s also thought hot to be J

of regulatory significance. Since |n acidosis more glutamme is utmzed
" by the kidney than is filtered:apd reabsorbed,. then Ylatanine extraction. ™
occurs at both luminal and antiluminal sites (127). Transport of gluta-

mine across the luninal surface can be ruled out,as reqilatory since

essentially the same quantitles are filtered and reabsorbed Tn acldos\s
and alkalosis, yet far greater quantltles i¥6 ueiTizad dncactiosls o
-(127). The possibility that cellular_glutamine levels might be of
" regulatory importance s suggested by studies with isolated mitochondria.
N\ The results of Tamnen and Kunin (177) show that rates. of mitachondrial
: ammoniagenesis are very respnns've ‘to changes in glutamine codcentration i

i H'" - in the'physiological range, being stimulated by elevated gl

. o levels. However, it is well established that cellular glutamine Tevels
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are decreased rather than increased during chronic ‘metaanc acidosis
(1,33, 52, 83, 84, 85, 114). . o

In view of what has been.said, it seems 1ikely that renal ammonia-
gengsis‘ is requlated at an intracellular step in the metabolism of
glutamine. ' The complexity-of renal glutamine metabolism provides for

numerous potential regulatory steps. . The more likely steps are; of

" ‘course, those which execute irreversible reactions. According to our

present understanding of glitamine metabolism, such events occur in both

the mitochondria and cytosol.

" 5 ) )
1.7 “Mitochondrial Events of Requlatory Potential

A:_Glutamine Transporter

*‘The first step in the intracellular metabolism of glutamine is its
entry into mitochondria. This. transport mechanism is‘not an active
process since it takes place down a glutamine concentration gradient
between cytosol and matrix.  Hence, the entry of glutamine may be
efther by passive diffusion or facilitated diffusion. -Although it has
Inot ‘been definitively proved, most evidence suggests a sﬁecific carrier-
mediated. transport systen.” The evidence for this résts on certain
characteristics of glutamine transport which imply carrier mediation,
ramely, saturability (170) and susceptibility to-inhibition (1, 52).
Mm;ever, as emphasized by Tannen, these properties can also be accounted
for by alternative explanations (178). \

The suggestion that renal ammniagenesis is regulated by mitochondrial

glutanine transport derives largely, from the apparent adaptation of the

trhnsport process in metabolic acidosis. An adaptive increase in gluta-




-mine transport is inferred ‘from observed - increases in the' steady-state

concentration of matrix label after incubation of rat"(1, 52) and dog
(K0) kidney mitochondria with MC-giutamire. The ac:dmumion of
matmx ”C is mainly in the -form of MC g]utamate since metaboHc mh\»
b|t0rs (rutev\one, arsenite) were added to the medium to prevent conver=:
sion of\gl_utamate to other products. The inference that an ‘increase in

the steady-state concentration of glutamate reflects an increase in

" glutamine transport assumes no alteration in the raté and affinity of

the g’lutamate exit system, Accumu\atian of “l: g]utamate could also be

caused by either a décreased exit of g1utamate from. mitochondria or a

'decreased affinity of the exit mechanism.” Adam and Simpson-have already

shiowii LHat g uptake of 1c-glutamate is quité depressed #n i tochiondria
isolated from rats given an acid load (1) and hence the activity of the

glutamate transport system may be ‘lowered.

Goldstein and Boylan (57) were able to measure the initial rates”of

accumiTation of.label by mitochandria. incubated with 4c_glutamine. ' The
observed mcrease in m\t\aT rates of accumulation m response to meta-
bolic acidosis indicates an adaptw: increase in the uptake of glutamine
into m1tﬂchnndﬂa. However, it was not possxhle to dEterm\ne whether
the increase in glutamine .uptake is due to activation of g]utamne
transport or activiation of pho ‘hate -dependent g]utaminase T ne1p'
distinguish between these two possibilities other experimental apprnaches
have been employed. Kidney mitochondria from both aclddtlc dogs (170) -
and acutely aci&oﬂc rats (1) do not. exhibit‘inc}eased PDG ac;:iv1t_y. yet
anmoniagenesis and MC accumulation: 1n'the matrix were ‘both accelerated -
0, 170)‘. However ;. the value of thiese observationsjs only to contribute




]

» circumstantial evidence since PDG activity ‘could be altefed by changes
in the intramitochondrial enviroriment. In contrast, Goldstein (52) did -
not find lan increase in the steady-state accuiiulation of '*C-glutamate

by rat kidney cortéx mitachondria fncubated with '*C-glutamine after two

days of acid challenge, even though ammonia excreLon, invivo, was

significantly increased. :
Another experimental appmach taken by- Goldstein (52) involves the
7.7~ use of:6-diazo-5-oxo-L-leucie (DON)4 an'analogué.of glutamine. This
analogue ‘is apparently transported by the system that transports gluta-
mine across the inner mitochondrial membrane but i not hydrolyzed by
rat renal glutaminase (51). A 1.5-2.0 fold incréase in the steady-state
accumilation of this analogue occurred despite the fact that such accumu-
Tations cannot be due to either increased glutaminase activity ‘or to an
involvenent of the glutamite’ transporter.. Howéver, Goldstein did not
neasure the initial rate. of entry and hence an increased steady-state
accuulation of DON does not fecessarily imply an increased rate of
! ‘entry/ 1t is possible that alterations in the ‘rate and affinity of DON
efflux may be responsible. 5 § 2 “
- The .irability to-demonstrate matrix accumlation of MC-glutamine
by rat or dog Kidnéy, mitochordria, incubated with as'much as 10 m gluta-
mine has been taken to suggest that’transport of g1u£am1ne u;’ross the

~inner mitochondrial membrane is slower than ifs subsequent deamidation

&

inside the matrix (1, 170). Even in experiments using inhibitors of

glutamine deamidation (Tow temperaturé, p-chloromércuribenzoate, mersalyl)

‘glutamine was stil1 fot detectable (1, 170). Hawever) three considerations -

must be kept in‘mind when interpreting these results.. 'First, it is

RN SN 1 P
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;mssib]é that the transport process and deam'idatiqn'are closely ﬁnk'ed
so that only. glutanate is réleased into the matrix space. Second, the "
inhibitors used to reduce deamidation may also affect ‘glutamine transp\{rt.

, Third, it.has been.shown that the brush border enzyme, y-glutamyltrans-
peptidase, contaminates mitochondria prepared by differential centri-

" Figation and-that:Ehis-anzme.sis espable.of, hydroTyzing glutsmas in
vitro (40, 90). Consequently, from these considerations aloné, it would
be unwise to attach too: much ‘physw’u]og\'nal significance to the ‘ahove
observatians: Furthermore; Curthoys and Shapiro (38) can derionstrate

the in vitro accumulation:of glutamine by rat kidney mitochondria

purified of y-glutanyltranspeptidase. -However, y-glutamyltranspeptidase
contamination is not a factor in the interpretation of results obtained
with dog mitochondria since this enzyie is not present or only minimally

50 in dog_kidney (38). ; f
It -has also been suggested that ‘the activity of the mitochundr‘ial
‘glutamine transporter }v\ay be modulated by changes in the' cytoplasmic
content of a-ketoglutarate (50, 57). This suggestion is based upon the
.ﬁ'ndings by Goldstein (57) and Goldstein and Boylan (50) that physiological
_concentrations of a-ketoglutarate inhibit glutamine deamidation and the
accumulation of glutamine carbon in i‘sﬂ1ated rat kidney mitochondria. -
Since g1utaminase‘aoés not appear to be inhibited at the Concentrations
of a-ketoglutarate used (54), it was concluded that a-ketoglutarate
affected mit?cﬁnnarm ‘glutamine metabolism by agtfng on the glutamine .
- transporter. - Furthermore, .mitochondrial- glutamine carbon uptake and
‘deanidation increased when a-ketoglutarate concéntrations were. decreased

to the same extent that vkidney u-ketoglutara@e levels fall .in metaboljic

e

S
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acidosis (57). Hence, even if the capacity of the mitochondrial gluta-
) ! ? e

mine transporter {s not rate-_]iiv\iting, in itself, this transpnrt‘system

may still be the focal point at which renai ammoniagenesis is regu1éted.

'
B

Phosphate-Dependent ‘Glutaminase

The se:und angatory step in the metabolism- uf glutamine is de-
amidatinn by phosphate-dependent glntaminase (PDG). ATthough 'PDG appears

’ tohave an important adaptive role in the'rat kidney in response‘tq
ac1dnsis “the original postulate by P1tts (134) .that the amount of this
enzyme is regulatory for rena! anmumagenes\s is not reconcﬂahle with
all experimental pl]enomena. Discrepancies between changes in renal
ammoniagenesis and changes in glutaminase activit‘y are found in the
early,stages of acidosis and in experiments using’ Tnhibitors of protein

" synthesis. Studies employing kidney homogenates failed to detect an
increase i?x} PDG_acHViLy at times‘ Tess than 24h of acid challenge *
despite increases in ammonia excretion (5, 101, 146). Hovever, as
deronstrated by Curthoys and Lowry (37), a twenty fold increase within
the proximal convoluted tubules only appears as a 2-4 fold increase in
kidney horiogenates.: Hence, it is certainly possible that changes in PDG
act’ivitydo occur: at times earlier than 24h after the star’t of acidosis,
but are not detectable in Kidriey homggenates.

Actinomycin D-inhibited the adaptive rise in PDG activity, but
failed to inhlbié the increase in ammonia excretion after 24h of acid
challenge (55). However, dctinomycin D is-very toxic and cannot be
ldlrninister;ed at the dose used for periods Tonger than 24h. _Consequent- '

1y, cnnc[uéions drawn from this study can be applied only to the first

i



day of acidosfs. Etﬂion‘h\e,'anhther inhibitor. of protein synthes{g,

failed to inhibit the adaptive rise in‘anmonia excretion an). However,

ethionine has been shown to be only paruaﬂy effective in producing

complete inhibition uf POG induction in the rat (121). Administration

of actinomycin D at less toxic doses to infant (13) and subtotalnephrec=
tomized rats (12) inhibited increases in both POG.activity and armoniun
excretion,. suggesting that the amount of PG may be rate-Timiting in

these circumstances. Furthernofe, during recovery from metabolic acidosis,

PDG activity remains elevated whereas amoniia. excretion réturns to

; normal (125). This clearly demonstrates that at least during recovery, -

the amount of PDG is not the rate-hminng factor for renal amioniageriesis:
In addition to these findings in the rat, the induction of PDG in the

dog is clearly not. required for adaptation to acidosis since an increase

in PDG activity is not an adaptive responsé in the dog (140, 145, 190)
- Mhen taken together, the above results strongly suggést that the

anount of PDG in ‘the normil adult rat of dog is not regulatory.for renal

ammonia production. -However, since PDG activity is modified by a variety

of substances (glutanate and phosphate included) in vitro (35, 58), this

enzyme may well be the regulatory locus at.which changes in n‘itochondriﬂ
composition regulate ammoniagenesis.

In accord with this_ concept”is the
observation by Curthoys and Shapiro that the addition of phosphate to

i
isolated ia lowers matirix

d and increases,
)

glutamate ‘formation (38), suggesting activatjon of ‘PDG activity. Since

‘mitochondrial ammoniagenesis is also stimu]épeq by'phosphate (38), it

i .
follows that PDG activity was rate-limiting under these conditions and
was ‘the Tocus at which phosphate acted.

Addition of a specific inhibitor
\ i
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of PDG to isolated-mitochondria prevented the increased uptake of g1uta»
mine in a:\dus|s (39, 167) Further attestmg "to,the inportance of

changes in PDG activity in acidosis.

C. Glutamate nehydmg'énase .

Another limportant enzyme in'renal-glutamine metabolism is glutamate
dehydrogenase (GDH). Tnereased ‘Flux through:glutanate. dehydrogenase in
response to acidosis has been demonstrated in tissue slices (141_) and
isolated mitochondria (161). Comparison of *the mass action ratio of =
this reaction in the kidney with§ts equilibrium constant hes led to the
conclusion that the GDH reaction functions near-equilibrium, in vivo (67,
86). .If GDH catalyzes an equilibrium reaction, then changes in the .

amount of this enzyme.cannot be of regulatory importance. ‘In accord

“with this, GDH does not increase in the dog during acidosis (140, 145).

However, if this reaction is at equilibrium, then alterations in the

removal .of €ach of its end-products, WY, W Hys NADH and a-ketoglutarate,
will affect the flux thruugh thls enzyme. ' R

. On the other hand, studies with isolated mitochondria do not support
the conclusion that the glutamate dehydrogenase reaction is at equilibrium.
Schoolwerth e_t_ﬂ' (’lﬁl) find-that the mass -action’ ratio of products to
reactants present in mitochondrial incubations is too far removed from

Koq to assure an equilibriun condition. * However, in both estimations
(in vivo and in vitro) the NAD to NADH ratio was calculated using reactants

of -the 8-hydroxybutyrate dehydrogenase reaction. - This assumes that g-

- hydroxybutyrate-dehydrogenase is also Tocated. in:the mitochondria which

undergo an-adaptive increase i amoniagenesis during acidosis. However,
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this has not been demonstrated andbecause of great heterageneity in
the kidney, may be a hazardous assumption. Full appreciation of the
vole of GO in: yenal anmoniagenesis will depend upon resolving this
quandary.

5. Gther Mitochindrial Pararieters _
Other mitochondria] ‘parametgrs have also_been regarded as poten<
tially regulatory.  These include a-ketoglutarate dehydrogenase (57,
93, 190), sucEinate dehydrogenase (93)/and pyruvate dehydrogenase” (149).
The'possibilities of their regulatory involvement are based, for the
most. part,, on theoretich] considdeations and on mitochondrial responses

to acid-base manipulations; ‘in vitrd. The mitochondrial malate trans-

porter has also received consideration. Efflux of malate from the-

mitochondria s enhanced by a decrease in medium pH (81, 117). Elevated

concentrations of extra-mitochondrial phosphate also stimulates the exit -

of maTaté via-the malate/phosphate antiporter (205). That malate. thans-
port may play a regulatory role, in ¥ivo, derives from the'cbservation

that infusion of neutral sodium Rhosphate elicits a large increase in

+ amponia excretion by the acidotic rabbit (205). However, this has been

shown only in the rabbit where the act1v1ty of. the malate/phosphate

antiporter is very Tow. * #

1

1.8 Cytop'la:smi: Events of Regulatory Potential

A. Phosphoenolpyruvate Carboxykinase
Since the irreversible canv‘ersiar.\v,uf oxaloacetate to.phosphoenol -

pyruvate is thought to be fnvolyed 'in thel removal of 'the glutamine




increased -Flux through this s€ép. © B

Jwith ‘this hypo

carbon, skeleton irrespective of its metabolic-fate, then phdspivoenn!-

pyrivate carboxykinase' (PEPCK) is a potential cytoplasmic regulatory '~

paraneter. 'The demonstration. in the rat n‘y Alleyne (4) that malate

ases and Tpyruvage increas S during metabol fc acidosis
was the hrst indication that PEPCK may be of regu]atnry importance. in
renal ammoniagénesis. An increase in PEPCK activity was subsequenﬂy

shown to nccur in ac]dosls (5), thereby pruvmmg an explanation for the

In order to. a:thbute a regulatory role tﬂ PEPCK it was postuhted

‘(60) that changes in the actW\ty of this enzyme exerted a "pull" on

matr|x_g1 utamate across the inner m}tochpndnal ‘membrang .and through an
the intervening reactions., According o this t}ypqthes'is, the Tevel of
glutamate inside. the mitochéndria is regulated by this "pull® which i
turn controls }he activity of PDG by product inhibition. Consistent
zhesls is that an increase in PEPCK can be detected as
early as_4-6h after the onset of ‘acidosis @), suggesting that it s an
(mportant primary event during adaptatinn Hovever, increases in ammonia ' Coil
formation can'be detected within 30 minutes (44). This may indicate .
that PEPCK 1'; not_important guripfa;ute atidosis or 1t cou also mean

that the ability to detect small changes in PEPCK is limited in this -_ S

heterogeneous organ,; Certainly, increased synthesis .of PEPEK is evident
w & n % % 4

at'2h (73).

s B %
Most .of the objections to this hypothesis are based upon apparent

dissociations hetggen ammonia- formation-and relevant features of th‘15
54 L g ¥

hypothesis. 'The.repeated lack of correlations between glucose and

ammonia: runna:’i}i‘ in a variety of situations (10,25, 27, 72, B0} 142,

et g

i




Rudly

147, 151) is nué.'m\evant to tha/present \‘/ersion of “thi ‘_hypothe,‘sviAs‘_
since it is recognizeq that PEPCK is also involved in the conversion of
glutamine carbon to metabolic fates other than ‘glucose.  Criticisis
based upon the observed tissue ‘glutamate Teyels are also of dubious

value. One such criticism is that.the drop in renal cortical glutamate

“is fot of surﬁuenc magnitide’ to 'accnum: for the adaptive increase in

urine annmma,excretion (54) and that increases in ammonia excretian
during prolnnged acid cha11enge occur without correspondmg decreases in
glutamate cnncentratiun (58).. , Furthermore, administration of an acid

Toad: to rats 'm an amaunt |nadequate to decrease cortical g]utamafe

increased the caj hc1ty of cnrtex to produce ammonia from glutamine (124).

However, it may be that the 1eve'| of glutanate at the site of PG in the

%
mitocﬁundru is nut reflected in total glutamate concentrations and that

" changés may occur. fn matrix glutamate without being detected in total:

tissue content. i

A'more serious objection.to. this hypothesis is based upon theoreti-
cal: :onsideratioris In Drder for PEPCK to exert a "pull™ on g’l utamate,
it is necessary that all the intervening reactions be pu'lsed quite close,

to equilibrium,. wmch has never been demonstrated and appears most

unlikely. It is certainly true that this. theoretical objection can not

‘be ignored; ‘owever, it is still possible that PEPCK may play a regu]a-
tory role by a mechanism yet unknom‘
That PEPCK is involved in the rendl metabolism of glutanine is ind:

cated by studies using’ mercaptamcu“mc ac!d, a pntenh.lnmbitor uf

PEPCK.In both tissue slices (11) and perfused k'ldney (53) mercapto- >

‘icolinic acid had an inhlblr.ory effect on qmumagenesws from. glutamine;.

i
,




presumably ds a result of inhibition at the level of PEPCK. However, it

appears that PEPCK may not be. absolutely essenéia] for rena}. amuniggenesis

_in either the rat or dog. - It was shown by Vinay et al (191) that Fenal

ammonia production can' proceed through "non-PEPCK-dependent" ﬁathway(;)

“" in vivo when PEPCK is. inhibited by mercaptopicolinic acid.

B. Other Cytoplasmic Parameters .  ° ) i
The purine nucleotide cycle énzms, adenylosuccinate syt'\thetase‘

and adenylosuccinase and the-hexose monophosphate shunt dehydrogenases:

are other enzymés. in the cytosol which also increase during adaptation

to metabolic acidosis (18, 43). However, the’ relevance of' these adaptive

: changé§ to' renal ammoniagenesis is-still obsure. The possnnhty of a

regulatory function-in a specialized situation cannot be discounted;
however, it is more _]'ike]y that, these enzymes participate in'non-regu;
'Iatnr; functions essential  to the overall adaptivé process.’._ Elucidation
of the w"o]s of these enzymes will have to await further‘i;westigatiun. {
A i o »
PART l\i Purpose anda‘Aﬁpr}ach of this Study 5 '
. Despite the widespread interest in the control of renal ammonia-
genesié over ‘the past thirt; _year-s, abundant enthusiasm has not yet béen
matched by 'corresponding prog‘ress in understanding the specific control

mchan1sm§‘ involved. In this‘r;gard a remrk made by. Pitts in 1973 that

"o presently proposed theory af contral of ammonia production is inté&l-

'Ier.tuaﬂy sathfylng" (129) still holds true:today.




onset. '

'I 9 Yheoretica] Aspects G ) o
Essentially a‘H of the apprnaches taken to study the control of
renal anummagenes(s involve the study of events which occur during
adaptation toacidosis. Correlative changes betweén ammonia formation
and various renajgparameters are used as av";dencet for hypotheses and
dissociations are used as evidence against hypotheses. However, cun;
clusions based on correlative and dissociative findings must' be inter-
preted cautiously. Correlative rela\mnsh\ps are not: proof of causal
relationships; such resu]ts are only suggestive The lack of a corre-
Tation, on the uther hand, may be taken as evidence of non-causality.

However, most of the dxssoclahons taken as evidence against one or

another hypothesis occurred in sltuatmns where inhibitors were. employed

or where methods of detecting change are sub;ect to question:

"Inthis thesis, "physiologically- ~relevant” mdels in addition to
the onset of acidosis were studied namely regovery and rechallenge‘
The initial thinking for this appr?ach had its origin in the studies of'
Dies 'and‘Lotspeich (43). These investigators observed that 'a!‘n’mnia‘
ekcretidn abruptly fel} to normal values within 24 after cessatton of -

an acid challenge. TMs ubservat\on was later confirmed by Parry and

Bmsnan (125). !t was also“reported by Dies_and Lotspeich (43) that 2
resumption of the acid load resu]ted ina ramd réturn of ammonia excrenun
to acidotic levels, w\thuut the lag period observed durmg the initial
Since changes 1n ammonia excretion occur rapidly in thesé experiment-
a1 situations, then it was thought that these situations would be usefifi :
to establish dissociations and correlative relationships. "It ‘was antici-




i fve of causal remwnsms. :

_ pated that changes. in amrionia excretion would be accompanied by corres-

ponding changes in regn]atur_y parametert but not nécessarily in non-
regu'latory parameters. The estabHshnvent of ‘dissociatians would 1ndicate y

nnn—causa”ty and the persvstence of correlations 'would be mgh]y suggest-

0 -Practical: Asgent y 2
‘In general, the practica’( approach taken was the utilization: uf a

% var\ety of techmques to examme "the metabuhc responses m rena] gluh—

mine metabolism.to a number of experimentally-induced acid-base conditions.
The mam emphasis was the appHcatmn of established techmques to new
experimental sutuat;'ions. The value of this approach is that it is
relatively simpie, yet potentially fruitful, siv,ce recovery and rechal-
Jenge have not previously been subjected to detailed investigation. The
techniques used were ‘chdsen'in order to study glutamine me\:abohsm at
dlfferentﬁevﬂs of argan\zatwn, from the intact functmnmg kidney,
“through tissue and.organelle funct1on, tu the evel of the-enzyme. - ¢

Techniques used for studies, in-vivo, include clearancé techniques and

- freeze-clamping an‘d studies, in vitro, involve tissue slice and mitochon-
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¢ e CHAPTER 2 -
ST MATERIALS AND METHODS

2.1 Materials

‘A Animals

Male Sprague-Dawley rats; weighing-250 to 500°g, were used in all

-experiments. - These.rats were obtained from Canadian Breeding Farms and
Laboratories Ltd., St. Constant, La Prairie, Quebec, They were fed a — -,

'cwﬁercia] yF’uril\a Rat Chow (Ralston Purina of Canata Ltd., Don Mills,
o, il ek &

Ontario) which consisted of a mininum of 22.0% protein, a minimum of

© 4.0% fat and a maximum of 5% fibre. The ¥emainder of the.rat' chow was

mainly carbohydrate plus vitamin and mineral supplements.

B. "Substrites and Enzymes .

/
A1l substrates and, enzymes were purchased from Sigma.Chemical Com-

pany, St. Louis, Missouri.
C. " Cofactors and Nucleotides 3
NAD, NADH, ADP, ATP'and ITP ylére obtained, as sodium salts, from

Sigra Chemical Company, St. Louis, Missouri.

-

... Radioisotopes E ol

[%3-nutin was obtained from New Efgland Hucteary Lachine, Gisbec
v
and ['%C]-acetyl-Con purchased fron P-L-Blachenicals Inc., Milwaukee, .
# : 5 ¥ : &

U.S.A.




©E. Antibody - L i ) e
AntWy to-phosphoenolpyruvate cafboxyi:’{nase was a kind gift of

Dr. F. John Ballard. It was prepared in goat against purified rat 1‘iver

cytosolic. PEPCK. and has been treated with fetal liver cytosol’ to reduce

non-specific precipitin lines. ‘The antibody preparation was freeze-

dried and stored at -20°C until ‘used. The amount of antibody for each

experimefit was weighe}i and reconstituted in 0.15 N NaCl_ cbqtaininq 5 mM_

Hepes buffer. A unit of antibody'is defingd as:the amount needed to

titrate one unit of enzyme. o o
F. Anaesthesia )

"Somnotol" (Sodium pentobarbital 65 mg/ml) was purchased from

M.T.C. Pharmaceuticals, Hamilton. éther was obtained from Mallinckrodt,
Inc.; St. Louis, Missouri. +

G. -Other Biochemicals = | - .

Heparin {1000 units/m1) was obtained from M.T.C. Pharmacéuticals,

Hamilton, Ontario. ATl other biochemicals were purchased from Sigma

Chemical Company, St. Louis’, Missouri and were of the highest purity

1 2
+ - available. )
: :

{

2 /
H. "Other Chemicals #
3 | N Aquasol a‘nd Omnifluor were purchased from New England Nuclear,

o
Boston, Massachusetts. Toluene was ahtained’fr:m/iish\er‘ Scientific

| Company, Fair Lawn, N.J. and NCS Tissue SolubiliZer from Anersham Cor -
1 _poration; I1linois. AI1 shelf chemicals and buffers were purchased: from

! Fisher Scientific Company, Fair ‘,a.vm, N.J.; BDH Chemicals, Ltd., Montreal
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or, J.7. Baker Chemical Company, P11 4psburg, N:9, and yere of the
highest arade available. i g ;
2.2. Methods. .
A, Treatment of Animals . . ~ ¥ B

The aninals were haused in standard rat-cages (not.more than four
rats to a cage) containing hardwood bedding (’:i\jps‘ ‘The animal room was

continu?:us]y 1ight from 9:00 a,m, to 9:00 p.m. and.continuously dark

- from 9:00 p.m. to 9:00 a.m. - Room temperature was continuously monitored

and remaired constant. The'animals were allowed free access to' food at

all times and free access to tap water for a minimum of three days after
arrival. This period was aﬂcmed for them to adjust to their new envir-

Dnment. Normal rats were permitted continued’ free access to tap water

* until used. Normal rats-are also referred to as naive rats. ‘Rats were

made acidotic by rep'(acing the tap water with 1.5% NN4C1 for seven ‘days.
A other rats were apportioned to the Fonowing experimental gmups
m

2xperiments were timed so that animals vere sacriﬁced or nthewnse
flsed at approximately 9.00°a.m, )

(1), Norma1 Recovery Group - Acidotic rats vere retumned to tap
water for 1, 2 and 3 days. B . : @

(2) Rapid Re;overy Group - Rats were killed at 4h and 8h- after the
intragastric administration —uf‘ NaNC(_)3 (1.5 mmoles/100g body weight) to
;c1datic rats. ' For. intubation, the animals were lightly aﬁaesthetized
with ether: (i.e. immobilized for 1-2 min). A second group of acidotic
rats were intybated with NaCl (1.5 mmoles/100g body weight) to"serve as
control.. A1l rats.were permitted free access to tap water énd‘fobd

until sacrificed.




(3) Long Recovery Group - Acidotic' rats v}ere returned to tap water
for 5, 7,79, 11 and 15 days:

(4) Rechallenge Group - The animals used in this group were made
acidot{c and then retumed to tap water. After 3 diys.of recovery, the
-rats were administered e{thei“O.E. 1.0, 1.5, 2.0 or 2.5 mmoles/100g body

© weight of NH,C1 by intragastric tube (afte\:‘ 1light, ether anaesthesia)
every. 12h for‘ up to 3'consecutive times. Continuous access to tap water:

~'-was permitted. 'Rats were sacrificed 12h after each intubation. ~Similar.
treagment of naive Fats served as‘ controls. i ’

Ammonium chloride has been used experimentally since the 17th
century. Originally, it was injected directly into the blood of animals
to produce ammonia toxicity and to stimulate urea formation. However,
the acid produc\‘ng‘ character of this v;ubstam:e when ‘ingested was- recog-
iftzed by Haldane (64) in 1921. Since then the' administration of N},lACI'
by ingestion has become a cmn"y used method of inducing metabolic =~
acidosis. The nitrogen from absorbed ammonium chloride is incnrpn.rnted
directly into urea for excrgtlun. It is generally assumed that Nﬁs and
€0, are utilized. in the formation of ureas—Hence, the removal of NHj
from NH,C1 would Teave behind, hydrochloric acid to induce acidosis.
B: I.Ir‘lne' Collection and Analysis ¢

Metabolic cages were used in the manner described by Parry and
*Brosnan (125) fo collect urine at intervals. of 4h; 12h or 24h.  To
minimize variability with the 4h u‘rine collections, the bladders were .,
emptied by manué[] expression at. the end of ga:h interval. Care.was

taken when using this technique so as to mot unduly upset the rat.

S CPEE e



Frightened rats are Tess active-and normal activities of eating and
/" drinking greatly reduced.’ 'After appropriate dilitions, the ammonia
gntent of the urines was measured by the method of Kirsten et al (79).
N

C. ‘Blood Collection and Analysis ¥ n

Blood samples vere taken. by two methods depending Upon the paraméters

" measured. .

(1) pH, pco, and [Hcog] - For the determinat’ion of acid-base
parameters; blood sampi’es were taken into 100. ul heparinized capﬂ»]ary
tubés from a sma]i incis.(nn along the tails of restrained rats which h;d

. been-appropriately treated, Each capillary tube was plugged inmediately
after sampling and the blood mixed by use of a magnetic bar and: magnet
and-then placed on'fce.’ The pH and PCO, were measured as vapidly as

. possible (and always within one hour) with an Instrumentation Labora-
tories pH Blood Gas Analyzer, model 213.  Bicarbonate concentrati|

vere calculated from the pC0,-and pH values using the Hendersom}lgﬂ-

‘bach equation. Although this procedure obtains-capillary blood, the

method of sampling provides a constant type of. blood sample (as evident
by constant poz) and hence the relative changes in the acid-base para-

. meters wf\jch occurred in this bl’ugd represent the relative changes which

took place in the general circulation. 3

(2} Glutamine Arterio-Renal Venous Differences - For the determi-
nation of arterio-real venous differences of glutamine, about 1 ﬁl of
blood was withdrawn into. heparinized p]agtif syringes from.the renal
vein and the abdominal aorta of appropria_te\y treated rats aneasthetized

with sodium pentobarbital’ {6.5 mg/100g body wt., i.p.). The plasmas
-
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uhtain?d from these samples were deproteinized with perchloric acid and
the supernatants then adjdsted. to pH 2.2 with 2 N LiOH in the presence.
of .an equal volume of 0.3 N Tithium citrate buffer (pH2.2). Glutamine
was‘m.easurzd in’ these buffered samples ;n a Beckman Model 121 Automatic

Amino Acid Analyzer as described by Squires et al (173). The concen-

trations of glutamine from paired sémples were used to calculate arterio-

renal venous differences.

0. s and of 1-
o pyruvate Carboxykinase Activity °

Appmpriate'ly-'tre;ted rats were ;acrifi;ed by ;:erviqal dislocation
following ; blow on the head. Both kidueys were quickly r"emoved, freed
from fat and connective tissue and weighed. The entire right kidney was
cut into small- pieces with scissors and suspended in 50 volumes of an
h:e-cuhi‘l homogenization medium ‘consisting of 0.25 M sucrose, 0.15 M. NaF,
3 Tris and 1 mi EGTA, adjusted to pH 7.0 with Wl Homogenization
was carried Gut in a smooth-glass Potter-Elvehien homogenizer xith a
fibtor-driven Teflon pestle (clearance 0.15 mm).. The assay used was that
of Seubert and Huth (163) except that Naf was omitted fron the! incubation
medium since it was present in the huimgen,i‘zation medium. Both the '
incubation time (1? min) and the amount o/f’/homogenate (0.1‘ ml) used were-
shown to be within the linear range of th/i‘s agsay for both normal and
acidotic rats. - - .

"The activity of PEPCK is expre‘sged in two ways: first, as mnles,{

' 24n/g kidney and second,’ as mius/un/mbg body weight. The activity:

" is expressed per g kidney to allow comparison with the results of other

4




- investigators, since this' is/the usual mode -of expression. 'Hawevgr,
because larger rats do not necessarily have cnrrespan@ing]y ]arge;‘
Kidneys and because of the relatively wide weight range of rats used,
it was felt that the activity_shou'ld'a‘lso be expressed as per 100g
body weight. This mode of expression has the advantage of raking con-
parisons with amonia excretion (also expressed in these units) more
meaningful. . 4 ' ! ‘

E. Preparation of Mitochondria and Mitochondrial .Studies

Appmprlately -treated rats were sacrificed by cerncal dislocation

_following 2 h’(ow to the'head. Bﬂth kidneys were qumk]y exc(sed de-
medullated, cut into small pieces with scissors and suspended in-an ice-
cold homogenization medium consisting of 0.25 # sucrose, 5.nM Hepes and
1M EGTA; adjusted to pH 7.4 with NaOH. ‘Mitochondria were prepared by

homogenization and centrifugation as previously described (75); an

_operations were carried out at 0-4°C.. The protein content of the
ﬂituchondr‘a]Vpreparaﬂﬂn was determined by thg;bi'urEfmethnd (62) f?fter
solubilization of 1ipid with deoxycholate (74). . Bovine-serun g'lbum;n -
was used as a _standard. The final mitochondrial pellet was suspended in
4 valuine of homogenizaﬁnn mediun to yield a protein concentrat}on of -
approxmwtely 20 to-. 30° ‘mg per ml.  For some experiments ti-ne-kidneys from

" 20r.3 rats were pnol ed to provide' enough nntm:hundrla at this. concen-
tration. The physio]oglca'l integrity of CSe mitochondrial preparanon
was assessed by measurmg the respiratory control ratio in the presence

of 10 mM a-ketoglutarate or sm:cInate. The: respiratory cuntm\ ratio

o e b e R e e



" #as determined, after the addition of a limiting amount of ADP, by

phate-depend i and g

T4

"measuring oxygen consumption polarographically with a Clark type elec-

trode .at 28°C' in a medium containing 0.14 M KC1, 4 mM KHZPOA' 2.5 m
MgCl,, 1 mg/ml BSA, 1.5 nM EDTA and 20 nM Hepes buffer (pH7.4). A1l
mitochondria used in the expérimnts in this thesis were shown to have

a respiratory control rat\'q‘ of about 4 or higher, The mitochondrial

preparations, were -used for 'the measurement of the activities of phos-

g and also for

studies involving the incubatioh of mitochondria in-different media.

) p inase and Dehydrogenase -
The mifochondrial preparations were diluted with water 5 to 15 fold for
the n\easurenxént of ﬁhn’sphate-dependent glutamfnase and 100 to 200 fold
for the measurement of glutamate dehydrogenase: The exact di!uti;r;_was

dependent upon the experimental condition under study. Sonication was

“shom 't have no additional. effect on the activity of these enzymes.

This: indicates that the changes. in osmtic pressure uponédﬂ;ttion with
vater and-after ‘addition to the assay nedia wére sufficient to disrupt
the mitochondria Snd remove any pemeabﬂit&‘ barriers to -the s'\gbstrates:
Consequently. the mitachondia were used without sonication. Aliquots of
100 ul were used far the assdy of, phusphate-depéndent glutaminase by the .

method of -Curthoys and Lowry (37): - Glutamate dehydrogenase was. measured

2

'

by the. method of Bridiczka et al (20) using 20 41 of the diluted smp]es.y ¢

The conditions used w;re shown to be within the linear range of time and '

protein for both assays with mitochbndria from both normal and acidotic

rats, "7 . L

|
i
|




were incubated at pH 7.4 with 120w KC1, 10 mM Tris-HCT; 20 mM HOPS, §

and continuously stirred media. - The vessels Were stoppered.with caps

.. containing 70% perchloric acid. The acidified samples w‘eré,then neu-

& - . ' .
" (2) “Witochondriai Ingubations - The incubation procedure is essen-
tially that of ‘Schoolwerth et a1 (161). The practical aspects of the
procedure dre as fn]]ows. The mcuhatwns were carried out in 3ml
glass vessels with water jackets and ma1ntamed at 28°C with circulating

water from a cqnstant temperature water bath. Mitochondria (6-6 ng/mi) vy

m‘Mgﬂz, 0.1 m¥.malate, 0.2 mM ADP, 30 mif glucose, hexokinase (6 units/m)

and either 4 mt ki, ;70 (1ow-phiosphate mediun) or 20 i KH Po4'(mgn-
phosphate medjum). Each incubation al so contained e\ther T mM g!utamme
or 1 mM glutamine plus 3 M glutamate. Incubanons were initiated by

addition.of mitochondria to-the tenperature-equilibrated, oxygen-saturated

having'inlet and outlet holes to pemit the flow of oxygeh over the
media during incubation. Samples were taken at zero time and after 4

min of incubation and transferred inta Eppendorf microcentrifuge tubes )
Y

tralized with 4 M KyP0, in the Presence of niversal: indicator centri-
fuged and the supernatants used for the.measdrement of the foliwiﬁg
metabolites. Ammonia was measured with the pyridine nucleotide-linked

glutamate dehydrogenase reaction by the* mgtnud of Kun and KAarney‘(Ql)“ 3 e

The presence of glutamine had 1ittle or no effect on this assay.. Glut~
amate was measured as descnbed by Bernt and Bergmeyer - (15) and aspar—

" tate was measured by the method of Lonry and Pussongau (105). -The 0

sensitivity of these sp '..._ pi etric assays was i by using a

final assay vo'lunu of 1.0 m]

thmmary experiments vere cnrried out to ensure thu\‘. the rate of
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Sy m\to:hondr1a1 metabolism was Tinear under the conditions of mcnbatmm
! Figure 2.1-(a & b) shows that ammoniagenesis in ‘all media remained. _
N Tinegr for at least ? min with mitochondria isolated from both.normal
and acidotic rats. This linear rate was observed even'with acidotic - R
* mitochondria (which had the highest rates of aniig;nesis; gltnouggg,
by calculation, up to abou; 90% of th/é. glutamine in the medium was
uLiHvled after’8 min of incubation. In some experimer}ts the rate of
g!utamme uti].uatmn was fo\'lnwed. Glutamine was measured on a Beckman
. Mode1 '(21 Automatic Ammo Acid Analyzer (173)." Figure 2.2 (a & b) shﬁws
the reciprocal linear relationship between amonia formation and giuta- -
. mine utilization_.in the high-phosphate media with normal mitochondria. - PRY
Medium changes in g]u’tamate and a"spartate were found to be linear up to T .
¥ - 8 min of i cubatﬂm as shown in F1gure 2.3 fDr normal mitochondria .,
o . incubated in the high-phosphate media. . N ! J
’ | The measured changes in medmm ammonia, gfutamate and aspar; ’
‘. \sre used, fo Calculate fluxes through phosphate-dependent g1u:a::}e ’
‘o (PDG), g'lutamate -«fehydmgenase (GDH) and g]utamate oxaloacetate’ trans-

y aminase (GOT) with the flux equations derived by Schoolwerth et al .
: (161). A flow diagram illustrating the  reactions catalyzed by these

enzymes is depicted below (page 51). N iy
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Kidney: cartex mitochondria were isolated fmm normal (a) .and icidatlc )
(b) rats and |ncubi;ed for up to 8 m'lnncés in media containing-

A.." 1.mM glutamine
B.. 1 m glutamine
C. 1'mM glutamine
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lutamifie utilization.

Kidney cortex mitochondria were isolated from normal rats and ‘ificubated n-the mediun contain—
ing 1-mM glutamine + 20 mM phosphate (a) or in the med‘lum contaming 1 mM g]utamme +3, mM

g]utamate + 20 mM phosphate (b)
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Figire 2.3 Mediun changes in glutamate arid aspartate as .a function
of incubation time.

Kidney ‘cortex mitochondria were isolated from normal rats and in-

-cubated in media containing 1 mM glutamine + 20 mM phosphate

+ 3 mM-glutamate. = The open symbols represent medwm changes in

. glutamate (o) ahd aspartate (4) in the medium contammg 3 mM

glutamate. The closed symbols represent medium changes in
g'(utamate (o) & asyartate (a) in the medhlm without added g1utamate.
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Flow diagram of mi ial metabolism‘of glutamine and glutamate

Flux Equations:’

GOT flux = A aspartate o i M

" don flux,= A amonia - 4 angrtatE'- 4

PDG flux = & ammonia - GDH flux s "

(3) Assessment of the Contribution\of 'Phosphate—lndependent Gluta-
minase to Mitochondrial Anmoniagenesis - The brush border membrane

A /
enzyme, y-glutamyltranspeptidase has been shown to contaminate mitochon-

i dr{a prepared by d(fferent'al centrifugation (40, 90) Phnsphate-

lndependent g]utaminnse activity is a parha] reaction nf'this enzyme

(34) and has been shown by Curthoys etal (38) to cuntrmute to the

mta] glutaminase activny of mltochundr!a under’ the ‘conditions Of their -

1incubation. Thg_re,fore, 1t was of interest to determine the extent of




contribution of phosphate-independent glutaminase to amwonia’ fornation-
by mitocharidria -incubated-under -the conditions described above. For
this purpose microsomes were prepared by the method of Kalra and Brosnan
(76) and mitochondria were prepared in the usual manner. The speéific
“activity (of y-glutanyltranspeptidase was determined in both preparations.
Table 2.1 shows_ the specific activity of this enzyme in both normal and .
& acidotic preparatigns. The microsomal measurements suggest an increase d
in the activity of this enzyne during acidosis. This agrees with the . -
results of Anderson and-Alleyne (6). : The riftochondrial preparation had :
. about 6% to 103 the specific activity of y-glutanyltranspeptidase as the
niérosomal prepavation. . i '
Next, microsomes were incubated under the ‘same conditions used for
the mitochandrial incubations and rates of amonia formation determined.
’ + TabTe 2.2 shows the rates of amnoniagenesis for microsones isolated fron

both normal- and acidotic rats:. The percentage of maximum contribution

: <! e of pal inase can now be calculated. This involves -

multiplying the fraction of contamination of the mitochondrial preparation

: With y-glutamyltranspeptidase (derived from Table 2.1) times the Fate of - 4
r : amenia formation by phosphate-independent glutaminase (derived from

: Table 2.2) and comparing this with the rate of mitochondrial ammonia-

O genesfs observed under ‘the same conditions. Table 2.3 shows” the results

of these ‘calculations and are interpreted as indfcating that phosphate-

independent glutaminase contributes only a minor and insignificant Ty .

I

conditions used.

e : o .

H

! ;

i . fraction to the total amonfa formed by mitochondria under the incubation
i

|

i1

et i i i s B e
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Table 2 'l Specific acnvlt of y- 'l.uta 1transpeptidase in micro-
5

omes and mj tochondria from Elanez cortex of normal and .

, ‘acidotic rats.

2 o Specific Activity of y-GTP
il (nmoles/mg-protein/min) | .

‘Mi
Fraction Fraction
- Normal 826.3 0 © (. 360.0-
- E .
Acidotic - ' 6550.0 439.6




B ey,

%
\",
. Table 2 2 Rates of ammoniagenesis By microsomes from kidn91
. . cortex of normal and aci ob c rats.
Rate of Mcrosoma’l Ammniagenes1s B
(nmoles/ma’ pr‘ntem/m!n) By
High- Phosphate Mediui ~ .
< 20 mit KHP! )
: - 1 mM Glutamine .
mM Glutamine +.
Expenmenta]
Condition 1, 3 i Glutamate
Normal 7.0 6.1 o
““Acidotic 10.3 7.0

Microsomes were incubated in media confaining 20 mM phosphate

mate.

-and. either.1 mM glutamine or.1 mM g

]utnmine plus 3 mM g]uta-
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F. Preparation and Incubation of Kidney Cortex Slices
Appropriately-treated rats vere sacrificed by cervical dislocation
following a blow to the head and the right kidney was immediately re-"
moved. Kidney cortex slices,of approximately 20-30 mg wet veight were
cut frée-hand by the method of Deutch as described by DeLuca (42). The
out;ide slice of kidney was discaraed and the next 2 slices were fncu-
bated together with 2. glutamine for 90 min as described by Krebs et
al (88), except that the concentration of Ca’ was 1.25 . The incuba-
tions were stopped by the addition of 70% perchlori¢ acid dnd the
slices homogenized in ‘the acidified media with a Potter-Elvehjem homo-
genizer and motor-driven teflon pestle.. After neutralization with
K3P0,, the percipitates were removed by centrifugation (2000 g for 10
min) and the resulting supernatants used for the measurement of glucose

(Sigma Technical Bulletin #510), glutamate (15) and ammonia (91).

Freeze-Clamping Procedure and Measurement of Metabolites

.
Appropriately-treated rats vere anaesthetized with sodium pento-

barbital jjected intraperitoneally at'a dose of 6.5 mg/100g body -

weight. ahdmmn cavity was opened by a mid-line incision and the
right kidney gently cleared of fat and connective tissue. After allaw-
ing a few minutes for the rat to recover from this handling, the blood
vessels were sévered and the kidney lrm!ed\ate]_y c1amped with "Hollenberger
tnngs“ whose jaws had been precooled in Hquid N The interval between
removal’ of the kidney and the freeze-clamping was less than 3 seconds.

The frozen tissue was then ground in the' presence of 1iquid nitrogen

. with pestle and portar and the resulting powder deproteinized with
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. perchloric acid and neutralized with KOH as described by. Hems and Brosnan

(67). After final centrifugation, the supernatant was used for determi-
nation of metabolites. ‘Glutapine and glutanate were measured with a
Becknan:Model 121 Automatic Amino Acid Analyzer (173).after adjusting a
portion of the suﬁernatant to pH 2;2 with_lithium citrate. Another
'portion of the neutralized supernatant was used for the determination of
lactate by the method of Lowry and ‘fgssunneau (105) and for. inorganic
phospliate by the method of Martin and Doty (108).. The remaining’ tissue
extract was used for the determination of the following metabolites.

The ethods' used are standard assay;' essentially the same as those

described in "Methods of Enzymatic Analysis" edited by Bergmeyer (14).

" Pyruvate, phosphoenolpyruvate and 3-phosphoglycerate were measured with

a combined ‘assay.’ . Fructose- and gl were
measired in the same cuvette. ADP dnd AMP vere assayed together. ATP,
citrate, aspartate, a-ketoglutarate and malate were all meastred sepaf-
ately. A1l the spectrophotu’metric dssays were done using a 6ilford v.
Model- 240 recording spectrophotoneter which permits chart calibration to
the sensitivity desired. ; '
* Oxaloacetate is difficult to méasure because of its extrene lability
and-minute concentration. - Because of this, oxaloacetate content was
indirectly estimated from other data. Two independent methods of calcu-

lation were used. One method depends-on the presumed equilibrium of

Tactate dehydrog and cytoplasnic malate dehydrogenase. Thus
oxaloacetate was -calculated from'the Tenal content of lactate, pyruvate

and mlate according to the fo)lowing equations as‘des&‘:rihed by William- *

son, Lund and Krebs (200): !




I
i
¥

NAD*] . [Pyruvate] i
[NADH] Ttactate]~ * ¥ IO

[Oxeloacetate] . = [Melate] x %} X Keq (MDH)

J - 4 3
where: Keq(LDH) 111 %10 . B .
LT .5
Kgq(WDH) = 2.7 x 10
of
The other method ised for the calculation depends, on the assumption

that cytoplasmic 1 oxal ate- t se is at or near

"‘equiJibrium. Thus oxaloacetate was calculated from the renal content of
aspartéte, m-ketog]utarate and glutamate ‘according to the.following

equation as described by Hems and Brosnan (57)<

Aspartate][a- Keto lutarate

[Oxaloacetate] = &Tul _W)
¥ where: »xeq(rm‘) s 6T
3

H. ASsesstent of Renal F\mction

Renal’ blood flow and glomerular” ﬁ]tratmn rate we/re estimated from
renal c1earanfe" of 14C—'lnu'lin as determined by the constant-infusion
technique q:cording to the fotlowing p_rocedure. \;\pprnpriately:treaged
rats were anaesthetized by intraperitoneal injection of sodium pentobar-
bital at a dn;e of 6,5 mg/lODg body weight. Tﬁe left jugu’lar‘ve!n was
exposed by a sma'l'l incision i1 the skin and a hepar1n1zed catheter (pa1y-
ethﬂene tubing PESO) was inserted into the vein towards the heart’ and <

.
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the right ureter catheteterized with polyethylens tubing (PE 10) for
urine collection.. The'rat was then placed in a temperature controlied

%7 cabi’net at 38°C. After the |njecti_un of an initial priming dose of 0.4 JUe
m of Mc-inulin (- 24C,) via the'saphenaus vein, a mintaining dose of
Ye-tnalin in5% mannitol (1.2 - 1.8 Wit} was infused'via: the jugular - ©
venous catheter at a constant rate of about 0.03'ml/min using a conistant T
infusion punp. * Blood pH, pCO, and pO, measurements indicated that the

. acid-base status of the animal was nn; affec:ed by the,surgery and im-- .

fusion. " Urir was. cbilected duing 210-20 min-clearance period start-

ing 30-40 l!“_lL‘ after the start of 1nf\lslun. At the end:of the clearance

i
l
period, arterial blood was samp'led from the abdominal aor'ta and renal . ‘!
yenous blood from the renal-vein. A pnrtmn of each blood sample was !
centnfuged and the plasma (0.1 m1) treated with-NCS tissue so’lubihler _ 1
for the subsequent det_erm\natinn of Mc-muhn. The remammg pnrt\un ¥ }
of eath blood sample was deproteinized with perchloric acid, one part i
vas adjusted to pH 2.2 for. the determination of glutamine as previuu;ly

described (173) and another part:was neutralized with 20% KyCO3 for the

measurement of ammonia (79). Urine samples were .used d1rbct1y for the

o determination of amonia (91) and 'c-inylin. Radsoamvicy was measured

i
|
|
|
i

in samplels dissolved in Omniflor/Toluene with a Beckman Model L5-330

| . liquid scintillation counter. ; -

The glomerular filtration rate (GFR) and renal blood flow {R8F)

vere calculated by the following equations:

Egs X om o= P ; :

) L L .
\ e o
v e
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C

Where: U = the concentration of inulin in the .urine?)
: 7 dpmym p ‘

- F = “the urinary flow rate in ml/min

A =, the concentration of inulin in.the renal arterial
- . plasma in dpm/ml i
V = the concentration of inulin in the rena] venous

plasma in dpm/m

The hepatocrit'used in these calculations was 415, The renal’blood flow

" was used to calculate release of ammonia in. the renal vein and extract'nn i

of glutamirie by’ the kidney fram the. blaod .concentrations of ammonia and
glutanine, respectively. The above described pm;edure as perfomieq g
ent1re]} by Dr. K.C. Man-and the results are presented in t)ﬁ‘s thesis
with bis kind permission. - ' :
I. - ‘Immunotitration of Phosphoenolpyruvate Carboxykinase

T apyropriétely-tréated rats were separately
hnmugerﬁzed in 20 volumes’ of homogenizatmn med\um and phnsphnennlpyruvate

Each set was cumpnsed of one

carbaxykmase assayed as described above. .
i

"rat from each expervmntal group under study: ' The homogenates were ad-
.Justed with homogenization md!um so that ‘the PEPCK activities were - s

approximately equa] to .the Joweést actlvity in the set. The immnnﬂératwn

of PEPCK vas carried out in micrncentrifuge tubes by incubating 100 ul.

of each-homogenate at’ varied dﬂutions‘with 100 T of antibody p(epyation L

(‘20750 milliunkts). Homogenate samples:of 100 ul were also ‘{ncubated
wit‘h‘ 100 u] of ‘Hepes-buffered saline but wit'hout antibody for the measure-
ment & PEPCK. activity after incubation. Incubations were for w- at

4o after blMch the |mnmnpre:ip1taus were ther cerltl"'fuged at 12,000 g




N

" supernatants reroved fnndetenmnatmn of PEPCK activity..

g5 mh\ in an, Eppendorf micrecentmfuge and 0.15 ml angots of the

J. Presentat‘lon of Data and Stitist{cﬂ Treatment

| Data are reported s mean 45:0. (standard deviation) with sample

size (n) in’ parenthesis: leferences batween means were tested for

stanstica] s1¢3n|f‘(cance ny t-test. k paired t-test was used for pnired'
‘Ja ' A1 _computations me donel with a Hewlett-Packard HP-65 program-

4 able calculator.. P values of 0. oL or less were taken to indicate a

i S svgnifican difference between means. Bivariate correlatinn analysis

9) fof: the

was perfprmed with a NLCS IBM. 370]158 computer us\ng SPSS suhpmgrams

Cient, rhgression intercept and slope and scatterplot diagrams.

e

of Pearson product-monent fbn Coeffi-

v
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CHAPTER 3
NORMAL RECOVERY . - - ' .
. ! "
The .c'oncentration of H* fons in bivo)‘ogic\ systems ‘is exceedingly
Tow.. The blood pH of ‘animals: is maintained very precisely at about 7.4.

Even taking into account the ignic strength of the blood, this pH only

: “cobresgands L approxinately 50 nanomoles of H* fonsper Titre (23).

For surv1va1 the blood H™ ion concentration must not exceed 150 to 200

" fianomoles per litre and wen at these concentrations animals can, not,

function properly. - Hence, death ensues at hydrogen ion concentrations

which are negligible in. conparison ‘o the concentratior of othier import-
ant fons in plasma suh as k', Na¥ and Ca™*.

+" To maintain such-low. H" fofi concentrations in-the face of the

“relatively largelamounts of acid which animals normaﬂy encounter each

day, a highly-. efflc\ent system for the buffermg and removal of H' ions

nust exist. Metabolic atjdosis occurs in certain pathoiogical sme;)
and other abnormal situat;

where the amount of acid formed is gre:

than the "normal capacity" of the animal to remove this extra acid. The

< .
clinical manifestations of metabolic.acidosis are decreased blood pH,
reduced bicarbonate and in some cases cnmpensatory hyperventilation

resultmg in’ decreased blood pCOZ. Kasoro and Siegal (109) define

acidosis as "an abnorm1 condition o process which world produce &

fall in the pH or a rlse in the (H 1 of..the blood 1f there were ‘no

secondary changes". These authors further add that “since secondary

changes which diminish the extent of pH change do occur it is possible

. to have -acidosis with normal blood pH or W ‘cn'ncentratiun'. In this




thesis, the definition of Masoro.and Siegal is adhered to. -For cenditim;'s .

““in‘which there is a significantly lower than normal blood pH, the term:

~

"acidemia® is used. ; \ :
The concept of recovery is not new.! The recestablishment-of normality
isa comonl y-ised approach in putritional stidies and recoyery From. meta-

bolic acldasls 15 essentially an extension of that appruach. Pitts - w

,(134) described a human study in 1948 in which the renal excretion of

jons was followed for five days after five déys of ammoniufi chioride

ingestion. Other human studies were Feported in_1954 i which Waod

(203) continued ‘to follow plasma and urine parameters’after termination
of a\gpueling 44 days ‘of ‘amaniun chioride a&mipiscégiﬁoﬁ and ip 19721
which Welbourne et a1 (199) Studied recovery in normal Subjects and in
patients with ‘renal disease. Recovery from metabolic acjdoss in rats
as. First investigated in 1967 by Dies and Lotspeich (43). " Their study
was. pnmarﬂy cuncerned with. the rehcionshv P between the -hexose monn-
phosphate shunt and renal acid” :xcretwn It was shown by these lnves— ’
tigators that amionia excration in the rat abruptly-fell"to norsial
within- 24h after cessatwn of the acid challgnge. Annther study oon-
cerning recovery 77 metabolic acidosis_in rats was renorted by.Parry_
and Brosnan ’?n,]_973. The main purpose of their study was'to 1nxest(gabe
the control of renal .ammonia production. Tt was found in' their"study
that glutamine A-V dlfferences‘a\;russ the kidney, in vivo, and glutamine
metabolsmiby Kidney cortex s1ices. returned. to normal along with renal’
“aimonia excretion after terminatwn of the a:id challlenge, vmereas the
lletabo]lsm of giutamine by isolated mltochnndna ramain_ed elevated.

This was intarp&'zted as suggest(ng the involvement of extramitonhondrial

b




factors in the regulation of mitochondrial glutamine metabolism, in . :
2 h 1 ;

vivo. ‘This chapter is concerned with studying the regulation of renal

glutamine metaboli'sm further by exploiting the recovery situation ‘in

" greatér detail.

Study uf the regulation of renax g'lutal\m\e metahohsm requires
knowledge' of the relationship of this pathway to the animal as a whole.

The response of the rat to ammonium chlurvde induced acidosis has been

. wewharacﬁerued However', considerably Tess attention, has been given

to fecovery fron metabolic-acidosis.. For.this reason the present study

?of rena] g\utamfne metabolism .durmg recovery was 1mt\ated at’ the \eve1

.of ‘the whole amma1 - ol

3:1 -Blood Acid-Base Parameters

Blood 'Y, [HC03] and pCO, comprise a group of interrelated para-:
meters that define the acid-base status of the animal. In any study

. concerned with acid-base homeostasis, ‘it is fuportant to dfine the

s | e S s .
experimental ‘situation under fnvestigdtion in tenns of these paramef.ers,

‘ Accqrdmgly. b]nud [H,] [HCO ] and pl:oz were méasured pefare other

studles wvere perfomed Fnr these detemnnatmns blood, was samp]ed from
animals without the use of ‘an anesthetic. It was undes'lriMe to use an
anesthétii: because even 1ight anesthesia affects respiratio(n a_nd hence %
alters pcoz.. Ny
In. the stncwst sense. ‘the hydrvqen ion cum:entrathm as calculatew

by the re!ationsMp '] = antilog (-pN) is in actial. fact hydrog:n oy

activity (23). In éhg dase of* b'Inod the fonic strength is sufficiently

. Great that 1t would not be correct to assume ‘that pne hyarogen fon -

- we Hotd




* the bl nod

activity. coefficient is.equal to'1. Conbéquently, .in order to convert

pH-to [H'], it would be necessary to determirie the value of ‘the activity
coefficient which would in turn introduce.further erro Instead, .it.is
simply recognized that the hydrogen ion :Sncengramnw@: to in
this thesis are actually P‘Lyqrugen ion activi‘tt‘esri _’ :
Figure 3.1, shows the response of blood [H'], [HCDS] and CO, to
recovery from mt;bolic acidosis. None was significantly different from

normal on the Tast déy of acidosis. Hence, the adaptations which took.

* place during acidosis were sufficient to fully compensate' for the acid

load administered. A1l three parameters were altered during recovery.

The concentration of H* ons in the blood fell }nd remained decv;eased

for two days and-the concéntration of bicarbonate fons rose and remaingd

" elevated for at Teast three days. Increased pC0, values were evidént on

the First and third diys of recovery. The same type of changes in the

blood acid-base. paraneters during recovery has also bedn reforted for

- humans’ (203) and for rats (125). ; &

These changes in acid-base parameters dur'lng recovery prnbab!ya
represent a metahuh\: alkalosis with a substantial resplratnry :ompen« .
sation. The (ncreise Jin blood: HCOB concentratmn dunng r:cuvery is "

probably due _to the 1napprnpr|ats excretlnn of acid as ammonium salt and

to an increase in the rena'l reabsnrpno}\ ‘of HCO;.' The continued excret.inh

of Acid in the urine resilts in the egulmn]ar gepdratinn of m:03 in «

Since NH4C1 was*fot ‘being ‘consumed then the sodium bicar-

bonate was RO longev being utﬂlzed t:* buffer excess acid. However,’

genzration of blcarbonata‘, in 'tseH is gt usually sufﬁciznt ‘@\cause .

metabolic a!kalos{sA The capac y of the_ kidney for NC‘)3 excretion fsn
Fi
il
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quite high and therefore has the ability to correct for increased =~ . -

* generation’ of HOJ by excreting excess in the urine,” Therefore, the

developient of metabolic alkalosis alsd requires an impairment in’ renal
MCO; ‘excretion. . Thi$ is probably caused by enhdnced HCOS reabsorption,
It §s known. that HCDj reabsorption is enhanced by K' depletion (94). K*
depletion is common in chronic met;holic acidosis due to' gastrointestinal .

and/or renal 1nsses of k¥ (152). " Hence, the increased Heoy reabsdrptioﬁ

* obetved, dirthg recoveky way be due to hypuka]ema which" resulted from -

the previous metabolic acidosis.. = .

3.2~ Renal Function .

Previous conclusions about renal function during recovery from

_ metabolic acidosis were based on urinary amgnia excretigns and glutanine

AV differences (125). . However, amonia excretion.is determined not

on]y h,v the rate at which it'is produced but also by the relative pHs

. and Flow rates of “the blood and urine. Hence, the abrupt’ decrease in

agmonia excretion ohserved during recovery can not be” zaken with assur- -

ance to mdicate a similarily ahrupt*decrease ln total ammoriia production.

Differences in g\utammz cuuceutraﬁuns between arterial and renal

venous':bloods provide only a qualitative ‘Teasure of glutamine utiliza-

tion. Renal.blood: flows are dlso necessary. to quantitate the aount, of

glutamine extracted by the k(dneyA For these reasuns, clearance studies ¥
¥ -

were performed in vivo by Dr. K.C. Man to asszss the function of the:

'. kidney during recnvery from Tetabol ic’ acidnsis.

" The results of these. studies are contalned in Tahle 31, These

results 1nd|cate that in the nnrya’l rat- 38 parcent of -the’ total m»onia ¢
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produ:ed was released -in the renal vein..A 2.3 fo'ld—mcrease in total
ammonia production occurred durlng acldosis, iucreas‘lng the amount re-
Ieased into the renal vein to 57 perl:ent of ‘the total ammonia produced.
Aftér one day recovery, total ammonia production fell to prmal and the
release’ of anmonia into the renal, vein increased to 70 percent. Hence,
the.fall in ammonia release into the -urine to below normal was due to

both a decrease. in total -amonia prdduction and a shift in th} percent-

age ’rgmé'ase of ammonia” from the uriné.into the blood. This probably

reflects an increase in the pH of the urine to above ‘nomal values as a
resu'lt of decreased acid excretion. Affer two days of recovery, the
percent distribution of amnonia between b\eod and urine vas essentially

back to nurmal » although ur|nary fe1ease was sllghtly “elevated compared

' w\th normal. Presumably the ‘relationship between urine pH and blood pH

Was also back to normal..

In these studies, the release of urinary amonia in acidotic rats

* is only about double that of normal rats. -In contrast, a six to seveén

« fold increase in ammonia excretion occurred in twenty-four hour urine

cnllecn’ons in response o acidosis of the same design (125).  The
nnmal rate of amnia release into the urine can account for the normal
rate of 'amnia excreti on However, ‘the rate at’ uhich amonia as

released into the urins in/acidotic rats as detemined by in vivo clear~

ance studies (Tahle al ]) Is appreciab\y Tower than that which is requﬂed,
for. tne ratés of ammonia excreeion found in experiments in which ur(ne &
“Vias “collected o 24 from actdotic yats.in metabolic ‘cages. e reason :
far this dis¢repancy is not known. A :ancributi,ng factor may «be the

reduced ‘rate of daytime ammonia _e;u:mtian which was observed for acidotic




 the Kkidney for each of the flur experimental situations studfed. A
. significant increase in renal glutamine extraction occurred during
. acidosis. After one day of recovery the rate at which g1utam1ne was

extracted hy the kidney is not s\gniﬂcantly different from nnrma].

‘enal glutmulna menho'lism, in vive, during.meubu'lic acidasis (3,4,19,

|nsvght into the metabn‘n: changes in renal glutamme metaboHsm, in

rats in a study presented later on in this thesis in which four hour

e o

urine collections were made for 24h.

Also shown in Table 3.1 aré the rates of glutamine extraction by

Figure 3.2 11lustrates the relationship between glutamine A-V differences °
and glutamine extraction, Ascan be seen, glutamine A-V differences
provide a good indication of the changes in glutamine extraction during

recovery. since the changes in refial blood flows were small. It is

|nterest|ng to note that the ratio of almnma formed to g'lubamne uuhzed
decreased from 1.4 to 1.1 on the first day of recovery (FIguye 3.2).
T}\is,occurrea because of a larger decrease in am;zonia fomtiqn than in
glutamine utilization and may represent a’shift in the pattern of glutamine
netabolisn. That.the-rate at which glutamine {5’ metabolized by-the L
Kidney returned to normal durifig the first day of recovery is.clearly = ‘
indicated by the changes in tne rntes of glutamine extraction_ and tota\
ammonia pmductlon observed 1n the present stnd,y

N

In vivo, Freeze-Clanp Studies
Fi Tamping has been used exi ¥ to s'tudy ‘changes in

67,. 117. 119

Siml'lar swdies have not been repﬂrud fnr recovery. \

Therefore, fr;eze-c\amping was. perfonned as an attempt to gain some
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‘efences during metabolic acidosis a
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5 and one-, (R1) ‘and ‘two- (R2) da,v recovered rats and_are derived frmu the . o
i 5 datn reported in ‘hh'le 3.1 > 2




vivo, d\gring recovery from metabolic acidosis.
- Although freeze-clampmg is a useful: technique, zhe results obta\ned
are’ subject to certal_n limitatigns. Although changes in- thé metabolite
profile may reflect changes in metabolisn, ‘the inmense-heterogeneity of
the. kidney makes interpretation difficult. The lack of:an ‘ohserved W
change in metabolite content can not be takén to rule Gut the possibility
that &’ change did not_occur in specific cells or compartménts within. the.,

kidney.- Certainly a- change from one cumuarthent to another 'uou}d 90

g unaticed in whole tissue content: as kel as would - the utilization by, v

" A. Measurement of Ademne Nucleotides

one ceﬂ type and the productinn by another of the same Betabohte”

Consequently;" the results obtaiied by freeze-clamping nust be interpreted

<aitiously, g 50 ; ; : -

Metabolic turnover 15 extremely rapid and hence the putenﬁal for

rapid changes in the’ content of metabohtes when conditjons are altered B

_is.therefore very great. Useful data mn only be derived from accurate

steady- state detemmat‘ons, su it s very important that tne kidney be
remved and frozen as, raphﬂy as possible to prevent any alterations

being mtroduced by the experimental téchnique. KHHng, upening the !
abdonina) cavity and then remving the Mdney for c]ampmg requn'es at

Yeast ‘seven seconds in’ the presenc wr‘lter s hands and can only be done ) :

E mth re]anvﬂy small rats, Exdosing the kidney f!rst hy oveu(ng tl\e

ahduminal cnvity of anaesthaﬂud rats permits lts revmva'l and subsequent 5 Y

. Clamptng at times Tess than two seconds. - St &6 0 el

"The rehtive amunts of adenine nuc\eeﬂdgs In the kidney is’con-




ATP, ADP. and AMP are simﬂar “to zl;at reported by other

R tude as those reported by uthers.(w. 67, 190).: The reason or the

‘th: calcm;ted NAD/NADH r&tios are substantiaﬂy higher than those

trolled by the adenylate kinasé equ\librium (21) ‘Between remgval ‘of
the k1dney and -freeze-clamping, 1ntercnnverswn uf _ATP, ADP’ and AMP can
stin nccur via' this enzyme, the longer the ‘interval between remnva! and

:hmpmg, the greater the opportumty for mer;onversw ;- Hence, "the

masurement of ademne nuc]eotldes serves to e\lvﬂuate the 'energy- state '« '

of the kidney and vs also.an (mportant assessment’ of exper’lr\wntal tg:hm- .

Table 3.2 shows. the content of adenine nicléatides in the Fenal

: tissue of normal, Scldoﬂc and one-day recovered rats. The content ‘of

2 e 190)

for the kidneys of nunna! animals. This gives assurance of satisfactory

~technique. There'is no significint différence in their contént betweén

groups: - This-indicates that' thére was no gros

metabolism in the R'I‘dr|_e_y/du?'1'llg eithen acidosis, o recovery-from”acidosis. "

. Since’ the adenine nucleotide f:nntents are similar in.an groups’ of =8

animals, any changes in other metabolites cannot be atfribnted to altered

energy metahunsm. 7 ® ¥ gl
: o, ot V /, : i o - 2
B.. . Measurenent of MetaboTites Relevant to Glutamine Metdbolism .

Tablg 3.3 shows the data nbtained by freeze—clnmping Hdneys taken'

. fmm nomal acidoti¢ and one-day recavered rats. The contents of aH

mtabolltes, except lacmte, are essential!y of the same crder of mgni~

npprec‘laﬂ_y luwer content of lactate in the m:m study. s nnc knoim. .‘

As'a result the lactate to pyﬂwats vatios are: substant‘lally 1c{ter and
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Table 3.2 Renal Content Gf adenine nucleutides in ,uuma'l, acidotic - ®

¢« .. and one-day récovere: rats.

- - 2 COIITENT OF METABOLITES

. Exper{ménta\,

T, umo'les/g mney -tSD (Nn. of Ammnsus)

Rats vere made a
days. Other ra;
one d:

by admiMsterinq NH4C1 ad- 1
were pemitted to .recover by dr !nE"Ing water. for

Condition: . Nonha] Angotic Recovery Day'1
ATP. +-1.52£0,39 . 1.25:0:35 _1‘.34&0.95 -
e 0.6740.08 0:6420.04. ' ‘n.«;l;u.ns
s 0.12:0.02- (0.1420.03 o..mo.ps‘
mgl‘,ﬁﬁﬂ“e 231 2.3 e
%—E ) " '2..27A s 5 220

ibitim for seven -




- allowed to recover-from metabolic

: Table 3.3 Effect of acidosis and recover on metabolite levels in rat

E CDNTENT OF MEU\BULITES
. Rl 4 nmoles/g kidney £SD (No. of Animals) ~

53?51’?529“ o .‘Non.nal , chunlnc. Recovery Day. 1
ﬁlutauug; 950:330(6) 380:400(6)* - 9'3034\70'(6){
Glutamate ¥ 2350:300(6) 173uzqia(5) 3590 920(6)+*
o-Ketogiutarate " Z10:60(8) . 7040(6)¥ (e
Aspart‘ate L & 400:50(8) ) ‘ Jso;ilo_(a)* 37\73;0(8)
Wlate 00:40(8) ¢ 50:20(8)  T00:40(8)t
titrate . U tenao(s) L 1zZ0a0E) 240:60(8)+
ﬁ?::}zu?ated from MDH) - | 5.8 ’ 3.8 o L
.?Zﬂii?ﬁiiffmm én. 53 e B ", o B L )
Phosphuenulp_yryvate 60£10(8) . ,\‘ . 80:20(8) i 4 T50£10(8)t :
C L pyrwate < [ tono(®) - smao(s) . 10020(s)
L'._actate B 350:80(8) &gmq(a) 490:140(8)t*
; 3-Phosphdglycerate, 130:49(14) 130:50(14) 110:30(14)t
Fhyctose-6-Phosphate 12:4(8) . 14:10(8) - 12:3(8)
Glucose-‘E—Phnspha;e 7 ; 33:7(8) 3431_3(8) . ‘40:15((8)
+ Inorganic Phosphate’ *  3730:600(8) Aapmabo(s) 3500:600(8)

‘. Metabolites Ratios

Lactate e Lw

ronte’ N 35 X}
no* = ’ « .’
Cytoplasmic M - - 2570 < 2870 R T

(calcutated from LDH) £, o

Acidotic rats were administered NH,C1 for Séven days .and other rats wers
&cidosis by drinking water for one day.

*indicates significantly different from normal value and + (ndlcates 2

$ignificant  difference from.acidotic value (P<0.05). .




Bt

. decreases uccurr:d in the ‘contents-of glutanine, a-ketoglutarate and

reported e\swhere (67, 190 193) Despite the higher NAD/NADH ratio
reported here. the oxaloacetate content calculated from the nalate

dehydrogenase equilibrium a_grees with other reported values (6_7. \93),‘
This is _h}obah]y because of‘thn sTightly Jower ﬁ;hte content in the

eseﬁt study. Remarkable concordance between both estimates of oxaloa-

\

cetate Yontent lends credibmty to'these calculated va! ues

Percent changes, in the rena'l cantent of. metahohtes relevant to .

glutamine metabolism during acidosis and recovery are Hlustrated in
Figure 3.3. The upper Mstogram plot represents acidotic versus normal.”

In agreement with the resnnts obtained by others (67 190), s|gnif1cant

malate, and as well the axaloa:etate content as ca]culated to be Tower
in dcidosis. Decrease; in g'lutamate, aspartate and citrnte and increases -

in pyruvate and 3- ycerate,.as found by others’ (4,

67, 190), were not stat\sncaﬂy provén in the present study, but the ™

sdme trends are evident. No change in the contents of pyruvat/e, lactate, .

fructose-6-phosphate, g1 6 and ‘phosphate was found, -in

agréen\ent with studies elsewhere (67, 190).
fhe percent chinge in the metabolite profile diring recovery fs.
illustrated in the middle histogram plot’ (Figure 3.3} and the result of

.these changes ‘in relation to normal |s presented in the Tower. h1stbgram i gy :

plot (Figure 3.3). m irate, mlate,
citrate-.and 1ac{ate {ncreased'si‘gm'ﬁcantﬁ while phosphoenolpyruvate ‘7 'y’
and ‘3-phosphoglycerate de;:r:eaied s'gnificnnﬂ)‘{. The increases in’
"glutamate, ci;mé and 1act_$:e etelited the Tevels of these metabolites
significantly above normal. ’The\ contents:of all. other metabolites-after

one day of vecovery yere the same as those in the kidneys of normal rats.
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€.’ ‘Coments on the Results of the in. vivo, Freeze-Clamp Studies $
The ‘decreased tissue. glutamine observ'éd during’ acidosis cqrrequnds 5
. .with the decreased plasma glutamine a;m prahaﬁfy-ref]ects an increase&
rate of glntamme remaval. Consequenﬂy, the supply of glutamine can
not be a. decisive facmr in pmmtmg ws increased unlization |n
@ :nrumc metabolic acidosis. 'The return of tlssue qutamine to numal
during recover,y also coincides with the return of plasma g]utamine to
: norma\ and probaMy reflects the re-establishment of normal rates of .
g1utamme utilization. .
. The alterations -in the renal content of a~ketog1unrate and uf
glutamate are: particularly ‘important in view of their potentm '.e;,
* gilatory roles (50, 57, 130, 202). The increase in glutamate content
_ diring recovery is suggestive of it playing a regulatory role in turning
hecéuse of the highér amounts of PDG present in ane-da:y recnve}'ed rats
_compared with' nnrma] (125) The decrease .in u-ketng]utarate during
metabolic ac(dusis Is conslstent with-its purparted regulatory pronerhes
(50, 57) ‘and withvlyts pmpused ‘iivolvement in the remov‘dlfvof glutamate

via na s.(59). Unlike glutarate ;

does not attain abave-nomaT levels during’ recovery which presumalﬂy
wnu1d be necessary to 1nh‘|bit the elevated mitochondrial capacity sti'n
evident (125)

1t has been suggested b_y Hems and Brosnan (67) that. the decr:as.es

in ate, mghte, _oxa and C\trpte during metabolic

‘acidasis‘ resu"lt, from increased. g1utam|n£se activity. . According to this

suggéstion, increased g'lutamh\aée a;:t1v{ty results in increased concen-
a0 . . . s N

off amoni3 fornatisn and ‘the"above norma1 Tevels bbtained may be- required -




1

“tration of amonia and this is thought to causg & fall i ocketoglutarate ", £

+ if glutamate ﬂehydragenase 4s assumed to be close to equil\ifbrlum and if \

there is no major. change in the' redox state of the mitochdndrial nico- i
tinanide niicleotide couple The decreases in malate; uxaloace;ate and o
citrate were thuught to fn‘]nw From the fa'l\ in u—ketogmtarate on \‘.he o
assumptions that acnmtase, isocd trate dehyﬂrugenase aspartate am(nu-
transferase and malate dehydrogenase are all close to equilibrium and

also that the cytonhsmu: NAD/NADH ratfo (s not a]tered. Nowever, this.
exp'lanation now* anpears unhkely in view of the demnstrauon by Vinay:
et al (193) that a'rapid increase in rénal anmon\a cnncentrannn does

not result in.a rapid fall (n the con:em:ratwn of a‘ketnglutarate. In
addnion, al teratlons jn cel]ular equﬂlbria according to. this exp]anaﬁnn
would not account for the fall observed .in-glutamate content " (53].‘ 58, 67).

S décreased renal cnntent; of a-ketoglutarate, malate, oxaloace-

tate and citrate during metabolic acidosis fave-also beef attributed to.

the acceleration of the Phosphoenolpyruvate carhowkmase r:action.

According to- this~ /zxnlanation increased flux through PEPCK causes a fall®

in oxaldacetate which, -in-turn, causes a fa)] in malaté’via the equilibrim
reaction catalyled by malate dehy.dmgenase The falls in a-ketoglutarate ,\
and cjt.rate arise by simp\e mss action‘as a regult of the removal of

Krebs " \r.yﬂe inr.ermediates subsequent to ;he fall'in malate. This .
explanauo‘n[ also accounts for the decrease’in glutamaté if glutamate s

dehydrogenase 'ls assumed to be close~tn-equmbrium For such a’ mecha-

Msm to operate one must assure that.“ all ‘the intervening reactions are
held-close to themladynamip equﬂibrium. This is :ertain]y not the case

for a-Ketoglutarate dehydrogenase. vaer. this hypotnesis could stm "




be-valid provided that rendl ‘c-kethg]qcarate dehydrn;enase s inhibited
by ‘Succinyl Coh'as it {s in heart and Tiver (45, 100).". If S0, the fall
(q u;ketnglutahte could rasu[t from the de-inh!bltlon,of a-k_eceglutaratg
d;ehyﬂrugenase as a result of a decrease in succiny] 'CoA b
‘ If this hyvothes(s is correct. then t.\\e (ncreases in s—ketog\um-ate. .
malate, nxa1nacetate. citrate and glutamate: ohserved durmg ’recuvery may

be due-to a decrease in the flux through PEPCK and a rever3al of the

- events which are presumed to have occurred dur1n§ metabolic ac{dnsisA

The increase: in citrate. to above normal. levels may be due to a'direct

effect: of b1carhnnate on the mitochondria. It -is known that renal

“citrate 1eve1s are increased in metabuh: ‘alkalosis (32, 169) and 1t is

apparent thac this 13- due-to an effect of bicarbonate on-citrate crans-

. port across the mitochondrial membrane such that citrite accumulates

extramitochondrially -(149, 17}). _Since plasma bicarbonate Tevels are
eievated_during llecovery then the elevated :ftrate {evels» also observed .
nay be ‘due to a direct éff‘ect‘nf bicarbonate on thie citrate transporter.
The nbs'ev;veﬂ fa]ls‘in’phosphuzuu] pyruvate and 3-phosphoglycerate
during recovery are Talso cons1stent with decreased ﬂux thrungh PEPCK.
The fall-in the content of 3»phnsphoglycerate 15 due to the fact that

ble, close-to-equilibrium reaction and

enolase ‘cataTyzes a freelrr Vi
hence a cﬁange in phosphoenolpyru! te‘wﬂ’l be accompanied by a change in
3-phosphoglycerate. The increase in lactate.to above normal levels is

ot accounted for by a similar change in. vyrnvute. It must be assumed

» therefure. that in nrder to maintain the ’Iacuta dehydmgenase equﬂtbnum, . v

the cytoplasmic_NAD/NADH. ratin is also reduced in recovery.




. g o ¢
3.4 Immunochemical Studies of uvate Carbdxykinase

In ine rat, the increase in renal PEPCK activity during metabolic

acidosis occurs. _in the cytoplasm of the proﬁm.ﬂ convoluted tubular

) cells (46, 63, 159). . Immunochemjcal studies indicate that this increased

activity is. due .to an increase in the amount of enzyme 103) and tiat
this, in tuen, to an increase in the rate of enz,vme synthens (73).
Increased synthesi was detected as early as 2h after the |nductlor| of

acidosis (73) and by 13k the relative’ rate of PEPCK synthesis increased .

* from 2-3% to 7% of the synthesis_ of a1l soluble protein in.the 'kldney

cortex’ (73).% During recovery from metabolic aci‘dnsis‘the activity of . .-
~renal PEPCK returned ‘to contral leyels within ZAh (125) Siﬁce glutamine. *
extractmn and renal ammonia production increase during mebaboHc acid-

os{s and ‘are.also back to normal after one day recovery,- then the smma‘r
response oPPEPCK activity to acidosis and recovery is consistent mth‘

it be(ng of. reguhtory importance in renal amn!agenes‘s. "In

previous section of this. chapger it was shown that the metabaUte chqnajes :
which occyrred during acidosis and-recovery are consistent with an

increase “in PEPCK ﬂux, Jn'vivo during acidosis and a decrease in PEPCK 7

3 ﬂux. in vivo dung recovery. Because of the potential regulatory

importance of tMs enzyme, it was of jnterest to knw _whether or_not ‘the
fall in PEPCK activtt\y during r-ecovery was alsn_ due to a‘fal’l in the
amnant of PEPCK presént or d"\ue to a decrease in the cvu.aj(ytic §ctﬂity
of a constant amount of enzyme brg"t‘a}p. The Tow values (a n‘att‘er' of /'
*hours) reported -for the hi]f;]ife of PEPCK (73".102) suggest that v;ap1d
decreases. in PEPCK content can occur as a result of decreases in the

raté of synthesis of this enzyme. ‘Ihat a decrease in PBEPCK: synthesis




occurs upnn cessation cf an acid chanenge«was shown by Iynedjian-et al
(73). Hence, it'(s plausible that the decrease i PEPCK.activity during
+ recovery is due to a decrease in the amount. of this enzyme:  This possi-
bility lis supported by the -fact that the éircadian increase in phospho-
enolpyruvate Carboxykinise activity is due to fncressed synthests (116).,
- Iymunochemical Atitrat‘lqn of PEP,CkxhaSv_uspg “to investigate ‘the cause
of the‘décreaée in PEPCK activity during rec&v'ery; Thi‘s, technique s a
medns uf relating catalytic activity to 1mm\achemica1 reacnvlty In
these experiments the t!tratwn of PEPCK was carried out by varying “the
amount! of. enzyme incubated ‘with a constant amount of PEPCK antibody.
Typical: titration curves are shown fn Figure 3.4. The Slope of the
imunutit:-ation curve reflects the stoichiometry of thé antigen-antibody
reaction and hence-Ehé affinity of the antibody for the antigen. A
slope. of 1.0 reflects a ratio af antigen ta antibody of unity in the
mmnnpreupitate._ Slopes o_f Tess thav! 1.0 anse as'a result of an
1ncrea§e in the ratio of antigen to.antibody whereas slopes of greater
than 1‘ 0 are seen when'this ratio decreases. Since the stoichionetry of
_the ant\gen -antibody complex is not invariant then the equivalence
points -obtained by immunotitration ma,y be .used to indicate the relative
amounts of enzyme protein present in different enzyme preparations.only
1£. the| sTopes of (nmunotitranan curves are identical. A
ll‘vmnnochemlca‘l titrations of PEPCK were, performed. with c’ytuso'ls
ohtnined from mmal ar\d acidotic rats and frm rats which vere allowed
lzh and 24h to recover from metabolic acidosis. ' The titrations were
pgvfomlud a number of times for. each experimental .condition and the

“means of the slopes and equivalence points obtained appear in Table 3.4.



* PEPCK ACTIVITY ADDED, (HILLTUNITS)

Figure 3.4 Typical immunotitration curves obtained with kidne
K. extracts from normal, acidotic_and recovered rats.
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Rats 'were made acidotic by administering NH,C1, ad ‘1ibitum for seven
_ days.and other rats were allowed to recover fron metabolic acidosis
. by drinking water for 12h.and 24h.
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It is'important to nute that no sigmfxcant change in the s1ope occurred

and hence the afﬂnity of the antihudy for PEPCK is nut altered .. Since :

the slopes are all near 1 0, then it may be assumed that excess PEPCK
dces not affect. the interactfon ‘between PEPCK and antibudy. Also

contained in Table. Qd/are the acti\nties nf PEPCK far each :condition-

“during the first day of vecovery. The activity was also reduced after
12h_of .recovery dlthough it was still higher than in norial é_;-ﬁnals.
Desﬁige tMs'ﬂ‘aH in PEPCK activi;y, no 'significant difference vin vthe'
equivalence pn|5|t; obtained by the ininotitration of the different
b;PCK ‘_activﬂl'ss' is observed.. Thus the decrease in. catalytic activity
15'a:cempanied by a decrease in imunochem{cal r,invity. Hence, it
*can be.concluded that the 1ncreased activity of PEPCK observed in
'acld«ms and ‘the fail in actmty durmg recovery from a:!dnsis are due
to changes “in the total amount of enzyme protein rather than tu changes

in the catalytic activity ot ez, 4

Mthough the silmﬂ!anenus 10ss of catalytic ‘activity and imnunn'log< v

ical reactivify is most probably due to the decreases in PEPCK activity

+ being, the result of- decreases in the a..moqnt_ of enz;yme,'i;‘dues n;ut rule -
©out uther possibilities. 'PEPCK may be reversibly converted from an
\(mnunb_gmlcaﬂy and catalyﬂcaﬂy -active form to an 1mmnnchemlcally

and cqtalrytica{ly-inactjve form.. Thls requires that the 1nact|vatiun of -

) PEPCK involves a molecular change whiyﬁf&cts its Imunochgmna{

activity, Hoiever, it can be-concluded that the inactivitaion.of PEPCK:.

during rqco;/ery “does not involve conversion'to an immunochemically<"

active but catalytically-inactive form. -

studied. These activities ‘confirm Lhat,EEPCK activity returns to normal

i
i
!
i



both

. of the molecule projects out into the matrix Space.

3.5 Mitochondrial Studies

The renal enzymes responsible for generating aimonia from g]utamin'e,

: namely phosphate-dependent glitaminase and ‘glutamate dehydrogenase ‘are‘

ftochondrial. dehydragenasé is a.'soluble enzyme located

in the matrix space (76)." The exact location of g1 uuﬁ|mse s Tess
certain. The results -of submitachondrial fracticnation studies are con-.-

flicting, suggesting both a matrix Tocation (76) and an inner nn'té)r.nol'\— ‘

thif these

drfe] merbrane Tocation {80, 8): Tt has been sidge

’ cuuﬂict!ng results 1ndi:ate that PDG is present 4n both locations (82)..

That is, P0G is bound .or embedded tn the inner’ mefbrane such that part
As a consequefige,
VBG is easily su]ubihzed ;and hence, the results obtained by submituchun-
dria'lw fra:tiunaﬁun vary depending upon the vigbr of. the fractlonaﬂon
procedure. - Support for the suggesticn that'PDG 1s membrane-bound comés :
from studies by. Kovacevic (32) KovacavIc repurts that a disconhnuﬂy
or break in the Arrhenius plot nf gl utaminase occurs if the actwat!un
energy of the ‘enzyme is. determined with fruzen mitochandrial vreparanons.
This agrees with the. fact umt ‘some ‘membranous _and” menbrane- -bound enzymes
hnve such breaks in their Arrlmius plots (143) Furthermore, the addinon

of a detergent com\eteu abulished the break in the Arrhenius plot of

P0G, " Highly punﬂed PDG does not onntain a hydrophabi: vegion (28)

which lni,ght account for its apparent association with the dnner ‘mi tochon-

drial membrane. Hwever, ana’lys!s of suhunu/structure indicates that a
.

hydrophubic pnr!lnn of PDG may. he sth off during the puriﬂcation 0

pro:edure ‘(28).:

Since g ‘and hy
5 o il
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I EN aré the enzymes r‘esr;on‘sib‘ié for generating anamm'a from gl utamine; then "’ \ i
s : any theory for the regu'?at1nn of rendl_gmmoniagenesis must account for u Gt I
o g . @ the contro) of the fluk through these enzymes. -The only knnvm mndulators ‘r o
2 of pbysnﬂogwa] (mportance are ate, t and B
- .\ '{ % : ) ‘ ‘Itshas been postulated that a~ketoglutarate indwecny contro]s the f]ux ! :

- .through these enxymes by regulating the entry of' qutamme into the mlto-

., chondria (50, 57). - Phosphate s requ{ked for PDG act1v1ty in’vitro. It i

_has been' demonstrated.that this te-activation is associated with
S o

.
phnsphate‘lnduced ‘dimerization (49). Phosphate actwatmn was also v 4
i

observed with intact m(tuchondna (38 181). - Kovacevjic has argued that

g “the effect .of pﬁosﬁhate on g(utammase acn\uty in intact mltu:hondrw !

" s more’, determmed by the flux of phosphate across Jthe inner memhrane

¥ SN T than by the mtranutnnhandﬂa\ cpncentrat!un of phosphate (82) P‘DG : . J

\actlvity is-also affected by glutamate. * 1} has been demn§trated that

X “-"ppg 4s sign{f‘lcanﬂy inhibited by.phiysiological concentrations of - !

’ g'lntamate 'and that th1s inm‘b\tmn is not compehtwe with’ qlutamme,‘ . o i ¥,

i '_ but |s :ompetltive pith | phnsphate (54, 187): G]utamate Feverses dimer S
\ ; K fomat1on (49) The 1nh1b1tory effect of gl amt was al'so’obsgrved

mth’ 1soIated m'ltachnndria (161) A:cnrdmg]y, isolated mtnchondrla

pmv1de a umqu! system for. studymg a portion of the metabunc “Pathway

» . of renal glutamne mataboHsm uith the microenvironment still intact. g it

Lo (that |s, as it may he a Ffected by m\tochondrial act(vators and lnmbitors,

transport processes and compet{ng pathwa.ys) ‘and unaffected by the “influence
nf PEPCK.

That iso'lated |ntact mit’o:hondr(a exhibit an adapnve increase in . . ! [

glutarine metabolism in response to acidosis induced in vivo is well LR




o

©

recoanized (1, 51, 57, 125, 161).. Houever, the metabolic basis for this’
aaaptlve change and the relevam:e of a mitochondrial adaptaﬂon to the:
regu\atwn of renal g'lutam\ne metabohsm, in vivo, remam,ynreso\veﬂ
Severa] mito‘chandru] events have- been |mp1|cated as responsible for the
augmented metabolism of g\utamine observed in-mitochondria lso'lated from
acidotic rats. The appnrent increase ‘in the mltuchondrlal trdnspurt of

glutamine (57). and- the increase in phosphate-dependent glutaminase (125)

lare two_events which have received consideration as potentially rate-

hmmng adaptive phennmena.

A third possibility dgr(ves from the mwnchondr\as swmes nf &

Schan!werth et al (161):  Schoolwerth et al incubated mitachondria’ from

normal and acidotic rats with physiological concentrations of the substrates, '

glutamine and glutamate. ' By measuring the changes in ammonia, glutamate

and aspartate; these investigators were able to calculate the fluxes | ,

through glutamate dehydrogenase (GOH), inase (PDG) and
oxaloacetate transaminase (GOT). The results of théi; studies indicate
that in’the presence of both substrates, the flux through glutamate

} he 9

dehydrogenase is markEdly enhanced in’mitochondria.isolated ‘from acidotic

" rats. The augnented flux thrhugh glutamate dehydrogenase could not be

explained by énhanced gmvision of medium ylu,ta'maze to the site’of ‘gluta-

liydroxyl. transporter. Nor could the

mate g wvia the glut:

enhanced flux through GDH be accaunted for on the basis of equilibrium

cons'lderatwns. In fact, measummenc of the ratio of matrix concentrations

of 6DH_ reactants 1nd|cated that GDH was far from ethbrwm. Since’ the

increase <4n ‘total. GDH enzyme prntem was also’ nnt able to ‘account for the

much 1;rggr change ubserved in GDH flux, then Schoolwerth et al ‘concluded

|
H
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' that an unknown o teration decurred in the enviroment of the nitochondria
during metabolic acidosis. The result of this char@im the environment
was nypothes(zed tn increase the availability of g1utamate derwed from
glutamine to glutamate dehydrogenase This profound change in GDH f'qu

% ] dur\ng metabolic acidosis may, in turn, regu]ate g]utam‘lnase accw'ty
~and glutamine entry a‘nd ‘hente regresents a pnssxl?le rate-determining
adaptive mechanism’responsible for the increised rate of glutamine
%\ . metabolism in mitochn'n&n:a isolated from acidotic rats.

Previous studies on mifuchonﬂriﬂ 'g1utamine metabolism during
recovery from metabolic acidosis were, perfcﬁned w}th isolated mitochon- -
dria 1ncubated wlth glutamine las sole substrate (125) No attempt was
made to differentlate between the 1ndw1dual ﬂnxes assuc\ated with the
metabolism of glutamlne. By n\easurmg ammonia formation; it was fnund
that the mltochonaﬁa] metabohsm of glutamire remamed e]evated fnr at o
Teast two days of recovery. This was taken to ind!cate that regardless
of Which mitochondrial stép is rate-Tiniting for glutamine getabolism,

2 . ]
in: vitro, it is-not the.sole factor which determines the rate of gluta-

. g . mine metabansm, in vivo. Yhi; conclusion is based upon ‘the ‘observation -

that, inlike glutanine netabolfsm in vitro, the metabolisn of glutamine

in’vivo returns to, norqal by the end of the, First,recovery day: e, i
. Schuo'luerth et al did not find the‘ same marked enhancement -of GDH

flux in mitochondria fmm/acidotlr.ﬂra‘ts when’the n1tochondria. were.

incubated witl} glutamine as sulé substrate. Since éhe presence)uf both ‘.

gtutamme and glutamate in-the incubation medwm represents a more

physiological s!tnatinn than gl utamme a]one, then it was of interest to

< " study the lnetahuhc respcnse of isolated mitochondria to récovery from

. 3
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metabolic acidosis-in the. ;;resencé afllmth’ substrates.. If the increase
“’in GDH flux observed by S;houlwengh et al represents the rate-Timiting
adaptation, in vitro, then it is important to know the response of GOH
flux to recovery in the sane ‘incubation mediun i order:'to better assess
the role of mitochondria ‘in the regulation of‘v;enai/ g'lutami‘ne metabolism,
“in vivo. ’ : e ’

The phosphate :nncertratmns of the ‘mitochondrial incubation media

used in the previous recovery. studies (125) and in-the studies perfmz»e
by 'Schon]werth et a'l (151) were.about 4 tn 5 fo'ld greater. than, that in

vo. Since phospnate also affects mitochnndﬁa] glutamme metalfohsm -
(38, 82), n. was nf mterest to comﬂare the metabolic response of |soIated
mitochondria to recovery at the physw'o'lngicﬂ cnncentmtion'of phosphate

with’that obtained at the higher phosphate concentration

The mitochondrial studies repnrted in this  chapter. vere perfonned
with'the above-mentioned interests in mind, .As _in ‘the: studies of
Schoolwerth et al (161), the medium :hanges in’ ammonia, g]utamate and
aspartate were measured for each m\tochnndr\a’l lncuba‘tmn 50 that the

- fluxes thmugh PDG, GDH. and 0T could be calcu]ated The res_ults of

" these enénts and calcu are in Tables 3.5 and 3.6,

" respectively and are ‘discussed below. . S &

e S . .- s
A. . Amonia Formation
In these studies, mitochondria were. incubated-with glutamme‘n )
in a low-phosphate: medium (4 mM) and a.high- phosphate. medium (20 mM)./”
These incubations were .carried out both in the absence and .presence [cf

'glutamté (3m). Hence, for each experiu;enta'l condition examined, four
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“separate mitochondrial incuthtions were. performed. The different media =’

were'designed to study. the effects of phosphate and glutamate on the. - - ¢
_metabolic respgnse of mifochondria to metabolic acidosis and recovery

from acidosis. The medium:cnr;taining 1 mM g]utamine 3 mM glutamate and-

s

4 nM phosphate is considered the mune nhysiﬂog\cal'ly-renvant medium
since these concantraﬂons appruxlmate those uhtamed in vwn
(1)

Effe::t of Phosphate - Figure 3.5 shows’ the plots of ammonia

fumatmn by mitochondria incubated in the 1nw-phosphate med\a versus

« amonia formation by the same nn\:ochondna\ preparation’s i the cnrres—

& Aonding high-phosphate media. These plots represent the effect ‘of ; i
phosphate.on” mitochordrial ‘amhoniagenesis in the ‘absence and presence of * e
-g1utamate. Phosphate _activat(nn is apparent ‘i_n both situations, however. ¥

' sH'gbt'ly. greater activation is-observed when glutamate is present. - }
' (2) - Effect of Glutamate - Figure 3.6 shows plots of ammonia for-

I
mation. by mitochondria: incubated with glutamine versus ammonia:formation .~ ]

by mitochondria incubated wi\th glutamine plus glutamate for the 1ow-

phasphate media and !tle high-phosphate media. Thzse p]ots represent ‘the

i

effacts of g\utan\ate on_ammonia fnmation in, the presence nf 4 my vhos-

Bhate and 20 m¥ phosphaté.: As can be observed; glutanate inhibits T s

amionia’‘formation’at both phosphate concéntrations. However, the inhibi- |

tion by glutamate in the Tow, phn;phaﬁe medium is slightly more than that

- observed in the high-phosphate medium, égain reflecting the _cnnipegmve

‘nature of phosphate activation and g'lntalnate |nmb1tmn. ' 5,
(3) "Effegt of Acidosis and Recovery. from Acidosis - Figure 3.7, o

* illustrates the effect uf acidosis and recovery on-ammonia formation by
isolated mitochondria.

In the high-phasphate media, the rates of amonia-
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genesis by mitochondria from normal rats agree with thqse obtained in-

identical media by Schoolwerth et al (161). The normal rates of amonia-

genesis in the.low-phosphate media are about one-half the ‘rates obtainied
in the correésponding high-phosphate media. Significant increases in
ammoniia formation occurred during metabolic-acidosis in all four media. 7

The "increases .observed in the high-phosphate media are comparable to

_those reported by Schoolwerth et al (161).
The éxact resp'nn\ée_pf isolated mitochondria to recovery was depen-
“ " dent upon the mediun in which m'e'mimer{endria vere incubated: - Signifi-

" cant. decreases in_amonia. formation occurred in all media dFiig the

first recovery “day. However,” these decreases on the first day of ‘recovery
were not sufficient to achieve norma] vates of amomagenesls in any of
- the media studied, - - i . . - j

Although.a significant decrease in ammonia formation accurred in

the high-phosphate medium containing glutanine as sole substrate, the
ubvinus trend ‘during recovery for mitochondrial ammoniagenesis 1n this )
ediiin was, to Yemain elevated: -This confiris previous. results obtained P
“with'a eim‘lar Ancubation medium (125). On-the other hand, 1» the high-
phosphate mediun containing’both substrates a.pronounced. fall in amonia
fomatian is‘the obvious response to recovery. . In contrast, at the
* Tower phnsphate r.oncentrat(un, a fall in ammnia fumatmn was apparent
o .in bith the absence and presence of glutamate, although normat rates B

were achieved by the third day of recovery mﬂy in tne mediun :ontalning

both substrates. . . .
Obv_inuﬂy,‘non'e of these responses-to recovery coincide exactly

“ with the return of amonia production to normal’by the'kidney, in vivo.
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However, ‘since the response of isolated mitochondria to recovery yaried

" depending upon-the mediun in which they were incubated and since.the
3 . ;

results obtained -in the fost physiciogical medium “approach” the response,

"in' vivo, then it is possible that isolated mitochondria will.exhibit a
response like that in vivo in an appropriately-devised medium, ‘Although
c;lanées‘ in amoria forriation indicate the overall respanses 6f i%olated
mitochondria \‘.n‘ac1aas|‘s and recdvery from‘acidqs_is,rit does not by
itself provide any indication as to th:’ metgbo'l_ic basis for these res~
pnnsgs’. Fu_r‘ this reason, medium changes in gl‘uta;na.be and aspartate were
a1sq neasured in addition ta amenia formation, 1 order-to calculate
the' fluxes through P0G, GOH and GOT. - J '

B. Phnsp_hate-'Depend!nttb@‘étam'nase Flux : '
» Th.e respunses‘ to acidosis-and recuv’er} of the flux:through sﬂ;os-

' phate-dependent g'lut.aminase in miw;héndria incubated in.the four dif-
ferent media are also illustrated in Figure 3.7." The'normal rates of )
PDG flux obtained in the high-phosphate media are in good agreement with
those obtafned by Schoolwerth et a1 (161). In all four incubatian media
P06 flux Jincreased during’mtabﬂic\\aciﬂnsis. ‘The ‘increases obsnrve;i in

the high-phiosphate media-conpare wéll with. those obtained by ‘Schaolwerth

, at the same phosphate concentration.

The response of PDG-flux to recovery varied depending upon the

recovery. ' Hence, the decrease obsérvg Ya formaﬁan'in_ the

'high-p.hosphate medium conta‘il‘l{ng};oth substrates is not attributable c:_:'

e




a change in P0G flux. Havever, the persiscence of ﬂevated rates of P0G

flux in the medlum cnntalning glutamine as SoTe substrate at the h1gh g

phospiate concencratinn cum:ides with tné response ‘of ammonia . formation !

in_this medium. .- . B . R
Sl At the Tower phosphate concentration PDG flux decreased during -

recuvery in mitochondria incubated with glutamme alone. Th\s decrease

. .+ in'PDG flux coincides with the decrease ‘in ammonia formation also abserved
: in this nediun. In coptrast, in the Predbnce oF huth;subsvt'_'aie\s ’az‘t.he
o Tower' phosphate concentration, a change in PDG flux-is not evident..
.7 Herice the fall ih amonia formation observed in. ghis mediuri can not be . :

LAY

‘mmma to a fail in P06 flux:

“ . In F)gure 3. q,,are shown plots of amonia form tmn versus PDG ﬂux
h ..
for each.medium‘ Most sﬁriking\ are ‘the excellent correh\:iwns fmmd in

St the media without glutamate. . The correlatibns between amonia fornation

N ,and. PDG flux obtained in the media containing both substrates have . HeE
. marked'ly teduced :orre]aﬁon coefficients.” This may he explained tf g

glutamate mfferentianywaffec:s PG and GOH fluxes. - . “ -4, ! #d
s S . i -3 d . . V

¢. “Glutamate Dehydmgenase Flux|

The effect of acidosis and recovery on the f'I ux thmugh glutamate.

ydrogenase in mitochandria in_the.four different media is
also muszmeu in Figure 3.7. #he rates of GDH fux in control mito-
chandria ‘incubated' in the hlgh—phosphnts media are similar to thnse
reported by SQn:haerth et’ a'l (151) In agreement with the: results of

S:hwlw!rth [3 the flux through- GDH obtained Jn the th phosphﬂta-

. " mediun :ontaming both suhstrates i neg)ible iy mitochondria isolated
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from nqrmal rats, whereas in the high-phosphate medium containing
g1utamme as sole substrate, the GDH flux cnntr\buted about one -third of
the dmonts forisd. At the 1ower phosphate concentration, GOH-flix in
contrdl 'mitochondria is also neghgﬂﬂe in-the presence of g]utamate and
contribiited bétween une thll"d to one—-ha1f of the ammonia formedin. the’
ym!mthout added glutamate. 6 * . %
Acidosis increased the flux through GDH in all media. In agreement 3
with the results of Schoolwerth et al (161), the pércent enhancement of
GDH.Flux was substantially greater in the presence of both glutamine ard "
glutamate than in the ,(:re'sence of glutamine alone. ' This effect of o
glutamate on the response of GDH flux to acidus|§ is observed at both
pmsphaze concentrations. S )
The response of GDH flux to recovsry‘depeneed upon the mec_ﬁu'm in
< Which the mitoehondrie were incubated. .GDH flux decreased significantly
in Tl four. media on :‘hﬁe first day of recovery. Although GOH f1ux fell
during recovery in ‘the high-phosphate medium containing glutamine as
sole: substrate,. it tended to remain well elevated above normal ‘as did
amonia formation and -PDG flux. In the corresponding med‘ium at the
1uwer phosphate concentration the fall in GOH flux was mcre pronounced
as we‘re.th‘e falls in ammonia formation and PDG flux: On'ly in'the media
) containing both glutamine and glutamate ‘were normal ,rates af‘ GDH flux '
\attained. Obviously, the fails in GoH flux in these media do not depend
upon decreases in PDG f]ux. - Presumably PDG flux would be ini_ﬂbited if
the matrix concentration of glutamate rose as a result of the decrease
\ . 9 6H"fluc. Since this does not appear:to’happen then’ the efflux of
glutamate must &Wt £ prevent the {ntrafii tochoridrial accumulation

of glutamate.




el e

The negative value for GDH flux obtained in the 1ow~phosp)\ate

medium suggests ‘the formation ‘of glutamte via qlutamate dehydrogenase.

This fs conceivable since NADH and a-Ketoglutarate. may.be generated fron
added nalate via malaté dehydrogenase and glutanate oxaloacetate trans- -

" aminase, respectively (Figure 3.5). Calculations indicate ‘that thers is

sufficient mlate in the incubation medium (0.1 i) to fuTly’ account for
the lutaate forned via glutamate dehydrogenase. ) ) i
Shown 4 ‘Figure 3:10 are plots of amonfa’ formation versus G S
flux. - Excellent correlations aré obsérved with the data dérived from !

o the mitochondrial incubations-in the media without glutamate Hawever. .

when glutanate is present.the carrelation between amania fumation and
GDH flux is markedly less. " This gives further support to the suggestinn
3 5

!
{

made in Section 3.5 (B) that glutamate differentially affects PDG and ;J
1

o GDH fluxes. Bk heoaat . |
8 " D. Relationship between Phosvhate»Dependent Glutaminase Flux and a

Glutamate Dehydrngenase Flux
Figure 3.11 ¢ontains plots of PDG f'lux versus GDH flux for all four
media. As can be seen, in the media without gutamate excellent correla-
tions exist between these two’paraneters. . Hence, it may be concluded
i that, in these media’'the fluxes through these enzymes ére under control
of the same rate-1imiting step, presumably PDG activity. H‘m’ce_ier, it is

apparent that PDG flux and GOH flux do not ‘correlate. in the media con-

taining It may th re be ct that PDG flux and GDH

flux are controlled by different mechanisms. Hence, glutamate must-do

i _more than just inhibit PDG activity.
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E. Glutamate Oxaloacetate Transaminase Flux
Figure 3.7 also illustrates the effect of acidosis and. recovery.on

the flux through g & oxaloacetate inase in mitochondria

ingubated in the four different media. In the media without glutamate
GOT flux is‘ Tow and apparently una"ffected by the phosphate mncéntration.
In the absence of glutamate, aspartate fnmatmn did not change dur‘lng
ac1dosls or recovery (low-phosphate. medfum) or was slightly devressed ir{
acidosis with a return to normal during recovery (high-phosphate medium).
The m‘mnﬂ rate of GOT flux in‘the high-phosphate medium containing
glutamine as sple’substrate agrees well with that reported by School-
werth et al’ (161) and the S11ght decrease observed during acidosis in
the present study réflects the same trend’ evident in théir vesilts.

In comparison to tPBF obtained in-the media without added gluta- -
mate, GOT flux was subscanéia]ly greater in t:he media containing both
substrates. In the presence of both glutami_ne anq glutamate’, aspartéte
formation was‘slight1y'hi§her in the high-phosphate mediun with signifi-
cant 'differences for mitochondria from normal and three-day récovered
rats.  This may be related to higher matrix glutamate concentrations at
the higher phosphate concentration due to activation of PDG by pho‘sphate.

No significant change is: observed in GOT flux during acidosis in the

" presence of glutamate at either phosphate concentration.’ During recovery °

GOT flux’ increased on' the third day to above normal ovl-acidotic rates_in

" the! Tow-phosphate mediun and to above actdotic Fates“in the high- phosphate ~

medium. The fluxes nbtained’in the high-phosphate medium Cuntamlng

both substrates differ from those reported by Schaoluerth et al: (16]) in

SOTCUNRSE P SO
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dria’ from norma! rats and it does not chang;‘ during acidosis.
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' that the GOT flux in the present study is shghtly higher for mi tochon-
{
{
!

. ®, ' Comments on the Results of the Mitochondrial Stud1es : .
(1) M1tocnondr1a1 Incybations with GIutamme as SD'Ie Substrate -

In mitochondria lsolated from the k\dne_ys of normal rats and mcubated

5 U e in-the med1a cantamlng glutamine as sole substrate the f'lux through
" GOH cuntrlbutes substantially to the formaﬂnn of ammonia. About ane-
half of the glutamate derived from glutamine was met;bolized via GDH. .
fan The renainder sither accurulated as’ glutamate or was efentually convert-- t
ed t’o aspa;'tate vi; GOT. "Durj'ng metabolic ac_idosjs'lncrease§ .of compar- - * ‘ -
able magnitude occurred in the fluxes through.PDG and GDH. ~Although the |
3 ‘. actual in;reasés were of. similar magm‘tude, the change shich occurred in’ o,

GOH Flux represented a slightly greater proportional activation compared

vnth the change observed ln the flux through PDG." Since the 1ncreases

in glutamate formation v|a PDG in these me were. accompanied by compar-
. .
able increases in glutamate removal -via EDH then the net. formation of
glutamate did not change. ‘As a result, aspartate formation was not

significantly altered durmg acidosis either.

The responses’ to recovery of PDG flux and GDH flux also genera'ﬂy

co}ncided with oné another. -In the low-phosphate me_djum decreases of g
P " c@mﬁarab]e ma‘gnitude occurred in the fluxes ‘t,nruugh both PDG and GDH. ‘
: Consequently, net glutamate :and aspart;te formation were not altered.

" Inthe high-phosphate medium, the general trend for 'mh PDG flux and

GDH flux was to-remain élevated although a slgmhcant fall in GDH flux -

. was evident on the first day of racover_y. However, tne fall in GDH flux N t

T T ix
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was not sufficient to alter the met formation of either ‘glitamate or

aspirtate to any detectable -extent. 3 L - %
The ohservvat.ion that ‘the fluxes through PDG and GOH- fell during

Tecovery atIthd physiological concentration of phosphate but tended to

remain elevated-at the Mgher phnsphate cnncentratmn is 1nteresting

This suggests, that a.change occurred in fhe nitochoniria during re:nvery/

which decreased the activity; of the rate-limiting step at the lower

phosphate concentration in the presence of glutamine alone: but that this
change was ‘either masked or reversed by the higher phosphate cnntentrqﬁ‘un.
Masking could have occurred by act1vat1ng the responsible step such that

it was no longer rate-hm\hng or by activating the- transport of 1nh|bltory
agents (such’ as glutamate) out of the mitochondria. However, in-light of
the known: effect of Dhosphate un PDG activity it is pussvt{Te\ to provide

a tenative explanation, for this abservation. According to this speculatlon
trq\e dissociation of PDG d\'h\ers‘increése§ during, recovery such that,
although %the amaunt of enzyme did not change, its activity decreased.

This change in- PDG was preserved in mitochondria incubated at the physm-
'Iognca] mncentratmn of phosphate and as a result. the fluxes thrnugh

PDG and GDH decreased. 5ir|c= phosphate activates. PDG by dlmenzatlon

then -the.. effect of recovery ori.PDG was presumably reversed at the elevated

ration‘and con y “the: fluxes -through ‘PDG and GOH
remained elevated. - However, a fall in PDG Flux s not observed at the
physiological phosphate concentration in the preseﬁce of glutamate and
therefore raises some doubt as to the physiological relevance of the .
speculated effect of recovery on PDG. ; ]
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(2) Mitochondrial Incubations with Glutamine and Glutamate as
Substrates - In the media containing Both subitrates, the: flux through %

+6DH in kidney mitochondria from normal rats was negligible in comparison

Vwith the flux thrnugh‘ PDG. This means, of course, that nearly all of

the glutamine met.aboH‘led accumulated as gl utamate or. was eventuaHy‘
converted to aspartate via GD%, Consequently, .the flux’thronéh GOT in
mitochondria From normal rats is appr"oximate]y equal to the rate of
glutamate. utilization plus the flux through PQG.

During acidosis increases of comparable magnitude occurred in the
fluxes. through both PDG and.GDH. However, since in these media 'ther!
was virtually no GOH flux in mitochomdria frém, normal rats,.then. the - .
percent change which occurred in GDH flux during acidosis.is considerable
in conparison to the percent charige which Gecurréd dn PG Flux.” This is
interpreted as reflecting a marked ac!lvatis;l of GDH flux during acidosis
which is not accountable for Siuply by the ehange n the Flux through
PDG. : ) R ;

'

The apparer‘nt reversal in GOH flux observed in the low-phosphate
médium during recovery is accountable for by the following speculation.
Adan and Simpson (1) have shown-that the uptake of glutamate (in the
‘presence o inhibitors of glutamate metabolisn) is quite depressed in
m1zocr_|ondr1a‘ isolated from acidotic rats and hénce the activity ;:f the
glutamate ‘transport mechanism miay be lowered in acjdosis. Assﬁm!ng that, *
the glutanate transporter affected 15 the bidivectional glutamate/
bydroxyl transporter, then the efflux of glutamate.would al s; probably
be dépressed during acidosis. If the activity of this transporter

increased during. recovery such that by the fi rst day it lwas back lj:n
< i .
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m o ey
normal but by the third day it had overshot normal, then mitochondria .

8 . . <
from three-day recovered rats would have an increased capacity to trans-

“port glutamate. Increased transporter capacity.would permit the increased E

_effl x of glutamate, ‘thereby tending to lower matrix glutamate concen-
trabions?) I the Tow-phosphate medium wherethe supply of glutamate Vvia
PDG is.low then the \ncreased efﬂux of glutamate would tend to-pull the

qlutamate dehydmgenase‘neact\ul\ in favnur,nf glutamate formation,

. However, at the -higher- phosphate concentration this is.mot-observed
" -since glutamate formation via PDG is greater and presumably sufficient

. to prevent the matrix concentration of glutamate from falling.

3.6 Discussion
Discussion,

/It was inportant, a priori, fo establish the function of the kidney «
: e £

in terms of glutamine metabolism and ammoniagenesis before pruceedi‘ng
with the metabolic studies ;;resemed in this ‘chaptar. It can now be
stated with assurange that normal rates of glut.amme metabolism, in
vivo, are re-established within one- day of recuvery from metabolic
acidosis. * This conclusion is based upon measurements. of glutamine
extraction and total ammonta production by the kidney. ' Both parameters
vee back to normal within 28h of recovery. ]

Although renal. ammonia production was back to normal. by 24h of

récovery, previous studies indicate that the amount of ammonia excreted

in-the uriné during the first 24h of recovery was significantly greater

“than that excreted by normal rats in the same amount of time (125).

This indiéaies that above normal rates of ‘ammonia excretion’ persisted

for a while after the'acid challenge was removed. It i'_s‘suggested that




R

‘the continued excretion of acid as amoniun salt for the'first fed hours

of recovery resulted in the inappropriate regenération of bicarbonate.

.This continued regeneration of bicarbonate associated with the continued

excretion of acid & ammoniun-salt is’ considered inappropriate since
normal bicarbonate Tevels had already beenfestab\is‘hed by the time .

zed to

recovery was initiated and bicarbonate was no longer being uti

.huffev excess acid. To.explain why the bicarbonate leyels in “the blood

. Y
rose-as.a result, it was hypothesized that.the renal threshold for -

bicarbonate reabsorption w‘as increased due to pota:ssium depletion during

the previous acid challenge. e t .

The abrupt fall in' renal glutamine metabolism observed in.Figure
3.2vd|ffersv'from. the response in_ reﬁ‘a’fg]utamine metabolism CQ recovery
in experiments-with humans. In the studies ‘wjth humans (134), high
levels of ammonia were excreted in the urine for sevéral days, after the

NH,C1 regimen was discontinued. This contrasting result seem with rats

seems more _apﬁropriate. It appears that in the experiments with humans;
the urine’ ammonia ‘excretion was continually increasing over the duration
of NH,C1 ingestion (4or 5 day;). It is, therefore, sﬁs‘pected that the

fully adapted rates of ammonia formation had not yet been ac_hie‘ved or. at
best vhad Just been reached. _Si'nce during the adaptatln}n pe‘rlnd there.is
an excess of acid inge;tiun ovér-acid excrétion, then there would be an’

excess of acid in the body fluids and tissues, Consequently, when the

MH4C1 Yegimen was termmated h\ the hllnan stud1es continued excretion -
of acid as ammonium sa]t was requlmd to restare acid-base balance: JIn

contrast, in.the studies with rats; fully adapted rates of ammonia

"and humns may be due to Species differences. However, amother explanation
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excrétion were established for about five days before recovery was

initiated (125). “This period provlded -the opportumty for normaT acid-

base status of the animal to be restored whlle stlﬂ cunsumlng NH4C1 and

* therefore continued excv;etion of ac\d-as ammoriium salt”and the regeneration

of bliffer was not required during recn;ery. The results of an experimerii'

by Hood (203) 'support - this Tater explanation. In his experiment N1

‘was administered to a human for 44 dax;, During recuvery‘ ammonia excretion

fell much more- abruptly. Than it did Juriﬁd recovery in experiments in
which NK4C1 wWas administered to humans for only 4-or 5 days (134). -The
assumption here,is that the longer. period of acidosis permitted. restoration

of the buffer 1ost during the period of adaptation.

" A, Metabolite Changes in the Kidney in Response to Recuvery from

Metabolic Acidosi’s-

From the results-of,the" ﬁ:e‘eze—cu.mp studies presented in this chap-

, ter; it is noted that during recoveryincreases occurred inthe remal con-

tents of glutanate, a-ketoglutarate, mlate, citrate, Tactats and calcula-
ted Koka]o;cetgte and decreases occurred in the renal contents bf phaspﬁu- N
enolpyruvate, and 3 phosphnq'ly:erate and as well the cytoplasmic: ratio
of NAD to NADH decreased‘ Certainly.the changes in plwsphoeno]pyruvate,,
3-phosphoglycerate, lactate and the ca'lculat,ed NAD/NAOH ratlo may be
assumed to _have occurred in che cytop]asm. The increase in cltrate also
probably occurred in :ﬁe cytoplasm if it is caused, as hypothesized, by a
direct effect of bicarbonate on-the mitochondrial citrate transporter,

The metabolites gl u(:.amate, a-ketoglutarate, malate and oxaloacetate,

of course, exist ‘in both the cytoplasm and the mitochondria. Obviously, .

- the. contents of. these metabolites in these compartments can.not be

i
{
i
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distinguished by maasunng ‘their contents in theextracts obtéined by
freeze - chmpmg the entire kidney However, ~based .upon the assumptmn

thit a steady- -state situation exuted in the renal cells métahoh‘zing'

glutamine at the tine of freeze-clamping then certain reasonable infer- "

ences can be made . The presence of highly actwe and freely T&V!I'S’Ib‘e

mitochondrial antiporters.fof- exchanging:malate with phosphate and
"maiate with a-ketoglutarate provide a basis f‘ur‘assumingv that the
concentrations of u-kétog]utarage and malate in the mitoctiondria and ) 4,
cytoplasm are in equilibrium inoum not necéssarﬂy at:the same n:nn—
_ centration. Hence, changes-in me leve1s of these metahu'htes can be
ramd]y transmltted from one comnartment to the utner.
ation may exist for glutamate since kidney mttncnéndﬂa also cbntsm a

bidirectional glutanate—hydruxy] antiporter. However, the activity of

this ant\purter is Tow: in the kidney and therefure equﬂ\hmum between "

cytoplasmic and nnto:hnnﬂria] glutamate may not he achieved as rap1dly

B. Metahahc Responses m the' Cytoplasm to Recovery from Metabolic
Acidosis

Phosphnennlpyruvate' carboxykinése is pm‘m‘arﬂy,‘ if not exclusively

a cytoplasnic enzyme in the raf kidney (46). The increases in the renal )

contents of malate and calculated oxaloacetate and ‘the Gecreasé in - phos-

'phoenowyruvace during recovery probably-reflect the re-attainment of

normal PEPCK flux. This is consistent with the normﬂ  rates’ of, PEPCK.
act!vlty evident in vitro in hmgenates from the kidneys of one-day
re:overed rats:(125). : Presumably the- fall in 3~ phosphaglycerate faﬂawed
the fall in pnnsphoenﬂ pyruvate since enalase catalyses a freely rever-
siblé close-! Lu~eqnﬂibrium rsacnnn./ The s\gmﬁcanc& of the increase

! The sane situ: -
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1%
in 'Ivactat‘e and the ‘decrease’ in cytoplasmic, NAD/NADH s ot rh?[y appre-
ciated. An increase in cytoplasiic a-kétoglutardte could serve a regu-
latory role by acting from the 'cytopiasmc s'de to inm‘bit the glutamv'ne
transporter. . Whether or “not. the increase in citrate plays a regu]atory
role ha t been |nve5tig§ted.

‘Tne decrease which occurred in the content of renal PEPCK during

* Yecovery was»shoun. to be most probably due to the Toss ‘of enzyine protein,

Although there {5 some controversy ‘regarding the half-1ife of rénal PEPCK
‘(3.41\ agco}dig\g‘tc Longshai et al (102) and 130 accordi'ng to llynedj’ian s
e{'a'l (7i)) the repr‘:rted half-Tives are short.and thus it is probable
that the fal] “in enlyme amount is due to the nonna] turnover -of PEPCK in

the face of a decreased rate of synthests.

[ Metaho'l ic Respunses in the M\to:hondna to Recovery from Metabo]lc
Acido:

:« From the mitn:hondriﬂ stud1es reported in ‘this chapter it-is

apparent that a, lrntochondrlal event uccurred durmg recovery which de-

creasedyﬂ\e- ﬂux ‘thmugh glutamate -dehydrogenase. This event was’evi- ’
“dent only in. the presence of*both.glutamine ‘and glutanate and the heta-

bolic’basis responsible is unknown. At i'_'s' reasonable to assume that an -
increase. in mitochondrial glutamate may have occurred as a result of the

-decrease in GDN flux.* - Changes in the concentration of g]utamate in

F mmchundrh have been r.ansxdered of especial importance in the conmﬂ

nf renal glutamine mevgabohsm becalse of, its inhibitory effect on’ phos-

phate-dependent ‘gTutaminase:” - S J




_tiansaminase. Se:ondly, and mre important, .the 1ncreased ::ytop1asm|c

D. CytopTasmic Versus. Mltochnndrlal Control of Renal G’Iutamlne i
Metabalism durmfRecovery from Metabolic' Acidosis

The resull:s of the studies presented in this chapter 1nd1cate tnat
events occur in both-the cytoplasm and mitochondria which could be re\spun_—
sible for the return of r‘ena‘l‘ glutamine metabolism. to’ normal during recov-
ery. The fall in PEPCK activit’y is a cy_top]lqsmic event ‘which c’cul’d be. of
regulatory significance anda micoénonmal e‘vent of r;g‘ulacory' poténtiﬂ

is that.which causes the fa” in the flux thrmigh glutamate dehydrogenase.
Smce both parameters were back to' normal, at the time’ of freeze-damp\ng
‘then the metahnHte plcture obtained -does not provide any indication-as
to which event is primary. Presumably, a ldecrease in the flux. thmugh the
_rates 1|m1t|ng step wau]d he the primary event < i

¢ It is, of course, true that only one rate-limiting step can -exist.
'However, it is nevertheless possible for the'locus of fhe rate-lTimiting
step to change'as conditions change! The. following models are proposed

as working hypotheses for- the control of renal glutamme metabolism

durdng recovery. from metabolic acidosis. “They are meant to serve on]y‘

."as tenative models and are described with refererce tn’Figure 3.02. |

(1) PEPCK Model - This model is based upon the premise ‘that the
regulatory event during recovery is a fall in the flux through:PEPCK.
As'a result of this fall the cytoplasmic concentration of oxgl,oacetate‘

is iricreased. It is-presuned that thi

would affect a-ketoglitarate’

Tevels in two ways. Firstly, it codld increase a-Ketoglutarate via re-’.

establishment ‘of equ’ﬂibrmm by the cytoplasmic. glutanate. oxa

ytop -9

concentratmn of bxaloacetate wou'ld causé. an increase 1n’the mitochond=.
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Figure 3.12 1 scheme for the control ok rena{ metabolisin.

The double-headed arrows represent reversible reactions and the single-headed arrows,
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Tines, a sequence of reactions An inhibition is represented by
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rial succinyl CoA concepiration since all the intérvening reactions

including tf\e_ malate/phosphate ‘antiporter are” freely reversible. The

rise in mitochondrial succinyl CoA concentration could irhibit o-keto- "'
“ glutarate dehydrogenase and this, in turn, would cause an increase in

th_e‘mitochondria] concentration of a-ketoglutarate. Firstly, it could *

result.in an increased intramitochiondrial glutanate concentration,'since
glutamate dehydrugeﬁa’selis freely reversible, and an ir{hibﬁtion of
glutaminase would ensue.. Sécond]y, ,.the increased mitochondrial concén—
tration of atketoglutarate. wouid resul€ jn an increasedcytopTasiiic

concentration -of a-ketoglutarate via ‘the operation of the R€lersible

- malate/a-ketoglutarate antlporter and this would re§u1t in an inhibition

.of the m|tochondria'l glutamine transporter (50, 57). Thus 3 decrease in

the activity of phosphaeno]pyruvate carhuxykinase in the cytoplasm can

inhibit thé glutamine transporter and. the mitochondrial glutaminase.

(2) GDH Model - According to this model -the regulatory event in

rena] g"lutamlne metaansm during recovery is that-which®cadses the fall

. .in glutamate dehydrngenase flux. = A decrease in.GDH flux would. increase

the mitocht;ndrial concentration of glitamate resulting in the. infBitfon
of g'lummlnase. This model d;pends upon’ the vmw by Schoolwerth et
al (161) that glutamate dehydrogenase does. not catalyze an equilibrium

réaction, The subsequent fall in PEPCK flux would result in-the re-

establ l‘ksvhment of normal malate and oxalacetate lgvels as well as inc'rea_sed,

a-ketoglutarate which would presumably act to inhib_it the mitochondrial

glutamine transporter,
| .
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CHAPTER 4 *
LONG RECOVERY ~

Mituchendria] azi'apta_ﬁon\is an important part-of the adaptive
response of the kidney to metabolic.acidosis. .Most important are the
adaptations in glutamine transport, phosphate-dependent g]utammase and
gl utamate dehydrogenase.

Kinetic data for the mvtuchnndru] g!utamme transpurter has been
published by Goldstein and Boylan (57). These.workers ﬂeve]oped a rapid-
mixing and rapid-filtering system to obtain data on the uptake of y:a‘din-
active g'lutamme By. measl;ring the *initial rates of accumuTation of
glutamine ]ahe], tnay attempted to avoid, the potentigl problem of confusing
glutamine carrier activity with g'lutamin se activity and the rate of -
glutamate efflux. .Thel'r results ‘Tndicate thaf at pH 7.4 and 23°C, the
km of the transporter for glutanine is 2.7 m and the V.. -betweeh 23

and 32 muoles/mg protein per mir. Compared to the nigher rates of

. glutaminase activity "in mitbchan_di‘ia] preparations (161), the glutamine

tran‘sporter could berate-limiting for the métabo]is(n of -glutamine. The

uptake of radioactive glutamine by rat kidney mitochondria.was demonstrated

to increase in acute and ghronic metabolic acidosis (1, 57). This has

been interpreted to indicate that the capacity of the m{tochm%drh W

. ‘transport glutawn'n'e across -the inner mitochondrial membrane is increased

by metabolic acidosis:
A 20-fold increase in. the activity of PG h§s been shown to occur
in the pruxlmal convoluted tubules during metabolic acidosis (37).

Imaunochemical studiés indicate that this increased actiﬁt.‘y is due to




P . *f .
“an‘increase in the amount of this enzyme (36). Since actinomycin D
urevented the increase 1n PIJG achvlty (65), it-is 'Ilke'(y that 1n:reased
‘synt!\esls is the mechanism of PDG adaptation in metahohc acldns|s ¢ -
has al 0 been shown that ‘metabolic .acidosis -increases the acuv!ty of
GDH in the proximal convoluted tubules and that this. increase in enzyme
activity“isy due.to an fncrease in the anount of enzyme (164, 165). .. |

X;| thé"preﬂaus ch‘avter‘ it was S!IﬂWl:!: th;t renal glutaMQne metabo-
Tism, 1A vivo Feturned to normal by one day of recovery.: It is-dlso
apparent from the results of Chapter 3 that ‘the mitoctiondrial-capacity

+ ' tometabolize g]utaminf remained elevated forv at least 3 days of recov-
ery while the expression of-this capacity depended upon the medium in
shich the mitochondria were incubated.. The.results of the previous -
chapter also show that in the "physiological® in;:uhatinn medium the flux
through GDH reversed during récovery-such that-glutamate was formed via
glutamate dehydrogenase in mitochondria isolated from three-day retove/ed
rats. S as to better assess these-trends, it was of interest to follow
mitochondrial metabolism in the d\fferent‘medla for'a longer period of
recovery. It was ‘also uf'intevest to reiate the a:tivitiesva'f PG and

GOH with the metabolic responses to recuvery, both 0 and in"isolated

mltcchandr\a.
4.1. Blood Acid-Base Parameters

Blood acid-base parameters. were routinely measured in all the
experimental situations studfed.. The [H'J [Hc03] and PO, inithe blood
of rats which were permitted up to 15 days to reccver from a previous

acid challenge, (i.e. 7 days of 1.5% NH4C'I ad 14bitum) ‘are shown in Table




* 4.1, The results indicate that there are, increases in [H' and pco, on
day 8 of recovery,. ‘Howeyer, ‘the. period from 5 to 12 days of fgcavery
is generally a stable period in terms of acid-base homeostasis. This is
1‘1'\ ccntrast»to the first few days of recovery in which a distinct meta-

fovic alkalosis is apparent (Figure 3.1). Presunably, by the fi7th day”’

.of recovery the kidney had re—adJusted '|ts function to meet the demands‘ S

of normal acid ingestion.

4.2 Mitochondrial Enzjmes

Assay of enzyme activities, in vitro:under optimal' conditions is,

in effect, a measure of maximun activities. This does not necessarily
bear any, relation to'the activities expressed, in vivo. ‘However, meas-

uring maximum activities provides a means of detecting changes in the

amount: of enzyme which is present and presumably capable of catalyzing a

particu]af reaction.

Because of the importance of the “reactions catalyzed by PDG and GDH. "
ta the metabolism of ‘glutamine, these enzymes were measured during
recovery from metabolic acidosis.  These activities were measured -in the
same mitochondrial pr'éparatiuns that were used for the incubation studies
reported below. The resu’lcs of these determinations appear in Table 4.2

and F1gure 4.1.
e
A, Phosphate-| Dependent G1utamlnase Activlty
No s\gn1f1cant change in PBG act{vity occurred during the first
three days ‘of recovery.. This confirms previous findings with entire .

kidney honogenates (125). After the third day of recovery, a fall ing




P

and partial pressure of C0,.during Tong recovery:

. Experimental’

Table 4.1 Blood H' and HCO}

= Recovery
Condition: Normal Day ‘5 Day 6 Day 7 Day.8 . Day 9 Day ‘10 Day 11 Day 12
_“+ £ 7 . o= * B gy
(nfoles/L)+sD 37.2+1.9 3;.211.4 38.6:0.8 © 36.6t1.1 43.6:2.5* 41.2:3.0.,°38.7:0.7 - 35.8¢1.5 . 38.0:].3
(5).- (4) (4) ©(4) (4) (4) (4) () (3)
HCO3 “ e
(mmoles/L)+SD 29.0:0.7 | 28.7¢3.4° 29.5:¢0.7 '29.1¢},3 '29.7¢1.6 28.9:1.6 28.0:0.4 29.1:0.9 = 29.0:0.6
(s) (4) (4) 4) . (8) (4) ) (4) (3)
pC0; .
(mmHy)+SD 45.3+2.8 | 46.2+6.8. 47.8+1.9 44.7+3.2 . 54,3:3.8% 50.1&4.9 45 8+1.3  43.5:3.0 ' 46.3].3
= (5) (4) (4) (4) (4) (4) (O] 8) .. )

Nood was sampled: from normal rats and rats whi:h were allowed five to twelve days to recover. ‘from
metabolic acidosis.
* indicates significantly. different from normal va’lue.
used. - \

Number in parentheses tndicates ‘number- of animals

N
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Table'd.2 ‘Activities of g\husghate -dependent’ glutaminase and g'lutamate
% dehy rogenase during recovery. from metabolic acidosis..

i Phosphaté-Dependent " Glutamate Dehydrogenase

6lutaminase Activity ; Activity.
i A - - - ‘ .
Experimental nmoles/mg mitoyprotein/min +SD (Mo. of Animals)
- Condit’ion ~ < .
Normal ' 393.9476.5 (12) . 857.5:161.6 (9)

U s i A
- 1175.0£259.2 (13)* . 2142.8+348.7 (g)’

Recovery Day 1 1210.8+258.4 (11)* *1789.7+422.0 (9)*

Recovery Day 3 - 1235.41420.2 (6)* 1357.14169.9 (10)*+
Recovery Day 5 747.23251.5(7)’# 1594.(‘1;295.6 (4t
Recovery Day,7 ~ © 1939.5:199.2 (8)* 1805.:44356.1 (12)*
Recavery Day 9 781.8+64.5 (4)* g 1672.7+148.4 .(4)'1‘
Recovery Day 11 675.9:46.5 (3)* 1147.7493.3 (3)*

Recovery Day 15 554.5:54.2 (3% 1075.9:163.4 (3)t

Acidotic rats were administered NHiCl for seven days. Other rats were
allowed to recover from metabolic acidosis by drinking water for up to
15 days, . * indicates significantly.different from normal value and

t indicates significantly different from ac1dot’|c value (P<0.05).

sedonandliogt 5 o o e b
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Figure 4.1 - | Response of the activities of phosphate-dependent

glutaminase and glutamate dehydrogenase to recovery
from metabolic acidosis. L

The data presented in this figure are taken-from Table 4.2. Meta-

bolic acidosis (A) was induced by adninistering NH,C1 for seven days.

The dashed, 1ine represents normal activity. * ind?cates signifi-

* cantly different from normal value’and 'Sjlndh:utes a significant

difference from acidotic value (P<0.05

T A
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PDG activity occurred but no further significant decrease is observed.

Hnwever. the éenera] trend aftgr the third recovery day is a gradual t
a1 in the activity of this enzyme, Despite-thjs downward trend, the

activity of PDG still r,emaine;‘i significantly _e'le'vnte‘d above normal after ¢
15 days of recovery. This delayed fall and then a gradual decrease in

enzyme acﬁvuty does not -:mnclde with'the relatively abrupt ‘return of

glutamme extractmn arid ammonia production by the kidney, in.

during recovery (Table 3:1). Hence the activity of P0G (as determined '
. by its maximal ictlvn:y, in vitro) can not be rate -limiting for renal
glutamine metabolism, in viv,-during this peried. - . .
: 25

B. Glitamate Dehydrogenase Activity

5 The response of GDH activity to recovev-y differs fmm that for PDG
activity. A trend for decreased GDH .activity appears after 24h of recov-
ery with a 's‘ignificant fall evident on the third recovery day. After this,
the activity of GDH appears to rebound énch that by the seventh recovery
day it is not s\gniﬁcantly different-from acidotic values. ll(fter the”
seventh day, GDH actwity feﬂ and by the fifteenth day nf recovery, nor-
‘mal values were'attained. It is obvlous that the response of GDH activity
to recovery does not- resemble the return of renal glutamme metabolism, in
vivo,:to normal and hence the activity of this enzyme can not be rate deter- »

mining for this metabn'hc pathway during this period.

. ! 0y
4,3 :Mitochondrial Incubations

The studies presented in this -section are essenﬁa‘l'ly‘an extension

of _tfle mitochondrial studies presented in Chapter 3 and include data '

e
\
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from that chapter for comparison, - The intent of these studies was to

foﬂw the mxgnzhondrxgl response to-recovery past the third day dnd to

relate these tothe activities of DG and GDH. The results are contained

" in Tables 4.3 and 4.4. " Figure 4.2-11lustrates the effect of recovery on

ammonia formation, PDG flux and 6DH flux.

A. Ammonia Fcrmatlon

As can be observed in Flgure 4.2-ammonfa fnmatwn by .isolated

mitchnndria'retumed to_nornal in all but one of the media used. In

general, the return of amonia formation to normal was complete by 5

-days of ‘recovery with some; fluctuations occur:ring after that.. In the

high-phosphate medium with glutamine as ‘sole substrate, ammonia forma-
tion remamed elevated for the entire 15 days although a fall from
acldohc va]ues is apparent It, therefore, appears that mytachnndria

from recovered rats retain the necessary metabolic adaptations for at

' least 15 days after the "nt\atlon of recovery to mtabohze g\utamine

it above-niormal and near-acidotic rates. Hence; %he capacity to trans-

port ‘glutamine and the capacity to.release ammonia from it must still be .

elevated. .The decreased formatTon which occurred in’the other media are

presumably due to alternations in the mitochondria during recovery which

affect mitochondrial metabolism witi{out affecting metabolic potential.

B. Phosphate-Dependent Glutaminase Flux ~

PDG flux also fell to.normal in all media except in the high-

dium containing g1 as sole ‘substrate. The return of
PDG flux to normal was essentially:-complete by day seven of recovery and

v & s
o

»
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during Tong recovery were incubated for 4 minutes in media containing 1 m¥ glutamine + 3.mM glutamate and either 4 mM &

or 20 mM-phosphate. Dashed Tines répresent normal values. * indicates significantly different from normal value.
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did not coincide well with the return of amonfa formation to nomal :
except ‘in the low-pposphate medium ¢ontaining glutamine as sole substrate, I
In-the high-phosphate medium with glutamine.alone, it is evident that . |
PDG flux remained well above ncr;nal for ‘the entire recovery period
exarrinéd aTthoygh the values for days 5 and 7 are ot significantly
dlfferent from.normal.

Comparison of these responses in PDG flux to recovery mth that.of

PDG activity clearly establishes that the décreases in flux which are B

observed: do rot depend upon decreases in the ac\‘.ivity of

" The relancnshlp betnezn enzyme flux and actwvty in the

'm_edwm with g’(utammq alone 1g less certain. , A definite

this:epz,yme.
hi§ phosphate
fall-in PDG

activity is evident during recovery and by the 15th.day, PDG activity

was Gnly marginally above that in normdl rats.. Hoiever, the flux through.
PDG in the, high-phosphate medium containing glutamine alone was not even )
signi’ﬂca’nt]y different from the acidotic rate on,the 15th “day of. recovery
and the érend is to remain: e]e;atei "I'Ms 'comparisan wnuld therefore
appear ‘to ,\nﬂ!cate that the e'levated flux through PDG'may. not depénd
upon the activity of PDG present. If this is correct then the élevated
flux -through PDG maybe relatgd to another phenomenon such as glutamine
transport. 7 ki '
2 Glutamate Dehyé‘lrudenase Flux

The response of GDH flux to recovery is also variahfe depending
upon the medium in which the mitochondria were incubated. The abrupt .
decreases in GDH flux-observed on the first day 6% recovery in the media,

containing both glutamine and glutamate are obviously not caused by
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 thanges in the mitochondria] activity of glutamate:dehydrogenase. Cer-
tainly the reversal of GDH flux obsérved at,the lower phosphate conicen-
. ’ ! | "

“tration is not related to changes in enzyme activity.

The fail in 6DH Flux in the low-phosphaté’ mediun containing gluta-

-~mine as sole substrate appears to better resemble the changes in POG

Flux ‘than the changed n the activity of glutamate: dehydrogenace., ;n 2
the :orresponding high-phosphate medium, the relationship between flux

and enzyme. activity is.not clear. Theré is a remarkable resemblance

"between the trend in GDH Flux in this mediun and the response of GOH

i Activity to recovery in that the peak of the apvarént rebound occurred”

on the seventh day for both flux and enzyme activity. Hwev'er, this'my
be coincidental, zspecw]]y s(nce GDH flux was still e1evated on-the:
15th day qf recovery whepeas GDH. activity is not significanny different
from normal. 1t is-probable that the flux through GDH in mitochondria

“incubated in.this medium is more dependent upon the Flux through PDG

than upon changes in the activity of glutamate dehydrogenase. '

4.4, Discussion ! |

As a resu‘lt of the sustameﬂ metabolic demand placed upon renal
glutamme metabolism during chronic metabolic acidosis, the mitochori-
drla? ca?acﬁty to metabnlizé g'lutamneljncreases. However, on'fy an
increase in t‘he activity of the rate-.Hmltjng step will incregse the
F1UX throgh this pathway. - Increaseswhich occur in non rate-1imiting
“ steps.are a consequence, not a cause of the increased flux and presum-
ably occur to provide a confortable margin betveen maximu capactty and

flux. Adaptations of this t_;'pe make it difficult to distinguish’ between
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rate- Timiting and-non rate- Hmiﬂng events.,

- During recovery fﬁ'vas ‘shown that the acuvmes of PDG and GDN
remained elevated long aﬂ:er renal glutamine metabolism, in vivo re-
turned to; normal. Cercain]'y;then, ot Taast for-recovery, the aetfvities
of these mitochondrial enzymes ‘were wel‘l’ in excess of the amounts required
to metabolize glutamine. . Therefore, the ‘actual amounts of these enzymes
can not be rate hmitinq and hence renal glutamine’ metabolism is not
contro]led by changes in the contents of these enzymes during recovery.
The relatively Tong duration of elevated PDG and GDH activities presum-
ably reflect either long half-Tives of thése enzymes of fhat the mechanism
responsible '(iie. ihcreased »synthgsis and/or decreased degradation) is
sustained for some tine during recovery. . Sincé etugamine must be
transported into the m:itnchondria to ‘maintain the elevated. flux through
PDG observed in the high-phosphate medium with glutamine alone;. then
obviously the capacity of the glutaming transporter did not decrease
apprec1ably'dur‘ing‘ t)L'e\,\\ls days of recovery.. Hence,-the capacity of

mitochondria’to transport glutamine can not be rate~Jimiting during

recovery. i
In order for the ine transporter; phosphate-de gluta-
minase or'gl to be ri g during recovery

it must be assumed that alterations occur.which affect the activity of
these parameters, rather than changes jn their contents :which would
presumably affect the capacity-of the ml‘toch?nd{ia to meubolize‘gmt.a-
mine. That such alterations may occur fs reflected by the metabol ic
responses of isolated mitnchundria to recnvery A possible aueration

in either the g]utamlne transpurtgr or vhnsphate-dependeut g}utammase

3

\A

VAPN



is indicated by the decrease in PG flux observed in the Tow-phosphate
medium cbntafning giutmine as.sole substrate. That some alteration
Dccur‘?‘ed which affects glutamate dehydrogenase %s indicated be the

abrupt decv;eases in GDH f1ux in the media :containing glutamate. However, -
the metabolic basis and Ehe physiological significance of these alterations

remain obscure. -
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CHAPTER 5
RAPID RECOVERY

“The increase in renal ammonig production during metabolic acidosis

is a we!!~recogm'zed" n in acid-base is. . Increa:
formation of ammoniia by the kidney permits the increased excretion of
fixed acid as neutfal amoniun salts.  To meet ‘the demands of acid
excretion, the kidney must produce more ammonia than it actually excretes.
This is. because the-afnia secrated Anto ithe-urine 16 derived from an
"intrac;ﬂjﬂar pool ™ of anmonia which' is.in diffusion equilibrium with
all the cortical phases of the kidney, Mc]udli‘ng peritubular blodd.
Hence, not all of the amonia produced in the renal tubular cells is
secreted into the urine. The factors influgncing the release of ammonia
into these phases include concentration gradients'of ammonia between

"cells, tubular fluid and peritibular blood, hydrogen fon concentrations

in these phases and rates.of ‘urine flow and renal blood flow.

The major determinant of:the release of ammonia into the urine is

}arinary PH, whereas/ihe release of ammonia into the blood is primarily .

® s
‘“?L dependent upon blood flow. = Accordingly, the higher|the pH of the urine

the more -competitive the blood is in removipg the ammonia produced by ..

* the kidney.  Since ammonia is very ‘toxic (107) and since ammonia which

is not trapped in:the urine will be relea’;’ed into the blood, then it is

reasonable to assume that the production of ammonia closely coincides

with its requirement for.acid excretion. Presumably then, during recov-

ery from metabolic acidosis the return of ammonia production to normal

1s carefully tuned to coincide with the return'of acid excretion to -

H
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normal. Otherwise, the continued production of ammonia during recovery
without._its excretion in the urine would result in the increased release
of ammonia into the blood. Therefore, although the decrease. in ammonia
produtti;n during recovery from metabolic acidosis is related to acid-
base requirements, it is also. important in terms of “ammonia homeostasis".

This chapter is concerned with investigating the recovery situal;ion )

in greater detail.. It was established. in Chapter 3 that renal ‘ammonia

.production and glutamine extraction by the kidney, in vivo, were back to

normal by 26h of recovery. Hovever, the time course for the return of

renal /gl utamine metabolism to normal during the first day of recovery

. and how this relates to the return of the pnten€i31 regulatory parameters

is rot known. Therefore, studies were performed at recovery times of '

Tess. than 24h. 9 o
. In addition, since the return of renal ammonia production to normal

is presumed to closely coincide with the return in the requirement for

acid excretion to normal, it was thought possible to manipulate the

..response of ammonia production to recovery by altering.the need for acid

excretion: Presumably, the administration of NaHCO3 at the outset of

recovery would remove the residual dcid present at the beginning of
recovery and would therefore minimize the need for excreﬁ‘ng acid as
ammonium salts. The objective of this approach was to determine .if the
potential regulatory events correlated with the return of’rena] ammonia

production under these circumstances.

. o <
5.1 'Blood Acid-Base Parameters " .
It was shown in Chapter 3 that pH, [HCO3] and pCO, a1l overshoot




4 135
- normal during recovery from metahuH; acidosis. The overshoot in
[4203] is. considered the result of an increase in.bicarbonate reab- .
sorption which thereby elevat".e‘d blood pH above normal. . The increase in
PCO, probably. occurred as-a result of a respiratory compensation to this
" metabolic alkalosis. -The purpose of measuring these parameters in the
present. study was to deternine to what extent the development of metabo-
Jic alkalosis during recovery was affected by the intubation of 1.5 R
mles of Nam‘.()3 per 100g body weight control. As contru’_(. rats were
alé6 rtibeted with an eqis) “aiount Of MaCl. Presumably the ensuing
metabolic alkalosis would be achieved sqoner in rats intubated with
Nan.céa as ‘compared with rats intubated with NaCl. 2
The results of this study are presented in Table 5.1 and Figure
5.1, In rats intubated with:Nacl, the blood hydrogen -fon concértration
fell to normal by 8h of recovery. By 16h:-of recovery the minimum [
was attained. During recovery after intubation with NaHl‘.O3 the ‘fall in
[ was completeby 8h. Althiough at 8h of Fecovery the [H'] in the
Nakc0; group s not significantly different from that in the Nacl group;
it is.apparent. that the fall was more precipitous after intubation with -
NaHCOa. The minimun 1ével to which the concentration’of H' fons fell
was identical in both groups. @
A sim.i'lar difference between the two groups is also observed in the

blood bicarbonate concentrations. The rise in blood bicarbonate occurred ’

gradually in rats ‘intubated with NaCl such that by 8h of recovery, normal
values are evident.and. by 16K the maximun increase-had occurred. In
rats intubated with NEHCO3 the blood bicarbonate was: maximum by 8h of

recovery. . At 8h of recovery the [HEO;J is signijicanﬂy higher in the

L.




Table 5.1 Blood acid-base parameters in normal and acidotic rats and
luring the first day of NaCT and NaHCOj - induced recovery
, From metabolic acidosis.

[ [Hc0y) o,
‘ ' “ (nmoles/L) (mmoles/L) (mmHg) & 4
Normal a2 20.142.1 15.541.8
Acidotic - 49.215.2 20.6:2.4 143.212.8
Recovery - ¢ NaCl :
' 8h 30.824.0¢ 27,7220+ 15:062.3. "
16 3,32.7% 32.341. 6% 46.4:2.1
26n 13.581.2M B B2 47528 J
'  Recovery } aco
8 208,04 0 35.481.4% 47.0:4.4
“ ; T6h. . - 34.013.0% 35.08. 7% 49.4:8.9 .
o 31,0830 30,822,714+ 43.624.9.

\

,Rats were made acidotic by adnlnister(ng NH, Cl ﬂ lihitum for seven days.
_ Other rats were intubated with 1.5 mmoles g body weight of NaCl or
NaHCO3 at the start of recovery. \ Blood was sampled at 8h,, 16h and 24h

of recovery from metabolic acidosis. Resu\ts are expressed as mean 1SD
Each mean“consists of 4 nhservutions.

* indicates significantly diffemnt from normal value nmi 1 indicates |
significantly different from acidotlc value. *
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.

". NaCO4 group compared'with that in rats intubated with NaCl.. The maximum * _

concentration of bicarbonate reached was the same in bﬁ:h groups suggest-’
ing that the determining factor was the presumed altered renal tt!reéhnld
for-bicarbonate reabsorption. y

No significant change in blood pCO, was apparent in this study sug-

gesting that respiratory compensation did not occur or that it was not

"as pronounced as in the. study reported in Chapter 3. The large standard '

deviatipns associated with the pCO, Values make it difficult to draw
fim conclusions from this data. )

The results ‘cf t‘his study indicate that metabolic alkalosis was
achieved earlier x‘iuri’ng recovery in rats intubated with NaHCOs. These
results are not unexpect_edn Since the acid-base status of the ‘animal
could be mnipuTated during recovery by the intubation of NaHCD,- then

the effect of this manipulation on' the response  of the kidney to recovery

_was investigated.

5.2 Urinary Ammonia Excretion : T g, &4
The first approach to establish the responsé of thie l;d'dney t0 NaC1

and NaHCO, intubation during recovery involved measuring urinary-amonia

excretions. To obtain as detailed a picture as possible, urine was col-

Tected for 4h intervals.. Intervals of less than 4h did not prove practical -

since urine excretions were.too variable. Urine was also collecteéd

every 4h for 24h"in both normal and acidotic rats. ’ '
The data collected from this study is contained in Table 5.2.

Figure 5.2 {llustrates the same data in.the form of histograns for

easier comparison. A pattern is evident.in both normal and acidotic
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Jpl, Hab} or Nan(,

26.6+11.6(4)

Experimental Xl i s Recovery
Condition: Normal Acidotic *Hy0 NaCl NaHCO,
g = =T g
; m;;ﬁ:;q i Duration * . B ’ :
9am1pm 4n 6.3:3.3(4) 366,0699.8(4)% | 250.86120.5(4)% 262.4+101.2(7)% - 9B.5672.9(7)w+
Tpm Gpn’ 8h- . 15.3610.0(8) . 186.7696.2(7)% | .229.5:30.9(3)% 182.5453.1(8)% . 53.2046.6(8)+
Spm's 9pm. 12h “187.7&137.72(4) -258.24171.1(12) »\51.’5253.9(11)*7 144:0:83.3(7)— 19.6+19.4(8)t
“gpmetan 16 h 21.8413.2(4)  336.0:127.1(12)4° 141.26135.3(4)t 85.2419.7(3)*  16.0s7.6(4)F "
Tan-Sam <20 h 23.8+14.4(4) . 363.9472.7(11)% |  67.1435.5(4)% . 74.7:25:8(3)*F  33.0:22.1(8)
*am» Sam 2% h : 308.7411.7191 | 46.3:31.0(4)  32.5:28.2(3)t

_ Urine was coliected at 4h intervals for 2ah from normal and acidotic rats and from rats which were made

1o recover from

metabolic acidosis by intubating Hp0 (2 m1/100g body. wt); NaCl' (1.5 mmoles/100g body wt)

© ok NaMCOz (1.4 mmoles/100g body wt). Urine was collected from.acidotic.rats on the seventh day af NH4C
© tre:

* indicates’ sign{ﬁcandi different from carrespomimg normal value and + indicates s1gn'1ficanﬂy different

from correspunding ac‘ldntic value (P<0.05).

Table 5.2 Urinar anmnia excretion for formal and acidotic rats and for rats intubated w|th ¢
H,0, NaCT ar NaRC0, a Fart_of ve i

t the start of recove

3 3t the Start of Tecovery.
URINARY AMMONIA EXL‘RETIU_PI (umoles/4h/100gbw: rSD. (No. of Anima1§))

¢
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* the daytime. | . & ;

urine collections: Normal rats excretéd less ammonia between 9 a.m. and
1, p.m., ‘whereas ammonia excretion by acidotic rats was less between 1

p.ri:-and 5.p.m. Since rats are nocturnal, then these-Tow rates of

ammonia excretion may be related to reduced food and fluid intake during

To ensure that the intubation of NaCl did not have an effect on
ammonia excretion, another group of rats was intubated with water (2 ml

- .
per’ 100g body weight) at the start of recovery. As can be seen in

“Figure. 5.2, the‘re is'no difference in ammonia excretion between the NaCl

. group and the group intubated with water.

‘ hetween 16 and 20h of recovery.

“intubated with NaCl.

‘In the Na€l gmup, A gray ual
decrease in ammonia excretion is abserved and normal rates were attained
Amnonia excretion had returned to

normal within 4h of. recq'very in the group intubated H‘Iﬂl MaHlJD3 since

the amount of ammonia. excreted in the 4h, to 8h'urine collection is nat‘

sigmf{canﬂyl different from normal.
=t 1s concluded that ‘amonia excretion im animals intubated with
HaH(:(l3 during recqvery returned, to normal 12h before it did in animals
The difference dbserved between these two ‘recmnz
groups pmvi‘des for a useful experimental sltuiation to study renal

glutamine metabolism. ’ ’

5.3 &Mm

To further establish ‘the response af renal glutamine metabn“sm to
recovery in raté intubated with NaMC(l3 and NaC1, clearance studies were
performed by Dr. K.C. Man.~ This wild pernit definitive conclusions to
be made’ about renal ammonia prodiiction and glutamine extraction. né;ed




i

* upon the resu1ts_nl?ﬁa;ned by measuring urinary siimnia excretions, these
studies were made.at 8h of recovery. This r&gpvery time was selected
since at 8h of recovery normal rates of ammonia excretion had been

“established for about 4h in the NaHCO; group while in th/é_um group the-
rate of ammonia excretion was still well elevated ahove normal and d'd:
not return to norma‘1 fu\" at 1ea‘s€ another 8h. Hence, the c'learance
studies would be expected tu reveal a difference between the two groups.
at 8h of recovery. <

The results of these studies.are contained in Table 5.3.. .No tchange
in GFR or RBF is observed.: Taking iv‘\to account’ the release of ammonia
into Both the blaod and uring, Tt is ‘seen that total ‘ammonia productién
returned to norma'l‘ in the Nako group but is, still significantly eleva:
ted above. normal and not significantly, different from acidotic va’lues in

\the NaCl group. 1In the NaC1. group,’ the release of ammonia into the
| urine is s‘gniflcanﬂy elevated ahove normal although the release nf
anmonla into the blood is not significantly differeit from normal or
acidotic values. 'Ivn th% NaHCOJ group, the release of ammonia into the
vuriné and blood aré both 'significantly diffgrent from acidotic values s
but not signficantly different from normal.

““The patternobserved with glutaming extFaction 1a general”suports
the ‘results obtained for total ammonia production. In the‘NavHEOJ
gmun,‘glutammi extraction returned :6.- no;vual by 8h of reén&ery.
Although at 8h of recovery glutamine extraction is significantly less
thatl acidotic values in the NaCl group, it s significantly.elevated

* compared with noml'l. ‘ ’

It can’ be- concluded }rom these studies that compared with the
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nai«:u3 group more glutamine was utilized by the NaCl group at 8h of

- recovery and that.more.anmmonia was produced and excreted in-the urine.

With these results it is now clear that a definite difference in renal

-glutamine metabolism exists between the two recovery groups and the.

. remaining stud\es in this :hapter are concerned with dlscermng a meta-

bolic basis for this difference. = s

5.4 In vivo Freeze-Clim Studies

As in Chapter 3 the renal conténts of the adenine nucleotides were
measured in- the recovery groups ;nd compared with normal and acidotic
values. These results appear in :rable 5.4, ‘The only significant
difference is observed in the NaCl recovery group:at 8h in which the
renal content of-ADP is less’than'both normal and acidotic values. -,
There is no di¥ference in the’ADP content between the a1 group and “the "
NaHCOy group. Mist important, the ATP content is not significantly
different between any of the groups and-hence 1t would appear that the
Hifference observed in ADP content is not re'lated to 4 change in the ’
energy state uf the kldney. No significant difference between the two ,
recovery groups is apparent and hence the two groups are d!recﬂy com-
parable. "

‘Measurement of Metabolites Relevant to Glutamine Metabolisii

Table 5.5 shows the data obtained-by freeze-clamping kidneys taken-
fron rats at 8K of recovery after intubation with NaCl and [CU
There is no slgniﬂcant difference bev.ween the NaCl grouﬁ and the NaHC!)3 .

. group in the rena] content of any of the metaboﬁtes msured, The same

o~ ) .
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Table 5.4 Renal content of adenine nucleotides in normal and acidotic
Tats and in rats intubated with NaCl or NaHCU3 at the start = -
of FECDVET[.
. CONTENT OF METABOLITES
' . wmoles/g kidney +SD -(No. of Animals)
3
Experimental o i v Recovery Recovery :
Condition: Normal Acidotic {nact) on (NaHCO) 8-
‘ " L) E “‘ -
ATP L 1.52:0.39(6)  1.26+0.35(6) - 1.3720.40(4)  1.1120.12(4)
ADP ... 0.6740.08(6) . 0.64:0.04(6)  0.89:0.10(8}+ 0.57:0.08(4)
o 0.12:0.02(6)  0.10:0.03(5)  0.11:0.20(8)  0.14:0.03(8)
sAona) Adenine: 2.31 2.03 1.97 12
e 2,27 1.95 2.80 1.5
P

Normal and acidoti’:"vﬂues are the same as- those reported -in Table 3.2.

Adenine nucleotides were also measured in the kidneys of'rats 8h after
the intubation of 1.5 moles per 100g bndy wt_of NaCl or NaHCOa to acidotic

rats.

= * indicates sugniﬁcantly different from normal value and t .indicates

significantly

ifferent from acidotic value (P<0.05).




Table 5.5

Effect of NaHCOy intubation on metabolite content
n_rat kidney during recovery.

: ' * = "CONTENT OF METABOLITES ’

nmoles/g kidney 50 (No: of animals)

-Exper imental Recovery Recover)
Condition: - Hormal, Acidotic. (NaC1) 8n (HIHEDJ 8h
Glutamine 2 950:330(6)  3801400(6)*  597:356(4) - 9574164 (4)
Glutamate 2350:300(6)  1730:420(6)  1S167SA(8) . 2166:397{4)
a-Ketoglutarate 210460(6) 70:40(6)*  221e4(8)t | 218:80(8)
hpartate CCadse) . sorio(s) seas) - ansde(s)
Halate- T00:40(e) . so:20(8)*  122:90(8) wse27(e)t,
.. Eitrate 5 160:40(8) © 120:30(8) © 179:65(7) 21074(8) *+.
Ciited rronson . 89 s s 55
e oy s e e, =
Phosphoenolpyruvate . 60¢10(8) 80:20(8) 60411(7) 6816(4)
YPyrovate 100:20(8)-" - 80:20(8). . BB+20(8) 88:28(8)
Lctate - amos(s) . sos0(s) sz 168()
. -Pasphoglycerate 130:0008)  150:5004)  130s31(8) | W:32(8)
Fructose-6-phosphate - - 12¢4(8) o) aes@) | rere
Glucose-6-phosphate 3wre) | Mnse)  -429(6) 42:6(7)

Inorganic Phosphate  3730:600(8) . 43000900(8)  475011112(4) * 3740i520(4) .

" Betabolites Ratfos

Lactate ‘

Fporete, 35, s 59 e
nao*

Cytoplasic. jady L2500 | 2 1540 1950

(calculated from LOH) ‘

“Normal and acidotic values are’ the same as those reported in Table

3.3. Acidatic rats were -also intubated with 1.5 mmoles per 100g
body wt of NaCl or NaCO3 and the kidneys freeze-clamped 8h later.
* indicates significantly different from normal value and + ¥ndi=
cates significantly different from acidotic value. .

-
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normal and acidntic values n.resented in Chapter 3 are also 1nc{uded fop
comparison. These data.are also presented as percent :hanges “in Figure
5.3. The upper histogram plot represencs the percént changes which ~
occurred durlng—re:n\(,ery af;er intubation with NaCl and the result of
these changes i relation to jomal is presented in the histogran plot
next to the tbp.‘ T!tg'*lower t€ h_1‘stugram p_!uts‘represent the percent
changes in the NaH‘Evﬂ; dioup versus the acidotic and normal groups,
respectively,

In the NaC1 grnup, u-ketag]utante and lactate increased signifi-
canﬂy during recovery 1ncreas\ng the contents of these n\etaboﬂtes to
values not significantly different Fromnornal. Although rone of the
other metabolites changed significantly, the _fal'lowing trends are ‘apparent.
Glutamine tended to.be Mgher than acidonc values and Tower than normal
va1ues. The mean for g1 ntlmate is lower than: that for. acidotic rats and '

hence any tendency to increase in this group by 8h of recovery can be
ruled out. The trend for malate, citrate and calculated oxaloacetate to
be decreased in acfdoss was reversed in the NaCl group. -The trends for
phosphoenolpyruvate band 3-phosphoglycerate to be increased during acidosis
. 'Were also reversed during recovery after intubation with NaCl, ! ‘
In the NaNCO3 gmup significant increases occurred in g]utaminé. a-
52tog1utarate. mahte and c1trate by-8h of recovery. .The increase in
citrate elevated thé content of _this metabvlite above normal. The

increases in glutamine, -l ketogmtarate and ma!ate returned the contents

ef" these metabolites to normai. qugh not. significant, the Fo'ncwing

d -treﬁds .are appqrent’, Glutamate tends to be elevated in compaﬁison with

that in 'tbe NaCl and-acidotic gmupé. Thé calculated content of oxaloa}:etete

. suggest an {ncrease ¥n the.content of this etabolite:
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8. Coments. on the Results of the in vivo Freeze Clamp Studies
The renal contents of g]’utaml’ne in the Nqu group and hlaHCIJ3 g’roup
agree lweH with the physiological observations made thus far. The
increase .in g]ﬁt;mine content ‘to normal in t\le‘a NaHCO5 group probably
reflects the re-establishment of normal rates of glutamine uﬁ\lizat'lnn
and agrees well with the return of glutamine ex\‘,ra‘ctiun and amonia
. £ _production to normal in the same animals. The tendency for glutamine to
_remain lov;er than normal in the NaCl group also fits well with the o
cox;tinuéd utilization of glutamine and the producticn of ammonia at the
above-normal rates observed in this group. :
. Although not stati’stl’cﬂ\y‘significan't, it is interesting to note -+
that the trend for glutamate in the NaHCI.‘r3 group is to be elevated
compared to acidotic levels whereas in the Haci group it tended to
remain decreased compared to normal Yevels. This may be suggestive of
an ‘inhibitory role for glutamate in turning off renal ammoniagenesis.
g-Ketoglutarate increased almost identically in both groups durir;g
recovery. ‘The increases in u-ketog]utérate are consistent with it
playing a regulatory role in repal glutamine metabolism.  However, since
the. content of o-katogluiarate i; the same in both groups. then changes
b s - in the content of this metabolite cannot be the sole. means whereby
) " regulation is effected. = y
: The increase in citrate to above nonnal‘ values in the NaliC05 group
but not in the NaCl group is nnfewﬁrthy. It was hypothesized in Chapter
3 that t’ne increase, in citrate is due to a direct t_effecé of bicarbonate *
on' the citrate transporter causing citrate to accumulate extramitochon-
1 drially. This. fits we;]‘w}th the observations made here. At 8h of.

T
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recavery blood bicarbonate was significantly elevated above normal in

the NaNC(l3 group whereas in the NaCl‘group only normal bicarbonate

1eve\s were attained.
Increased Iactate is also observed during recovery in the NaCl ~
group. This agr‘ees with the increase found in lactate content in_kidneys

of one-day recovéred rats reported in Chapter 3. Since pyruvate did riot

v

increase along with this increase in lactate then presumably the cytoplas-

mic NAD'/NADH ratio’ décreased, as was observed previously.

iy

5.5 Tissue Slices

"The next Tevel. at which the metabolism of glutamire was studied is

th/e kidney cortex slice. Although it has been demun_s_trated that Tiver

slices are ‘irreparably damaged and exhibit metabolic rates much lower
than expected (89), the. same ‘is not true for tissue slices from the
k\dneyA Therefore, the shce remains a usefu] preparation for scud,vmg
the metabolism of kidney cortex. An obvious advantage of the slice
technlque is thaa it is technically much stmpler than kidney perfusion
~and thereby does not require the time and expense rzqulred for successful
'per‘fl‘lsﬂm‘ Y e - B
The metabolism of g\utamine‘hy_,kidnéy cortex s_“ces was followed by
measuring ‘the production of amwonia, glutamate and ‘giucose. The results

“of this stud} are contained in Table 5.6. The formation of all pruducts

. increasnd -during metabolic acidosis. ‘Ammonia formation by kidney :nrtex

" slices increased apprnx‘)maﬁe‘ly,m fu]d durlng metaba'llc acidosis con-
firming previous results (125). At 8h of recovery anmn!a fomatinn by

kidney slices from ‘either the NaCl group or the NaHC0, ‘group is-not
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. released by thé normal lidney or the.chronically-acidotic kidney in.vivo ¢

presumably inhibit glutaminase.

. w0 s

significantly different. from that in the acidotic group. However, agy ¥ !
in the NaCl group is the formation of amwnia significantly’elevated

compared to normal. !n agreement mth nrekus results. an’increase in

" glutamate formation of about three-fold was alsa evident in the slices

taken from ac1dot1c rats. During recovery the formation nf glutamate

remained elevated at acidotic rates in both the NaCl group and. the

NaHCO, group. . Gluconeogenesis fncréased approgimataly Five-foid fn . i, %
kidney slices: takev: from acidotic rats. This confirms .results previ\nusiy 3
reported (125). By 8h of recovery glucose production fell comparably in °
both recavery graups but remained sighificantly elevatéd compared to
nunnal '

+ The. results obtained 1n the present study' do not prove a difference
between the NaCl group.:and the NaHC03 group in’the metabolism of glutamine
by kidney cortex s]\cgs. The fnmatmn of products tended to be \wer in
the Nam:(!3 'gmup compared to the Nal:l group. The increased acculgnuhtiun
of glutanate in acidosts indicates that the removal of glutanate does. °

not keep pace with its: formation. However, since glutamate is not

" (11, 173) this glutemate accumulation iy indicate the unphysiclogical

handling of glutamiﬁe by slices. Glucose produétion decreased by 8h of--
recovery in both .gmups but ‘glutamate formation remained at leaft as
elevated as acidatic Fates. Since glucose production decreased during. =~
vecovery without a fall in.glutanate formation, it would dppear that'a
step in the. metabolism of g"utamine betueen glutamate av\d glucnse was

1nhib1;ed. Perhaps glutam?.e is cuntlnua"y removed from the mitncmm-

dria -and thereby does not accumulate |ntnmitochondr|a11y where it would % A




5.6 Ipyruvate Carboxykinase Activity

In this study. rats were intubated with either water, NaC1 or
; . “NaHC05 at the initiation of recovery Whe resilts obtained appear in )
; Table'5.7. The accwines are expmssed as mmules/24h/g kidney and as"
oS mofes/2an/100g body, detght. % X

e . At.28h of recovery PEPCK activ\ty was back to nonnal 'ln all three

groups.. ’fhrs confirms prekus fmd'mgs abtaiued in Chapter;i! and:

.o re;mrted elsewhere (]25) The amma]s intubated with water served as

T cuntrols for -the Nacl group. There was no sigmhcant d1fference Gn

o PEPCK activi, between these two groups at any of the ﬂmes measured.

i ;‘fﬁ(s»indic'?.:es that NaCl did not dlter the. response of PEPCK activity to
Bt ' recovery. Cdmparisoh between»'the NaC1 gruup_and the NvaH'(:O3 group revea]s‘
e that therelis nn significant difference :in PEPCK activity between these -

-
« ¢ two groups. Heuce, NaHCD3 nlso did not alter the response of PEPGK
_activity td recovery. In all three groups, PEPCK activity: remained

- sigiificantly elevated above normal at'16h of ‘récovery except n the

e : aMCO3 group wnen the enzyme =act1v(ty is expressed as nm'les/Z#h/g

AR . kldney. Unwever. unen expressed as mm\es/MhIwa body weight, the

. : actlvity ff PEPCK’ uas still slgmﬂcnnﬂy elevated ac 16h of recovery.
b 3 e The)‘esponse of PEPCK activlty ea rhcovery in zhe H‘HCO3 group is
o

not cons{ st

towith changgL1 n the content of this enzyme be1n9 respon-

) Flaoe T sihle for the return of rena'l aymniagencsis 16 nnrma] by 8h of recovery.
ln an{mﬂs intubnted ulth Nacl ‘or water, the retum of urinary ammonia *
excretinn to .nnma] colnc(des with the return af PEPCK activity ta
nonm. However, tMs dues not: pNve a' causal mlutiunship betueen

¥ .
e it | -PEPCK act(vh.y and rena'l amonhgnnesis. “On the other hand, the. disso-
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giation between t‘hese p'arameterg indfcates that a change in PEPCK activity™
is ot required for recovery from metabolic acidosis, in-rats intubated
with NakCO,. )

5.7 ochemical Studies of uvate Carboxykinase '

From the results of {mu:mchem:ﬂ titratidns of PEPCK reported in
‘Chapter 3, it was cunc1uded that the fall in PEPCK activity‘ahserved
durmg recovery is due to, #%fall m the content of imnunachemicany- e )
reacnve_ enzyme. Nence, the exlstence of an mactive “form of PEPCK

could not be demonstrated. The immunochemical stud1es reported in

: Chapter 3 were desigr!ed withnut prior knnw]edge of the time course for A

the return of PEPCK apti\;ity to. normal. The recovery times studied were
arbitrarily chosen as 12h and 24h. - According to the results -obtained 'in

the 'preyious section of this 'chapter PE‘PEK activity returne_d to normal '

+ between 16h and.24h of recovery. If a catalyticallytinactive form of

PEPCK en'sted during recovery, then presumably -its demanstration by +
hmmnuﬂtratiun would depend upon the time a1 Towed for the. inactive fa
to be degraded Perhaps a tnlytically—tnactive form of PEPCK was,

i f rmed. durlng recovery but by 24h it was cdmp‘ls.zely degraded ‘and by 12n

{not enough of it was present to detect experimentally. ‘Accordingly, e
lmmmuchemioa'l tll;rathms were perfomed with kidney qmsuls obtained - ; . H
from Tats at m and 16h of recovery after, mtubatidn with Nam:l!3 at’
the start of remvery. Cywsols from nnmal and acidotic rats.were a]sd
used for iminotitration of PEPCK: .’ =

Sample :(craeion Curves avpear in Figure 5 4 for each of the

i experin\eg\ta’( sit_ugtinns stud1edd Tqb1e 5.8 cnntains the means’ of the‘t. i g >'




= w
5 &

N ow
5 8 &

10°.20-30 40 50 60° 70

- 700 actboTIC [

PEPCK ACTIVITY- RECOVERED (MILLIUNITS)
o 5 $ S 3

ek (HaHCO3) 124

]

- P H
10203010505070' 10203040506070

PEPEK ACTIV]'IY ‘AbED (NILLIUHITS)

Figum 5.4 Txgica‘l fimunot itration curves of PEPCK in kidnéz
omogenates from normal and acidotic rats and rats

! nistered NaliCUj at the stnr of recovery. :
Acidnﬂc rats were adninﬂstered NHaC1 ad 1ibitum for seven days.

her rats. were used at 12h and 16h after the ntubationof nwco,
(1 5 mholes/100g body wt)'at the start of recovery from metphalh:

acldasis.
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_-obtained with the extracts. from normal rats.

* compared with thase from acidotic rats.

158’
slopes. and equwa!ence points obtained. There is no significant differ-
ence in slope between groups hence, these results are direct]y comparable.
The ‘higher equiva]ence points obtained in the. present study campared
with the previnus immunochemical titration study are due to the use of
d|fferent amounts of d(fferent.batches of antibody. :

In agreement with the results in Chapter 3, the equivalence points
obtained with the.kidney extracts from acidotic rats and, rats which were
pemﬂtted 12h to rec(wer are not significantly different from that
In addition, the eq\nvnl-
ence point obtained a;ter 16h of recovery was a'lsn not signiﬁ:cant‘y‘ \
differen!’. from normal.” However, a statistical decrease-in the equiva-
lence point was evident n; extracts from animals intubated 16h earlier
Athough not’ definitive, it 48

possible that the slightly lower equivalence pnfnt obtained" at-léh of

. recovery 1s a.reflection of the presence of a cata'lytically -inactive.and

sl
{munochm1cally-renct1ve fnnn of | PEPCK .If such a form of PEPCK exists,

it could represint an early pmduc'. in’ the deéradatﬂm of this eilzyme.
Sy - 5 . 4 [

4 ' o i
. 5.8 Mitochondrial Studies ¢ r S w0 n

It was shownin Chaptef 3 that a mitochondrial event occurred
during recovery from metabglic acidosis such that the flux through GDH

retumed to normal by 24h of recovery in mitochondria incubated in the

presence of. both. glutamine and g}uﬁﬁte. Sim} renal ammonia pmductinn, s

2 3 \ T -
in vivo was, also 'back to normal- by 24£ of re:uvery then the change in . "

GDH -flux ohserved in (saluted mitoohondria represeuts a poss1hle regu]a-

tory event. Yharefnm it Vas Pmemt’ co 1nye_stiga;e ‘the ra_spunse
” ! A o ;




of isolated mituchondr?a to velovery at tines. Tless than 2ih and to
“Heternine 1f the intubation of Nam:o3 in vivo affected the m\tochmdria?
“ response to recovery. ;

In‘cnese studies mlén‘c}\undria were/ncubated in the 1ow~phasphatg
media only s1nce at this® phosphate cnnceﬂtrahon the retum of miw:hnn-
drlal g]ntamvne metabohsm to..nn'rmﬂ was evldent in botb the absence and
presence of g]utamnte: At the i}igher’concentration nf vhospbate the*
metahoh‘sin of g'lutaminé vemained well elevated for at least 15 days of
recovery in thb medium conta(n'lng glutamine as sole substrate. It
appears. that the elevat.ed :nncentrahm\ of phosphate may affect the

u\ltochundr!a] respnnse to. recovery anq tnemiure only the yhysio'lngi:ﬂ

. ann of phosphate (‘ e. & 'mi) whs used. %

(A) Mitocmr-arial Incubations:with 1 ™ l!lutamine i % "
Table 5.9 shows the' medium changes in anlnanh, glutamate and aspar-

tate and the fluxes through PDG, GDH and 60T in m1tuchnndrta 1ncuhatgd

1n the lnw-phospha&e med{um cunta(n&ng g!utamne as. so\z substrate. The

mitochundria uere isQated’ fmm re ts\it 4h and 8h after the intubation

~“of either NaCl or NaHCOz at the beginnlng of recovery. A]so incl d!ﬁ

2re nomal ang acigotic Values for comparisun

Amonia’ fanation (also 111ustrated in Figure 5.5) dger€a§ed (n the
NaCl group by 4h of recovery but remained signlficancly elevated in the

uanco, gmup. At 8h pf recovery the formation of armnnh by mi tochondria .

from:both graups mre decnased cnmpared with icldntic rates-of, amonia- .

genesis but wure still signiﬁcan(\y elevaud ab&ve nonna'l, No signifi-~

cant diff’erence in ann‘!nia fwmation betww\ the NaCl group and the o
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NaMCOé group was apparent at-either 4h or.8h of recovery. Glutamate

" formation changed only.at 4h of recovery in the NaHCO5 group in which a

sTight ‘increase above ‘norial is observed. Mo signi ficant chinge was
found ‘for aspartate formation and GOY; flux.

Also illustrated in Figure 5.5 are the mitochondrial fluxes thrnuén .
PDd and GDH. The flux th\"ough PDG did riot decrease significantly in
_either group by 4h s;f recovery bat by 8h'significant decreases in PDG ,
flux are observed in mitochondria from both groups of rats.  Only in the
NaCl group did PDG flux attain a value ;mt significantly d\'fferent from

normal.- No significant d\fference between the two groups ls apparent at

. 8hbf recovery, bnt at Gh of recuvery the flux through PDG is significantly
) h1gher:1n the NaHCOJ group. GDH flux fe'l] in the NaCl'group by 4h of

recovery and was decreased in. both. groups by 8h of recov.ery but remained
s1gmf1cautly elevated above normal. - No significant difference in GDH '
nux is noted betueen the two rétovery groups. The changes in PDG and

GDH fluxes-in this medium tend to reflect the responses of mitochondrial

anrmmhgenesisk to recovery and do not reveal a diffe‘renc,ef between the

two regoveﬁy groups reconcilable with the difference in renal ammonia

production, in vive. L, W

B. Mitochondrial Incubations with 1 M Glutamine plus 3 m Glutanate
Table 5.10 éhuws the medium c!;anges in amwnia, glutamate and

gsvarbate as ueﬂ as the fluxes’ through PnG. GDH. and .GOT in mitnchondrh

: 1ncuhated 1n the ]nw—phnsuhate medium containing both: glutamme and

as substr The. fa were isolated frol rats at "

and 8h"of recovery after intubation with NaC1.or NaHCO; at the beginning '
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.
of recovery., Also included are normal and ‘acidotic values: for comparison.

Ammonia formition (also illustrated in Figure 5.5) decreased conpar- '

ably ‘in both recovery groups’by 8h of recovery but. reniined significantly
elevated abgve ‘normal.- ‘No significant decrease ‘in ammoriia fn‘mation is
observed at'4h of recovery and no d\'ffe_rence }:etween the ‘two groups s
apparent at either 4h or 8h.

“ The ﬂuxes through PDG and GDH aure also mustrated in Figure 5.5,
No significant f G flux. is apparent in this ‘medium nlthough the
values'at awémm not significantly different from either

normal. or acidotic rates. No difference in PDG flux between the. two

i recovery groups is apparent. The flux through GDH. fell to normal by 4h

nf recovery in both the NaCl-group and the MaHC03 grﬂup and were stm

'at normal values at 8h of recovery. "No significant difference in GDH

flux hetueep\ the two groups is apparent. The results obtained in:this

“medium do not reveal a mitochondrial difference between the NaCl group

and the HaHCtl3 group in the metabolism of glutamine and glutamate which

would account for the difference ‘in ‘rejal ammoniagenesis, in v.ivt;. £

Enzymes: ‘, it 61u ase and 61y
Deh,vdrogenése X 5 !

As in Chapter 4, the activity of PDG and GDH nere measumd. These

actfvities (Table 5:11) were detérmined in the same mitnghnndrial prepar-

' ations. used for the ificubation studus reported above. Als‘o inc]uﬂed
- for comparisnn are the. activmes of’ these enzymes’ in mvtochnndru from

“both nomal and ‘acidotic rats.

PDG activity. did noc decrease within 8h of recnvery 1n e!ther ﬁhe
NaCl group.or: in, the NaHl:D3 group and in fdct was shgm:’ly in:reased




Table 5.17

Phosphate-dej endent Jutaminase and glutamate del dro enase
activities in rat kidneys during NaCl and NaHCO,-1n

recovery from metabolic_acidosis®

N

‘. :élutunginase - Dehydrogenase
Eupertmantal E wnolés/mg/min + D (No.. of Aninals)
- Normal T w39i6ls 857.54161.6
X 12) ~ O]
Acidotic 1175,0:259.2+ . 2102.82308. 7%
; f‘/ (13) R ]
Recovery (Nac1) af, 1479643266+ 1797.72385.6¢
e SO
‘ Recsiery, (NaHC05) ah 1679.5:283.00t 1779.62620.0%
s 8 . + (8)
b'a 3
“Recovery (NaC1) 8h’ 1425.4:249.0 . - - 1818.5£788.3¢
Py A L) - (&)
Recovéry (NaHCO,) 8h 1;55.%;?03.2- 1925.?;?35‘5-‘

“Mitochondrial preparahons were used for tlve assay of phospnate—dependent

g]utammase and glutamate dehydrogenase. ~Acidotic. rats were intubated
.5 mmoles” per 100g body wt of NaCl or NaHCO; and-4 ‘and 8 hours!

with 1
“ later the kidneys removed for the measurement of

nzyme-activities.’

' * indicates significantly different from normal value and: + indicatss'
significawtly different- from acidotic valne. . -
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in both groups at 4h of recovery. These results are consistent with

those” reported in:Chapter 4. 'Hence, the cha’vifges‘ which 6ccnv;réd in PDG .
flux i the 1 mediun ne as sole si

can not ‘be attrlhuted to changes |u the mitoc)wndnal cnntent of gluta- b

ifnase. 2 B

! GDH activity also reﬂhined significantly Elevated above ;lohnal as

expected and. did ‘ot changa signiflcintly from aﬂdnt‘c values, Nence.

a similar n can be made tegarding the Telat of the "

" activity of GOH and the flux trough this enzyné. That fs, the detresses .
V2 nhsemed in" GO f'lux durirg the first 84 of recovery «(n the |uw-phosphate s .

- media: can nat he attributed tu a change (n the content of tht‘s enzyme S H

5.9 Discussion . . 4 v

The results reported in ng 5.3 show' tnat the return6Frenal "
glutamine metabolism in vivo to nnnnal during recovery ‘¢ould’ be acce\er-

] ated | by: the. intubation of NaHCOa. This was estabHshed by measurements

.+ of urinary amonia e ..“'. n, renal “amnonia pr ‘ , and glutanine )

i . extraction A1 parameters we/re back to normal by 8h of recnvel‘y in %
| animls 1ntubuted with: NaHCOa. whereas in inlmals mtuluted mth Nac] - " s =
! .- these parameters were stﬂ] substantlaﬂy eleyatsd £, rx ’ T : ’
In the NaNCoa-treated gmup, the renal content of glutqhme eturned

L to narmal 1evels by 8h of recnvery Tms probably reﬂecqs the re— : ,v ., B

3 estabhshment uf ncmla'l rates of glu'tamine utﬂjzacwn. The 1ncrease in

3 J nmate cnntenf to nor\ml Tevels in these same aninals is’ consistent with *

an (phihiﬁon at the level of ‘PEPCK. In these stud 's,‘ he' renal contentv

of phnsphoeno!pyruvate\was nnt»s1gn‘lf1cant‘ly incréased. An inéreake in-




be due to

; & ; 3
phosphioenol Ayruvate might be ‘expected 1f the flux through PEPCK was
inhibited. “However, as pointéd out by Boyd and Gul,dst,gn (19) :ha’v;ges )
in malate rieed not necsssarily be accompanied by changes in p»_m'spnoe_m-‘
pyruvate if the rate of utilization of phosphoenodpyrivate renained

equal to its rate of foma'nbn. Sirice the activity'of PEPCK at 8h of

°

recovery’ in the NaHCO vtreated group is not sign1flcant1y dlfferent from

acidotic Values, then @ decrease. in PEPCK flux in VI!D can' not be attri-

. buted to a change 1n the ‘content of this- enzyme. " The increase of.a-.

ketoglutarate content’and ‘the trend for the content of -glutamate to in-

crease aré corisistent with these metabolites playing regulatory rolés in

» tn}rning off renal is in_ the man d in Chapter 3.

Ammnia ex:r!t‘lons mdicate that renal ammonia production remained

‘elevated for at Teast 16h in animals intubated wnh Nagl-at the start of

recovery. However, by 8h of recovery in. the NaCl-treated group, renal.
glutamine: extraction was‘s(g—nif\'canﬂy decreased as was 'nnna:-y_amﬁia'~
excretion. Total amménia proauction. also tended to be lower than acid-
otic values and in addition, the renal-content of glutamine was {‘nfer;
mediate, between normal and acidotic values. - These observations probably
reflect a.decrease (although not to normal) in the' rate of renal gluta<
mine metabolism in the NaCl-treated group at 8h of recovery. Although
maate content ‘tends o be increased by Bh of recovery in these sane -
antmals, ghis trend does riot reach statistical significance. This may
ﬁgﬁe&tg\/variatlnn associated with a situation which 1& not a'&\‘
steady state but undergaing ch;nge. Since PEPCK inhibinun was suggeste
by the changes ‘in the contents of malate and pnosaiuennwymvaue at 24h

of recovery (Table 3.3), then the trend for increased malate content at
. S

d
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8 of recovery in the NaCl-treated group may ‘also reflect an. inhibi tion
in PEPCK flux. Again, the ncrease in’a-ketoglutaraté contént agrees
"wellwith-its phrpbetad regutatory role in-venalaminiagerests.
The. flux ‘through!GOH in isolated mitochondria incubated in the most
physiological medium (4  phosphate, 1 mt glutanine and 3 -t glutamate)
‘f“;° returned” to normal- by 8h of recovery in the NaHC0,-treated group.
Although this is consistent with the event responsible for:this change
playing a regul ator_;_{ role"in renal qmmniégénbsis ‘during recovery as was
Hypothesized in Chapter 3, 1t is obvious that this can not be the Sole.
"regulatory event, This is because GDH flux also retu_mel: o normal- by
o aninals intubated with NaCl at the start of recovery, ‘although
reria) anmonfagenesis ini vivo remained sog_mfidrnny elevated above .

“formal.

i P 3 .
. % i
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§ . CHAPTER-6 - @
i T . RECHALLENGE

The main emphasis of this thesis has been to characterize events ®

which occur.during recove’ry from metabolic acidosis.. It is evident from =

o these studies that not all of the adaptations which took place during

; metabol ¢ acidosis accompanied the return of renal. glutanine netabolisn
to normal during recovery. " Some adaptationss notably the increases' in
| P0G and GOH ‘activities, remained evident loig after‘normal glutamine
** metabolfsm was re-established.- The  response of {solated mitochondria
during recovery. depended.upon the medium in which_ they were- incubated,
Uder sime conditions PDG, flux and GOH -+1ux were back ‘to normal by die "
o Five days of recovery,»whereas. under other conditions, these parameters
* were stil] elevated after fifteen day$ recovery.. ‘These observations

L were l‘nt.;'rpreted to indicate that. although mitochondrial changes occur

ich return’ mitochondrial: gTutamine metabolism to normal during récovery,

s the metaboli¢ machinery to mefabolize' glutamine at above-normal rated
1 e was still present in mitochondria from recovered rats. Therefore,in . °
terms ofrenal glutamine metabolism, recovery is a.unique situation.in

the -sense”that nitochondrial potential 15 elevated and cytoplasmic ¢

potential (nanely PEPCK) is normal. This. situation was explotted by the

‘studies presented in this chapter.’ . . . ‘:
-, ' It hds been proposed that in order to'achieve maximum renal amonia . 3
i e‘xl:retian during metabolic acidosis, an adaptation period is required k)
o for the kidney to develop the necessary metabolic capacity’ It s not -
' s g knwn which n\etaanc a-iaptahon is-responsible for the 1ength nf this ¢
G : - % .




adaptation period. To help distinguish the ‘inportance iof -cytoplasnic
versus mitachondrial adaptations for the increase:in renal‘glutamine
metabnhsm. the respnnse of recovered. rats to a second acid challenge
was stud1ed It was anticipated that'if mtnchondnﬂ adaptatlons
delayed the or(gina! increase in'renal amniagenesls then: recnvered
rats may ot experience ‘the same’ dely: If ‘the adaptive increase in the
cytoplasmic parameter (PEPCK) was responsible'for the”length of the ~
orjginal adaptation periad, then wnldss the induction of PEPCK was more
‘respopsive, the increase in ammonia excreuon by recovered: rats would
presunably not differ from that of: na1ve rats; *

.In ‘these studies recovered rats mth‘the required metabol {_c adapta-
tions were-obtained by allowing three'days for rats to Yrecm).er froma
previous: actd challenge. :The ‘previous chailenge was adninistered by
replacing tap water with 1.5% NH,C1'as the sole drinking solution for

- seven days. It ws determined that rays on:this_protocol, received
appmmmately 2 vmn’les NHl‘Cl per 1oo§ body weight each day. At three

| days recovery, PEPCK activity was norm:l'l,and GDH flux in isolated mito<
chondria metabolizing glutamine"in the media céntaining giu!;ambte was

@ P o e e
maximally decreased. The activities of. POG and 6DH were still elevated

on the third recovery’ day as was the capacity of mitochondria to meta-
\'bolize glutamine. * Both recoversd rats and najve -rats were administered
MNAC| by ‘stomach tube. ' This. a'l'lawed axact quant1tat\on of the acid Toad
administered so0 that any variation in the response of nawe and recovered
. rats wou'ld not bg attributable, to’ differences -in adjust!ng to the taste’
of HH‘C]. it is possib\e that rats challenged for a second time mlght

have Tess -aversion to drinking NH,C1 than naive-challenged rats.
a g " g




mn

" Before this study could be pursued at the metabolc evel, 1t was
important to establish whether. recovered rats did, in fact, behefit fron
the prévious acid challenge such that they were aS]ja to cope with an
acid load more efféctively than naive rats.” To determine this, the

response of the whole animal toacid loading was studied in’ naive:-

chal]ey\ged aqg recha]]enged rats. ms ‘Invo'l\red measuniflg nes of’
urinary ammx&excretian, compur!ng glutﬁmine arterial renal vsnaus
differences. and following ‘the response ‘of- acid-base parameters. . The

results of these studies are'yresented beTow. ! R .

6.1 * Urinary Amonda Excretion : o -
Naive rats and three-day recavered rats were intubated with 0.5,
1.0, 1.5, 2.0 and 2.5 mo

mc] per lﬂOg hndy weight. Tms'|nvo1ved

three successive intubafions After each |ntuhat|on‘ the animals were

pla:ed in individual metahanc‘cages and the urines collected for 12h."

Because of the apparent variations. in"the response of rats to acid

) loadinq-in the ,reslﬂts of otber wuri(ers (43, 146, 198), it waé-considered

possible that the relative responses of naive and recovered rats m\qht

- aiFfen dependiig upon the dose. of HHCl ‘adninistered., Hence, five

different’ doses of NH,Cl were enployed.

"4'Table 6.1 contains the results of this study "The rates of =
excretwu are expressed per 1Zh and hence must be w]tiplied by 2 to
compare with 24h uivine collections. The ratgs of ammonia excretion of '
naive.and ihree-day recovered.rats are no$™ gtgniﬁcanuy different,
'Amqma exgreﬁon rates achieved during naive challenge with 135 mioles,

NH,C1 per100g body weight are approiniately equivalent to the maximin
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b . response of rats receiVing 1. 51 NHAC'I' ad libitum (125). - However, the

dose administered (3 imales NH‘cl/duy per 1009 body: weight) to attain
these.rates is'greater than the estimated amount of Nf;C1 consumed. {2
»'mm1es/day per 100g body weight) during, the 1.5% NH,C1 challenge, ad
hb!tum This apparent discrepancy nay be due'to the diFferent methods
of indicing netabotic acidosis. Intubation of NH,Cl »;mhd presumably
Place a’ more tnlnediate demand on the un1ma1 for acid removal smce the.

- daily acid load is adninjstered’in o boTuses, “hereds ‘drinking NHA(‘.I

o

may not require such urgent removal since its consumption is spread nut
i over Z4 hours., Coﬁsequenﬂy, the €limination of acid in forms other\
than ammoniim’salts: may ‘play a larger role, in acidosis induced by MN C{
|ntubat|on.. Increased bone dissolution may be an 1mnnrtant factor in
v this regard, ' i g
’ - Figure 6.1 i'l'lustrates ‘the  ressonse::of -amonia-shcretion by naive
and recwered rats to the d{fferent doses of NH, C'l. At all doses E%cept
_‘the Tlowest, both naive-challenged and rechallenged rats ‘achieved makinum
Fates of ammonia excretion in the second collection period (12 24h).,

indicating. that max finum rutes were attained by 12 hours” aFter the. first,

intubation. Hence, the adaptation period, is 1ess'than 12 hours in both

groups, This suggests that the Tonger adaptation periods found for rats

(W

drinking NH,C1 were.a function of experimental, protocol. . At the 1msc
dose; presunably the acid- challengé s not sufficieitly. threaten{ng i’
(ndu:e maxinu rates of ammonia excretion within 12h of ‘the first qavage:

‘In botl'Taive-challenged rats and rechallenged rats, the rate of

N aumnia excretlnn increased with lncmasing NH,C1 load up to 2.0 mwles

-per 100g body weight. Aé’ this dose onlyythe rechanenged animals showed
= Q

[ . FEER T AR P L




- significant’

& + kegend for Figure 6.1 . -

The data presented in this f1g|l,re are contained in Table 6.1, Rats
were ‘peritted ‘three days to recover from.a previous acid challenge:
(7.days of NHuCl, -ad 1ibitum) and then.rechallenged mth different
doses of"NH,C’ ? Vertical error bars represent 1.SD. * indicates

?_y different from normal or three-day recovery values and
'+, indicates, significantly different from immediately preceeding’ |l
value (P<0.05 3" L S oo
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a further increase ‘in amnionia excret(un. The na(ve-cha\\enge gmup
- faiited to ncrease their rate of amania excretion above that achieved
at the dose of 1.5 moles NH,C1. per 100g body weight: This Jack of an’
increase does not agl;ee with the rmafkably steep increase in.ammonia
excretion foind by Dies and.Lotspeich (43) ‘between the doses of. 3 and 4
. mmoTes NH,Cl per 100g budy weight. : However, these res‘u]trav‘e’nat

directly comparable since :he response ‘obtained by Dies and Lotspe!ch
" was with rats-which were-intubated wtch NRGCI for three days. (At the
highest dose employed, 2.5 moles NN4C1 per 1009 body weight, both
groups of rats becane sick, heﬂng'lci‘)’in'uria was evident and none ‘suvived
beyond.36 hours. } i

The results of this study indicate that recovered rats have an
advantage over naive rats’ in being able to h\crease urinar.y ammonia
excretion. However; this.advantage is evident only whgn the animals are
pushed to their extrene. Timit. | This suggests that 'although the’ kidneys
o naive vats havé considerablé ability to increasé ammonia production,
their miximun responsé is Timited by sn;ne metabolic adaptation which is
still présent in_recovered rats.. ATl further st\;dies were performed.

-comparing the responses of naive and recovered rats to 1.5 and 2.0

mmoTes NH,C1 per 100g body weight only.
6.2 Glutamine Arterial Levels and Renal Arteriovenous Differences
Since g)utam‘ine is, the major precursorv for ur:mary ammonia, then
the measurement -of plasma glutamine levels should-give Some iﬁsight into

t!_|e disposition_af‘mna! glutamine metabolism. For this reason, the

 concenitrations of: glutaine in the abdominal, artery and renal: vein were -
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determined and arterioverous differences calculated. Comparison of the

a1 fons in plasma Slutanine Tevels 3 “ghallenged and rechauengza
rats was used to gain some indtcahon of zne respanse of renal ﬁmctmn
of naive and recovered rats tu acid cha’llenge, 1 3
The results of this study are contained in Table. 6.2.- No signifi-
cant: différence is observed between nnrma1 aiid three-day re:nvered rats.
in either the arterial 1eve'l of g1 utamme or the arterial reml Venous.
_ difference.’ These Tow glutamine A-V.differences are in- agreement with
the 10w rates-of ammonia,excretion. in normal, and recovered,rats
Figure 6.2 H]ustrates the response of. arteria] glutamine and
glutamine A=V differences during acid chaﬂenge. Artena] glutamine
1eve'ls fell significantly during the first intuhatiny;a period." Ne further
siﬁn ficant change occurred after 12 ht;urs of acidnsis._ This decrease
is consistent With previous observations’ (125). A significant . difference
between the naive-challenge gmﬁz arid the vechal Teige group s observed
at 12 hours with the lorer dose of ammmum ehloride. However this
f!nd\ng my be artifactual since no difference is abserved at the"higher
dose. The Tevel'to which arterial glutaming fell {s the same in all .
+four_ groups, and may represent a minimum chcentration whikh signals the
release of additionalglutamirie by extra-renal tissues.
lutanine AV ditferences were increased at 12h n’all four growps.
Further ‘increases are'evident at 36h in.the rgcha'ﬂenge group at the
- lower dose and in.the naive-challenge group‘at:the higher. dose. Thé .
A~V differences observed at 12°haurs after the First gavage are sgms-' ¢
ticnnyf identical for all groups e;tcept for. the rechalienged animals

given 2 moles NN4c1 per 100g body "ueight. where  glutamine extraction
- : - '
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The data presented in this figure are reported n Tible 5.2. l}alve’
rats and three-day recovered .rats were intubated with 1.5 or 2.0
il mmoles NHyC1/12h per 100g body wt. Closed circles répresent. re-
o . Vi, cnanenge group and closed ‘triangles. represent naw!—chﬂ‘lenge
3 Y grdup. -* indicates significantly different from ne

normal .or
" day rect ary values. and 1 indlcates a:significant difference betweeﬂ ¥ :
. groups (P<0.05). 2 W o 5 f
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was stgnificantly elevated. This observation may refect, ncrased
: ut\'Hzatiun of. glutamine "in these. animals. Cunsequen&', the advantage
of recovered animals over naive ammals in coping with 2.0 lmm]es NH l:]
per ,100g body welgm: could be due to an 1ncreased ability of their
kidneys to extract g!utamine and pruduce ammonia from - l\'..
' ) ! 2. TN
Blood Acid-Base Parameters T J

The blood acid base parameters were studied to abtﬂin an indi:atann
*of the effectiveness of naive and recovered rats to cope mcn “an acid
ihal'lenge. . Since rechallenged animals excr;ged mrz;. ammn‘ia‘ than qaive- )
éhal]enged animals when _confranted“wi,c-h a severé acid cﬁa]jengg, vthen it
was of intere’st to. see ivf this was advantageous' to the ani;nal in terms .
-of acid-base hnmeostaus. Presumah]y, a\: the higher”dose of NH40'|, the
acid-base parameters of recha‘!lenged vats would not be aitered to the
same extent as those in the naive-challenged rats. To test this hypoth-,
“esis, blood was sampled from rats in'all of the éxpyrimental :(tuatiqns
under study..” Thé results appear in Table 6.3. ‘In this study, 2 sTightly .
- depreésed H fon concentration 1s observed in recovered rats compared
with normal rats. Huwever ng signiﬂcant difference in the 'y
concentration between thes: amma'ls is evident in the results froln
Chapter: 3 of this thesis. Blood hicarbo_nate aud pCO, are not slgr_nﬂ-
cantly different and hence, the acid-base status of. normal and three-day‘
- ‘recovered rats is essentially the same. Figm:e 6_.3 shows the respunsfa
“of ‘these parameters during naive challenge-and rechallenge with 1.5-and
2 2.0 nmo'l_es NHACI per 100g body we’ight.’

¢
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- Figure'6.2 Effect of rechalienge on’the response’of glutamine arterial levels-

. and glutamine artério”renal-venous differences to @H,C1 intubation, *
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A Response to 1.5 mmoles N{;CT pér 1009 body weight

In rats given the lower dose of" NH4C1, there was no significant
change in H* “fon oncentration at 12 hours.. This does not, tply that. no’
change took place over this period, in_fact, H' ion concencratiuné were . o
‘acutely elevated but had returned to startirig values by-12 hours (data
not shown). Tnereafter, a definite acidenia yas evident at 24h in
naive-challenged afiimals and at 36h in rechallenged animals. The
bicarbonate concentration was significantly reduced after 121" in both
groups of animals... A further decrease occurred -in. the ‘naive-challenge
‘group’by 24h, which remained EV"dEnt at 36 hours. ‘The ﬁcﬁallenge group
also showed & further. decrease at 36h compared with the bicarbonate
level at 12h. 'Significant. decreases.in prD, are ofiserved in the naive::

challenge group only:. The pCO; of normal. rats is on the high side in

¥
|

this study aTthough not significaritly different from that of recovered
rats. Although the PO, values for. the naive-challenged rats are signifi-
cantly depressed compared with this high normal -pcdy; they are-not
G IPICAREL Y dNEFernt “#rbgl the EaFresppading valies Tn the wediallanys
group; me : i

The above results indicate that alterations in acid-base parameters
Gccur in both naive<challénged and rechallenged rats intubated with 1.5

mwmoles WH,C1 per 100g body weight.  H'

ion aid HCO3 concentrations are
significantly different between the naive-challenged and ruchai‘;qged
animals only'at 2ah of acid challenge. No other consistently :iiitingul'sh-
able difference between the- two groups is apparent“ TM._s is in keeping - .
with the sinilar response of amonia excretion and gl utpmine utilization

by the kidneys of naive-challenged ‘and rechallenged rats at-this dose.




B__ Response to 2. 0 mmoles NH,,C] per luOg body we‘lgh(

Also ﬂ\ustrateﬂ in Fi gure 6.3. are the response. of - the achﬁ base
parameters durmg lntubatlon with 2.0 nmo'les NHAC'I per 'IOOg body wE!ght.
A distinct difFerénce between naive-challenged and.rechallenged rats.is
noted. In the naive-challenge group, Blood W' ion :oncentrations are
markedly-elevated at 24 and 36,hcurs _The cuncentratim\s reached m
this group ave much greater than those experienced by the vechallefge

group. Although the H' on concentrations at 12,24 and.36 hours during:

. rechallenge are, sifnificantly greater than that Of three-day recavered

, rats, only the 35)] val ue is slgn1f|cantly abuve normaL '[he‘ ghanges in

blood ?ica_ﬂl?nnate confi the pattern obsefved with H jon Cbncentriti?v’s.
In rk_uve-:mn&gm rats) bigarhonate was ’.r‘educed after 12h and fell to
dangerously 1 values st 24 and 36 hours of acid challerige. “In rechal-

“lenged rats bicarbonate oy reduéed'b.ny in the 36h blood sample. ‘At.'

all times the bicarbonate concentrations were signlf!canbly higher in

me Fechallenge group. The pC0, values also. appear to be-affected in naive-
challenged ‘rats: although na more. so- than at the Tower duse. ‘Again;, these
changes may be accentuated by the’ high nomal pcu2 o significant change
in pc0, occurred during rechallenge. The results ‘of this-study cnmy
indicate a d‘lsﬂncﬂy greater ability of recovered rats to cope with 2 0
me\es of NH,C1 per 100g body Weight -than naive rats. T

These studles with the whole anfmal have provided the necessarys” ..~

gmundwork for further, ore detailed, metabolic studiés. It was shown’, -
tbat re:uvered aninals are more effective in Cnp'mg with an acid .chal-

. lenge. This greater e'ffectwene,ss is only evident at 2.0 mmoles NH,CT
per 100g body, weight and 45 due to, the greater ability of the kidney of




184
-
these aninals to extract, glutanine and generate ammonia for the excretion -
of ‘greater amounts.of acid as ammoniun salts. ' Further studies in this

chapter are concerned with' detemmmg the reason for this d\fferer\ce

B

and involve fD'I'lomng thz responses of PEPCK, PBG and GDH, as wel'l as

'
\
: L

studying the \regpﬁnse of isolated mitochondria in:ubated in different

nedia

# v R 3 o i ) 7 b
)' 6.4 Erizymes. A . s aslig? P
P The mitnch’m}drm enzyme PDG and e cytoplasmic enzyme PEPCK : f
“catalyze two obligatory steps in the renal n;etabﬂ!sm of dlutamine.
b . Bobn weattlons. sve nonsee i bt Stass Bnd: the cnnceﬁcjof both: enzyries -
' .. increase during metabolic acidosis. These enzjmes have received consfd-

i
i
i
i
H
i
1
i
. i
Lerable attention because of their.potential regulatory roles. The. : H J
3 reslts reported in this thesis.show that the activity of PDG remained !
. e H

elevated after renal ammonia-production had retlrned: to normal during

recovery. - This 15 taken to indicate that the capacity of this enzyme: is

. not rate-limiting during recovery and hence ‘renal ammoniagenesis is not

governed by changes in the ammy of PDG during. this period. It s’

also demonstrated that the decrease in PEPCK acnvlty a‘ﬁﬂ content daes

wo, not necessanly coinclde with the return of renal ammonia production ’

_*during recavery. This indicates that changes in the anount of this
erizyme are ot rate- -determining during recovery. and. therefore, the -
chritent of PEPCK 3150 doés not agpéar to be regulatofy. during this |
period. o

Although. the ‘observed changes. in"the renal-contents’of ‘these'enzymes

X . (as deterniined by the meas,urement of enzymé activity, in vitro) do not
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 appear to be regulatory'for the metabolism of glutamine during recovery. |

from metabolic-acidosis, ‘this does ot necessarily imply that the same. I
holds trug for onset of metabolic agidnsis. ! The increases in PDG and’ )

PEPCK activities during adaptation to metabolic acidosis in naive rats .-

coincide with increases in renal armonta excretion. ‘The metabolic = -

response of naive‘ and recove_red rats to acid.cha]l‘enée was first invest:.i—

_gated by measuring the a‘ctivities of i’Dg and PEPCK._' It was thought that e
comparison o the respuﬁsés of these efizynes to naive’cnaneng'e and

rechallenge may give some insight into the regulatory. inportancs. of

these parameters during metabolic acidosis. .

A Phosphate- Dependent Glutaminase

_ Table 6.4 shows the activity of PDG during naive chancnge and
rechallénge. * The activity is expressed in mioles/24h/g kidnéy and
moTes/24n/100g body weight, PDG activity in the kidneys of -three-day
recovered rats. bias approximately twice that of naive rats. -Figure 6.4
iTustrates the response of POG activity-fo 1.5 and 2. o moles NH,C1 per
100g_body weight during nafve challengs ‘and rechallenge, ‘The sane
trends are evident-in both units. . <
At the Tover dose of NH,Cl, PDG activity increased: in the naive-
challenge group by 12h’after the induction of acidosis and an additional .
increase occurred by 24h. No signifieant change occurred in POG. activity

in the recha'l'lenge group “intubated with ¥.5 mmoles NH4C1 per '100g, body

Veight. However, at ‘this dose of NH,C), the activity of PDG in rechal-
Tenged animals-is s1gnif|cant'|y greater than that in naive-challenged ’
rats at.all times measured.  Since’ ammonia.excretion between these two . ° «

s « - : 5 |
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gruups was not di fFerent then the extra amount of PDG in thE rE:ha'I- .
lenge group can not be a decisive factor in governing the rate at wmch
amonta, i<, formed diiring rechaliénge with 1.5 moles HH,C1 per 100g ‘body

weight. . Obviously, theamount of PG present in naive-challenged,rats ,

icient for the rate of amonia excretion obtained fn these
animals at this dose of NH,Cl. :

At the higher dose of NH,C1, PDB activity increased by 12h and |
again by 36h during naive challenge and by 26h and again. by 36h in
_rechallenged animals. . At all tinés, the activity of this enzyme was
significantly greater in rats rechallenged with 2.0 :m\o]es NH,C1-per
100g body weight than in the naive-challenge group intubated at the same <

: : N
dose. The presence of greater amounts of PDG may explain why rechallenged

animals were able to excrete more ammonia than naive-challenged animals

at this dose of NH4CL

B. Phasphoeno'lpyruvate Carboxykinase = ¥ Sl

PEPCK activity was measured in. supernatants prepared by hlg‘ﬂ speed E £ .
cenmfugauon of entire-kidney hmgenatss.‘ Table 6.5 shows ‘the activity ;
of PEPCK durlny naive challenge and recha11=n§e with both doses of
ammonium chloride, Again, enzyme activlty is expressed in.two ways. The
activity of PEPCK in naive rats is not significantly different from that
in three- day recovered rats. Figure 6.5 shows the response of PEPCK'to Y
acid. challenge. " PEPCK activity increased identically during the first
12h of acid chalienge and again over the next 12h regardless of the

‘experinental group or dose of NH,C1. PEPCK activity increased further.
only during naive challenge with 2.0 ‘mioles NH,C1 per” 100g body. weight.
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?KOSPMUENOLPYRWATE CARBOXYKINASE ACTIVITY ~

mmo1es/24h/100gbw
t=3

.0 12" a4

36"

0

12'

th
Duration of Acid Chanenge (h) &
Figure 6. 5 Effect of rechallenge on the resWnse of.

36"

uvate 'éar

-to

tion.

Data presented in_ this figare are cn/amd in Table 6.5.
. Were intubated with 1.5 or. 2.0 mmoles

rechallenge and closed-triangles re“presen

from normal or three-day recovery values, t indicates s!gnifﬁcanny different from” immediately
. preceeding-value and 1 indicates a s1gniﬂcant dffference between the. naive-: chal!enge and
rechallenge grouvs (P.<0. 05) i

HyC1/12h per 100g body"wt:

Naive and three-day recovered rats
~Clgsed. circles represent
* indicates significantly different

naive ‘challenge.

061




‘appears’ thay the content of PEPCK is not necessarily a decisive factor

- of NH,C1. = b

B 5 i
rechallenged rats are clearly not manifest-in their contents of PEPCK, .

as reflected by PEPCK activities] in vitro.” Although PEPCK may bé
G ! B, mgh e ’

" a greater ability to increase the content of PEPCK: compared with naive

" be ‘expecfed-to be,activated faster during rechallenge. Consequently, it —

. - L8
At 36h of acidosis, PEPCK activity is sign%ficantly higher in the naive-

challenge groups compared with the rechallenge groups at the same dose

The difference in ammonia excretions. between natve-chalienged and

essential for renal ammoniagenesis to proceed,| changes in its activity
can not account for’ the differences in ammonia excretion between rats
rechaTlenged with 2.0 moles Ni,CT"per 100g body weight and the nafve- '

challenge group at the same dose. Recovered rats.do not appear to. have

rats when chaliengedwith an acid Toad. ~ This s consistentwith a

pernanent decrease in PEPCK protein:and enzyme synthesis during recovery,:

rather than convérsion of active enzyme to an inactive form which would

in ‘regulating renal ammoniagenesis. 5

itochondrial Studies

6.5
" The response of naive and racoVtred rats to.acid challenge was also
sgudied using isolated nitochondria. As in the studies reported in the A
previous chapter, mitochondria were- incubated with 1 glutanine i3

glutariate at ‘the lower phosphate concentration only. At this phosphate

concentration, mitochondrial glutamine metabolism retirried to normal
during récovery in-both the absence and presence of glutamate. . Since
maxinun rates of ammonia excretion wiere attained by 12h after the start
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of acid’ cr:aﬂenée,vther(\ the necessary. adaptat/im\s had nhvinusW taken‘
place by then. Consequently, only mitochondrid isolated from rats 12h
' §iter the first qevagg vere studied; Changes in mediun amonia, glutamate
and aspartate were folloed and ghese results were used to calculate
flukes through PDG, GDH ‘and €OT. &\/ o

The results.of these studles represent the response in \xitro of |

glutamine metabolisn by’ isolated mitochondria to NHC1 fed in
Vivo:to naive.andthree-day recovered rats. . For discussion purposes;

the experinental condition of the rats from which the mitochondria were
obtained will be used to describe the type of mitochandria‘refan‘ed to.
For example, “norimal mitochondria” will be used to refer to.mitochondria
 isolated froni normal rats and “thrée-day recovery mitochondria® will -

mean mi tnchandria prepared from three-day recovered rats. The terms

"maive challenge" and "rechallenge" alvays refer to the expgrinental
situation induced in vivo; and when ‘these tems are used \n the discus-
Sion of the mitochondrial results it is assumed to, be understood that

“the results represent the response of isolated mitochondria to acidosis,

induced in vivo

A.. #edium Changes in Ammonia, Glutamate and Aspartate
Tab]es 6.6 and 6.7 contain the medium changzs in annnnla, g'lutamate

and aspartate dur1ng _the mi ial incubations in the 1 e

‘media with glutamine in absence and presence of glutamate, respectwely.

These medium changes are also illustrated in Figures 6.6 and 6.7.

Although maximum rates of ammonia-excretion were evident by'lzh of acid

’ challenge, mitochondrial ammoniagenesis did not achieve: acidotic levels




Thug LT o

- ‘g'g-pUR G'g §3|QR) UL P93I0dAA SO ST BWES BU3 BB SIN|BA AUSA0D3L Aep-38dy3 pue - . §
2130p12% ¢ [BWION ~33BWRINLE WUl £ PUR SuLme3N (6 W | ‘33eydsoyd Wu p O souasaud Byl Ul SAINULL §
3 404 ém«ﬁ_-_ugw pue 43je| Yz| S3IBd-53Y3 WOJ) PaJedadd, adam RLIPUOYIOT U xmtou.aw%: *3u Apoq
~ - BopL 4ad L9VHN SALOuMM 0°Z M0 G°L YILM PAIRQNIUL 3USM SIBJ- PAUA0IAL AeP-33di) 'pPuB’ S3ed |BuLioy
3 " cE - 1 .
A ). () An om [ I )] (#a6001/12" kN s210 0°2)
e .ovEsR §e9 0BEEL ynER U096 [EERT uel abuay ez
[ (8) H (8) - (nabdot/ia"n a0 0 2) o i 5
» © s R §'676'€2 5:039° b~ 21 3BUD{ Loy ALRH I
LLm - ), ) ] * oot s 51y .
; 2 i L Coorne o Ussi- s L 3| Loy - Y
- - ) () W) W (ab00L /1% satou 519 o
. s 0EFLCIZ o'150’E- LesstoL - 0L n.-.“v.nv ‘cu— Fbua([PU) 3N B 0y
: g () ® (® ©. e " i }
N 988 Y9S- L£E39°EL 9'L35782 2INe € Aog Kuanoday 3 1
% b (5) - (6) (®), RO} tagy
- LRA T S X LR RN R opy
& ' () (21) oy - | f i®) Y . - b
’ §'G602 | £'539°0 8L 5576 LR s tewiog «
3 T fbeaon T . Gsuebarseny i, g
5 109 Wy . 90d ae3avdsy ety _ wjuouy £
xngy TR ssabuey] wnipa .
g Co . SNy e ¢ dupumny et =8 it | |
§ o 5 O % R - o
v K - (Podd 7 . X .
. . " . - sonoli e bn A . '
s . i % .
A RELTETNCIRER v% 3bUS [ [BYD_oALRU BULIND $33PA35qNS S ajewein
» ke \ Em m_:_._m.:;m I m:uzﬂﬂ_: —mtvga;uﬂ_e Ut mmxzc SWAZUS pue sebueyd ___Evus L9 u:_ﬁ
g . - O ) e &
# * \ ¥ .




195

. in the -same amount of time. Obviously, the maximum mitochondrial adap- .

tations observed during metabolic acidosis. are not essential for acidotic

rates. of ammonia éxcretion.

(1) Theubations with 1 mM-Glutamine - In the incubations with

glutamine as sole Substrate, amonia formation by. "three-day recvery.
mitochondria® was sti11 significantly higher than that of "naive mito-"
chondria® (Figure 6:6). - Significant ‘Incieases occurred in- this mediun
in all. case§ except during rechallenge with2:0 mioles NH4c1 per 100g

body weight. . At the lower dose of NH,Cl, compardble’increasés in amonia . . ;

formation occurred in both groups such that at 12h after the ‘induction
of acidosis mitochondrial ammoniagenesis .in the rechallenge qgroup Was i

b Stil1 significantly higher than-that in the naive-challenge group. 3 z ¢

1.7 7 However, at this dose of NH,C1, amonia excretion in vivo during rechal- ¢ F g

Jenge s not significantly different from that during naive challenge
(Table 6.1)." Therefore, the higher mitochondrial capacity evident in
this mediun duriv\g rechanengé must’not be expressed- ifi yivo.

- (At the mgher dose of NH,C1, mitochondrial anmoniagenesis increased
diring naive caTlenge such that-the two groups were not’signiFicantly
different at 12h. At th's dose of NH‘C], rechaﬂenged r‘ats excreted: |

more amnonia than naive-challenged able 6. 1) otz'viuusu, the
¥ responses of mitochondrial amniaLenesis in this medium donog reflect

0" ‘the different responses in amonia excretion in wive during naive

cha'{\enge and rechallenge with'2.0 moles NH,C1' per 100g body weight.. .

1 . "1 a hitochondrial adaptation is ‘responsibie for the different rates of & i
1 .urinary amonia excretion observed during intubation with 2.0 mmoles - . <

* NH,C1 per 100g body weight, ther it.is not evident i this mediu.

N
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Flgure 6.6 Effect of rechallenge-on medium chunges in llntuchnndrla'l
s ncubations” with glutamine as sole substrate
Data presented in this, figure are contained in Table 6.6." Normai and '
three-diy recovered rats were intubated with 1.5 or 2.0 mmol1&s NH,C1 per
100g body wt. Kidney-cortex mltnchnndria were isolated from thesé rats
h 1atEr and incubated -for 4 minutes in the presence of 4 mM phosphate
1 mM glutamine. Closed circles represent the rechallenge ‘group and
:lused triangles represent the naive-challenge' group. Dashed lines re-
present acidotic values. - * indicates significantly different from normal
or three-day recovery valués and ¥ indicates a significant d‘lfference
between the naive-challenge and recl\a'l'lenge groups (P-<0.05). .~
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Also shown in Figure 6.6 are the medium changes in.glutamate and
aspartate during the ‘incubations in the low-phosphate medium without
added glutamte: Both glutanate formation and spartate formation vere
Tow'in this nediun &nd"did ot change Significantly during naivé chal-

lenge or rechallenge at either “dose of NHACI.

(2) “Incubations with 1 mM Glutamine-plus 3 mM Glutamate = In the
Tow=-phosphaté medium coritaining glutamate, rates of ammonia Foriation by
“naive":and "three-day recovery mitochondria® dre ot stgnificantly
different (Figure 6.7).. This is consistent with the similar rates ‘of

urinary a’monia' excretion for these same animals (Table 6.1). Signifi-

., cant increases lv\ mitochondrial ammoniagenesis occurred in all cases

except durmg naive challenge mth 1.5 mmoles NHGC]. The increase
during rechallenge at the Tower dosR of NHECI was-such that at 12h of

acidosis mitochondrial. amoniagenesis in the recha]]enge group is,

- sighificantly higher than that in the naive-challenge group. Despite

this d1fference. rates of ur1nary ammonia excretiun at. this dose of
NH,C1 ‘are not significantly different betuden naive-challenged and
rechallenged rats (Table<6.1). " At the higher dose of NNAC’I, mitochon~

drial amtoniagenesis increased in both’ the naive-challene and rechal-

Tenge groups. After 12h of aciidosis at-this dose, ammonia ‘formation.in -,

the rechallenge group is not significantly different from that in the

nadvechailenge group, despite the fact that urinary ammonia excretion .

is (Table 6.1)° Rlso illustrated in Figure 6.7 are the medium changes-

in glutamate and aspartate. -
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- Figure 6.7 Effect of rechallenge on medium’changes in mitochondrial
incubations with glutamine and glutamate as substrates.

Data presented in this Figure are contained in Table 6.7. Normal and
three-day. recovered rats were intubated with 1.5 or 2.0 mmoles NH{C1 per :
100g body wt. Kidney-cortex mitochondria were Fonated Trom sheen rate
12h 1ater and incubated for 4 minutes in the presence of 4 mM phosphats,
1 mM glutamine and 3 mM glutamate.. Closed circles represent the rechal-
lenge group and closed triangles represent the naive-challenge groi
Dashed lines represent acidotic values. .* indicates significantly di
‘ferent from normal. or three-day -recovery values and 1 indicates a. signi
{icant d;fferem:e betwieen the naive-challenge and rechallenge groups

P <0.05).
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B. Mitochondrial Fluxes through Phosphate-Dependent Glutaminase,
Glutamate Dehydragwse and Glutamate Oxaloacetate Transaminase

" Tables 6.6 and 6.7 also contain the fluxes through PDG, GDH and GOT

_during the mitochondrial incubations with glutamine in the two Tow-

phosphate media: * These  fluxes are also. 11lustrited in Figires 6.8 and
6.9, Although a mitochondrial basis. résponsible for the enhanced renal
amronia excretion ’in rats rehallenged with 2.0 mmoles. NH,C1 per 1009
body weight was not n§mnscrated in these media, it is apparent. rom the
medium changes in'glutamate and aspartate that "naive-challenge mitochon-
dria® and "rechallengé mitochondria® metabolize glutamine’ similarly in
the mediun containing glutaminé as sole substrate, but.do So differently
in the presence of 3 mM.glutamate. Examination of the’ mitochondrial -
fluxes involved in the.metabolism of glutamine helps to explain these

observations. L

(1) -Incubations with 1 1t Glutamine - Tn this medium, the mitochon-
drial ‘fluxes through PDG and GOH in mitochondria from threé-day recovered
rats are still significantly elevated above normal (Figure 6:8). This
accounts for the difference in the rates of mitochondrial ammonidgenesis
between "naive" arid “three-day recovery mitochondria®. The fluxes
through 60T are not’significantly. different between thesé same groups.

A significant increase inPDG Flux occurred on1y during:naive challenge
with 2.0 moles NH,C1 per 100g body weight. GDH F1ix incressed during
faive challenge at both doses of NH,C1, but did not changé significantly
during rec;uai’lenge. At the Tower dose of NH,C1, both PDG flux and GDH
flux.renained significantly elevated in the rechallenge g compared
‘to the: naive-challenge group. After 12h of acidosis at the higher

dose of NH,C1, the increases which occurred during naive challenge were

i
|
I
|
i
i
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Figure 6.8 'Effect of rechallenge on enzyme fluxes in.mitochondrial
ncubations with glutamirfe as sole substrate. "
Data presented in this figure are contained in Table 6.6.  Normal -and
three-day recovered rats were intubated with 1.5 or 2.0 mmoles NH,C1
per 100g body ‘wt. - Kidney-cortex mitochondria were isolated from these - 1
rats 12h Tater and -incubated for. 4 minutes in the presence of:4 mM B : 3
phosphate and 1 mM glutamine. Closed circles represent the rechallenge H
group “and closed triangles represent the naiye challenge group. Dashed
Tines represent acidotic values. * indicatés significantly different -
from normal or three-day recovery values and ¢ indicates a -significant
difference between the naive-challenge and rechallenge groyps (P < 0.05).
g E
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Figure 6.9 Effect of rechallenge on enzyme fluxes in mitochondrial ’
\ncubatlnns with glutamine and glutamate as substrates.

. ‘Data presented in this figure are contained:in Table 6.6." Normal and
three-day recovered rats 'were intubated with 1.5 or 2.0 mmoles NHeCl
per 100g ‘body wt. Kidney-cortex mitochondria were isolated from these
rats 12h Tater and incubated for 4 minutes in the presence of ‘4 mM
phosphate, 1 mM glutamine and 3 mM glutamate. - Closed circles repre-
sent the rechallenge group ‘and. c]osed triangles represent the naive

roup.

significantly different from normal or ‘three-day.recovery. values and

1 indicates a significant difference between the naive-challenge and

rechallenge groups (P<0.05).

Dashed 1ines represent acidotic values. * indicates

LT A0k
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such that the f1ixes through PDG and GDH were not significantly different

in "rechallenge’ mitochondria®. compared to "na ive-challenge mi tochondiria":
The fluxes through GOT in the mitochondriz incubated in this mediym did
not change significantly during the acid chal Tenges.

These' fluxes indicate that in mitochondria ‘incubated in the Tow-

phosphate medium-with glutanine as sole substrate, the rate of mitochon-

drial ammoniagenesis is detéminied by. the fluxes through both Poand
GDH. The trends observed in these fluxes during'naive chalienge and
rechallenge indicate that, the incréases. in nftochondr a1 smonia forms-
tion were dus.to increases.of similar magnitude in the fluses through
both Gf these enzymes. The amount of glutamate formed was not affected

since glutamate formation and removal were equally-altered.

(2)" Incubations w1t)|'l mM Glutamine plus 3 a4 Glutamate < In the
Tow phosphate fied fun containing both g1utanine and glutamate, ‘PDG flux
in "thice-day recovery i tochondria? was StiI1" significantly eleiatad
comparsd to nomel (Figure 6.5). In these same mitochondria, the net

flux: tl hr‘nugh GDH was in the direction of glutamate formation. Hence

the "extra" ammonia formed via 'PDG was utilized to form glutamate via
GOH. | Consequently, in this medium, mitochondrial amoniagenes is jn
"three-day recovery mitochandria® is not significantly different from
normal. 3 dL
PD5 Flux increased significantly only during naive St iatige iith
2.0 mwoles. NH,Cl per 100g body weight. < After 12h of ‘aCidosis at both
doses “of NH,C1, the flixes throagh this énzime weré not signiFicantly

different between' the naive-challenge group and -the rechallenge group.

. During naive challenge, GDH flux changed s‘ig}nificant\y only at the’
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- nigh'er dosé of i,C1 and this'change was . such that after 121, of acidosis

® : " s

uring rechallenge, glutamate formation via GOH decréased such that
after 120 of acidosis at both doses of NHZC1, the riet fluxes through GDH
vere essentially zero. GOT flux did mot change significantly during
neive challenge at. efther dose of NA,CI andrena ined‘significantly
clevated during réchalltige at the Tower dose comparéd to that in the
naive-challenge group. At the higher dose of NH,CT, GOT flix fell
during rechallenge such that. the flixes through this enzyme in "naive-
challenge” and “rechallenge. mitochondria" ‘were not. sfgni Ficantly differ-
ent. ‘

These flukes indicate that When 3 mM ‘glutamate is presert in the |
incubation mediun "naive mi tochondria" and “three-day recovery mi to-

:hnndr'la" metaho”ze glutamine d|Fferent1y and respond differently to an

acid load, administeredi_n vive. In "mive mitochundrih‘ 'ammnia

fomlat‘lon is determined by the flux through POG since GDH f'lux is essen~

tally zero.  The-incresse jn mitochondrial amoniagenesis dhecyed .

during naive ‘chdllenge with 2.0 moles M,C1 per 1009 body weight was

the Fesult of. an increase. in the f1ux Ehrough PDG. This increase’ in

in the direction’of g’lutamate formation since the -change in PDG Flux was

greatef than. the change i GDH flux. 3
" In: hree-day. recovery mitochondriat, the amount of ammonia forned
Wi detemmined by the fluxes. through both PDG and .GDH. In these mito-
chordria;the flux through GOH utilized'a portion of the ammonia formed
via PDG. The difference in these £1 uxes deternined the-rate of mito-

R i B




-rechallenge the increases in

chondrial ammoniagenesis for “three-day recovery,mitochohdria®. ¢ Durihg

n ammonia formation observed in.this mediun :, v
were the result of decreases in the rate of amenia ufilization for '

glutanate formation 'via GOH. . :

C.. Mitochondrial Enzymes: Phosphate Dependent Glutaninase ard mbia- .
mate Dehydrogenase

The act1v1t|es of PDG and GDH were detennined in the same mltnchon-

drial-preparations that vere used in the-incubation studies reported

These a:tw\tles are contained -in Tablé 6.8 andare also ﬂ'lus-

abave.
sthated-in Figure 5. 0. .
Phos phate-dependent glutaninase activity rose 70% a.nld 68% after 121
of acidssis during naive challenge with 1.5 and 2.0 mioles NH,CT per

100g budy weight, respectiiely. - During naive chéﬂenge PO fluxin’. ; J

isolated mitochondria increased significantly on'ly at the mgher dose of
NH,C1. An increase in PDG flux of 32% occurfed in lmtn::hondna incibated
with glutairine as sole substrate and in the mitochondrial incubations
With Both sibstrates present, P0G flix increased 87 parce?u:n. Hence, the
increase in PDG activity during naive-challenge with 2.0 mioles RH,C1
per 100g body weight is sufficient to account ‘for. these increases in PDG

flux. 3 . - g
Although the difference in the means of PO éé:ivity between zero g §
tine and 12h.f dcldosts s of the same arder of magnitude during rechal- i ‘
" Tenge as during naive-challenge, the actiiity of P0G after 12hof ac1dnsls
during rechallenge s not.significantly different from that in’ three-day
recovered rats. This is probably because of the greater variation .
associated w;th ‘the higher PDG activities during rechallenge/ compared . ]
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Tutamate dehydrogenase

reparations during naive

-.Table 6.8 Phosphate- degendent qlitaminase and g ydrog
- actiyit

2 2 : cﬁa ienﬁE and_rechallenge.,
i : c;uhate»pependent Glutamate.”

Experinental

hy drog

nmo]es/mg/mh\

S0 (No. of Aninms) .

Condition :

_ Normai
feitotic

s © Reovery. Day 3

“ 40 Natve Challenge 12h
L (1.5 moles Nn4n/100ghw)

'uechanenge 12h
{15 mmoles NH4C1/1009bw)

- . _Najve:Challenge 12h
; 2.0 mmoles NHAC\I'IOOgbw)

o ;
. Rechallengé 1
(2.0 mores NHACl/wabw)

393.9476.5
S {i2)

-~ T175,04259.2
(13)

"1235.4:420.2
(6)

667.9480.9*
B )

| 1422.1200.6
@y

' 661.2872.8"
(8~ .

‘1502.3:433'.0', i
(8)

357.5:151.6
9
142.8£348.7
(9)
11357.1£169.9
(10)
+11098.8:63.1
(a)
215722061
Yo (e)
959.02]57:6
(8)

2135.?2}72‘0"

Nawe and three-day recovered rats were \ntubated vnth £ 7 or 2.0 mmoles
£ *NHsC1 per. 100g body wt and 12h later mitochondria prepared from kidney

cortex-for the assay of glutaminase and glutamate dehydrogenase.

* indicates significantly different from nornal.or three-day recovery
o g & vﬂuus (P<0 ?
. X e . . 2




3 i .

to those during naive-challenge. This Tabk of a Significant change in

PDG ‘activity during rechallenge is consistent with a- $inilar absence of

a’significant change in PDG flux in isolated mitochondria during rechal- =

Tenge. b 3 . <
_Glutamate dehydrogenase. activity was not sighificantly altered by

12h of acidosis during riaive-challenge at eithier dose of NH,Cl. Despite |

this, ‘the Flux through GOH increased significantly in mitochondria

incubated with ‘glutanine as sole substrate diring naive- challenge at

both dosis of NH,CT. This may be ‘taken to-suggest that Changes in‘the &

Flux through.6DH are not. governed by changes in the total mitochondrial

activity of this enzyme. A lack of a relationship between GDH activity

and GDH flux s also seen during the mitochondrial incubations containing:

" both g and. as subs . In this mediun‘GDH flux
changed significantly (i.e. the flux in the direction of glutamate
formation increased) during naive-challenge with 2.0 mmoles Nn4tx per
100g body weight desptte the fact thit enzyme actdvity was not aitered,

Glutamate dehydrogenase activity rose 59% and 57%. after 12h of
acidosis during rechallenge with 1.5 and 2.0 mmoTes NH,C1 gér 1009 body
weight, respectively. Despite these increases, ‘GDH. flux did not change
significantly during rechallenge in mitochondria cincubated in the medium

containing

sole sub d decre (i.€. in the direc-
‘tioh of glutamate formation) in-the medium containing both substrates.
;n\ese observations furthér suppért the conclusion tht -changes’ in GDH
flux are not’dependent -upon changes in the activity of this enzyme.
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Figure 610 Effect of rechallenge on ‘thé -response of phosphate-: degende nt
glutaminase and glutamate dehydrogenase to NH,CT intubation. .

-Data presented in this: figure are. Contamzd In Table 6.8.

Naive and three- =

day recovered. rats were intubated with 1

r 2.0 mmoles NH4C1 per 100g

body wt and 12h later mitochondria prépared fmm. kidney-cortex for -the assay’
of- glutaminase -and - glutamate dehydrogenase. Closed circles reprbsent rechal-
Tenge ‘and closed tra1ng1es represent naive challenge. Dashed lines’ repre-
sent enzyme activity-in acidotic rats.  * indicates significantly different

from normal or three-day recovery values, and ¢ indicates a s13|mfn:ant differ-:

ence between najve-callenge and re:ha'l'lenge groups (P<0.05
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The results of this chapter cléarly indicate that three- day recov-

ered rats are’better able.to cope with a large acid load than' naive

. rats. This is indicated by the lesser perturbation. of blood acid-base.

paraneters in rechallenged rats: compared to that in naive-challenged
rats. That this advantage in goping with a’large acid Toad was due.to
an enhah‘g:ed renal ability of rec}iaﬁenged rats to produce ammonia is
suggested by the observation that rechaﬂengéd rats excrete more ammonia
than' naive-challénged rats whén intubated with 2.0 rmoles NH,C1 per 100g
body weight. Furthernore, the glutamine A-V difference at-the end of
“the first urine colldction period (during which”the difference n urinary
aR excretions: betyeen the naive-challenge and rechallenge groups

‘Wis greatest) was significantly elevated in the rechallenge group

“compared with that in the naive-challenge'group. - This suggests that

more glutamine was’ extracted by the kidneys during rechallenge than
during naive-challenge.” Taken: together .these observations may reflect
that move’ amiona was produced by the Kidneys of rechallenged rats ‘in-
tubated with 2.0 nmoles NH4C1 per. ‘009 body weight than hy the kidneys
of maive-challenged rats administered the sane dose. . =,
This apparent difference jn renal, amoniagenesis betueen naive-
challenged and. rechallenged rats can ot be accounted for. by differences
in PERCK activity. Houever, the identical increases in PEPCK activity
during the first 24n of naive challenge and fechallenge can not bg taken

to indicate that the flux through this enzyme was identically changed in

‘both groups. It was shown in Chapter 5 of this thesis that changes in

PEPCK flux .are not recessarily accompanied by changes in PEPCK activity.
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Thiere was flo significant difference -in the abilities of isolated

mitochondria from naivechallenged ‘and rechiallenged rats-(intubated with

2.0'mnoles NH,C1 ‘per.100g body Weight) ‘to|generate armonia when incubated

in the post physiuiuéi;a1 -mediun employed (1 mM gliitamine, 3 mM glutamate

and 4 mM vnosph;te) as might be expected if.mitochondrial adaptations

were responsible o the apparent differem;éin rgnm ammoniagenesis. : N
However, the results of the mitochondrial. studies do show that isblated -
mitochondria respond differently to faive challenge’ and rechallenge’ when

{iicubated in the présence of physiological concentrations: of phosphate By i

(4 mMy, glutamine (1 mM) and g'lutamate (3 1iM). “ The. increase observed

in: mitochondrial ammoniagenes{s’ during naive challenge was shown to be
dué'to_an_increise in ‘the flux through PDG. On the other hand, PDG ) i
flux wa’s l‘wt s1gnlf|:ant'|y altered in mltgchnndria dulling rechallenge.
The increase in mituchundria1 amnniagenesis during rechallenge occurred.
as a result of a change xn GDH flux, such that the folm\anon of g]\ACﬂmatE
from anrmma and a-ketoglutarate was reduced. - It is also apparent frwm
the mitochoridrial studies that a change in GDH flux in isolated ln}icochon-
o 1 .dria-is'not essential ‘for increased renal ammoniagenesis ‘si‘nce during
“naive challenge, maximun rates of qmonia excretion were attained vhile '
the flux through GDH was'not. significantly changed or was slightly de-
creased, * Furthermore, it appears that the glutanate” dehydrogenase
reaction is at or near equilibrium since the ﬂux throngh this enzyme

can proceedn either direction. The factors responsibie for governing

the direction of GDH flux are hot known, but obviously 1nvo1vve mitochon- L

drial ‘events which remain evident in isolated mitochondria.
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'\ SUMMARY AND‘ GENERAL' DISCUSSION
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The eXperiments reported in.this thesis.show the following:

1. An.increase in malate content and a decrease in’ phosphoenol-

pyruvate content indicate that the conversion of malate to phos- ~
phoenolpyruvate .via PEPCK was inhibited at one day of recovery.

The:renal contents of glutamine and a-Ketoglutarate ‘returned to

&

normal‘and the contents of glutamate; Citrate and lactate increase

- to_ above-normal- Tevels by one day of .recovery.

2. PEPCK activity returned.to control values by 24h of recovery.

3. Immunotitration of PEPCK revealed that the decrease.‘in PEPCK

activity during-recovery is due to a decrease in the renal content.!

" of this enzyme.

4. The activities of phosphate-dependent giutaminase and glutamate

dehydrogenase were mot different from acidotic values at one day of

recovery and remained significantly elevated above normal for at .

Teast eleven days. -

5, Mitochondrial ammoniagenesis and the flux through glutaminase
in isolated iitochondrial increased during metabolic -acidosis.
During recovery, these parameters returned to normal betieen’ one
and seven days of recovery. in all media except in that containing

1'mM glutanine and 20 mM phosphate, In this medium, both ammonia
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formationand PDG flux remained elevated for at least 14 days of £

- récovery. / ot

6. - The flux through 'glutamate dehydrogenase in isolated mitochondria s |
S iricubated in the presence of 1 mM glutamine and 3 mit glutamate was 2 ’
markedly enhanced in acidosis and decreased to normal-by one day of

recovery. vl

{

7. Changes in the fluxes through phosphate-dependent glutaminase

" and genase i isolated mitochondria.can not be
attributed to changes in enzyme activities alone. In the medium
containing physiolagical concentrations uf.pﬁospb{atg (8 o), glutas’
inine (1 mit) and glutamate (3 M), the fluxes through PDG and GDH
decreased to normal even' though the activities of thése enzymes™

were still elevated.

8. Recovery from metabolic acidosis was accelerated by the admin- i

; ] istration:of NaHCOg. Urinary ammonia excretion was ‘back to, normal

within 8h-of récovery in rats intubated with NaHCOy whereas in rats
intubated with NaC1.amionia excretion‘was still significantly . i

. elevated above normal at 8h of“recovery.
' o

’ ! 9. The Yenal content of glutamine returned to normal by 8h of -
R recovery in the NaHCO;-treated group while that in the NaCl-treated

group tended to remain .depressed.. The:renal content of a-ketoglut-

; - arate retursied to normal by 8h of recovery in both groups.

10. PEPCK activity remained elevated at acidotic levels at 8h of

recovery in animals intubated with NaNCl‘l3 and returned to normal on
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the same ‘time Course as that in animals intibated with Nacl.

11.7, The flux through GDH in isolated mitochondria incubated with

physnﬂagu:a] concentrations.of phosphate (4.mM), glutamine (1 nM)

" and glutamate (3 mM)' returned to normal by 8h of recovery in both

thAe/Nacl-treated group and the NaHCO;-treated group.

12, Three-day recovered rats excreted rore acid as ammonium salt

1 . 2
than naive animals when intubated with 2.0 mmoles NH4C|/12h per

100g’ body wei'ght No difference in ammonia excretion between

_naive-challenged and rechallenged animals was found at lower doses.

!
13.. Maximum-rates of alrmonia.excr.etion in naive-challenged rats -
vere achieved by 12h after the initiation of metabolic acidosis
despite the fact that GDH flux in ‘isolated mitochondria incubated
in the presence of physiological concentrations of phosphate (4

m), 91utamme Qa m) and.glutamate (3 mM) was_not increased,

14. -Isolated mﬁtnchﬂndria responded differently to naive-challenge

and rechallenge: The increase in ammoniagenesis by mitochondria
incubated with 1mM glutamine and 3 mM glutamate was due to an’

increase in the Flux through PDG during. naive-challenge, whereas

‘during rechallénge the increase in mitochondrial ammoniagenesis was

due to a change in GDH-Flux.

¥

The complexity of the control ‘of ‘renal ammoniagenesis is attested

£0'by. the nunerous hypotheses which have been adyanced to explain this
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account for the differences in, fenal anmoniagenesis in'the experimentil
situations studied.  However, the results of this thesis permit certain
conclusions to. be made regarding specific features‘of the regulatory,

mechanisms which have been proposed. \
. | X

(1) Mitochondrial Glutamine Transporter B

The transpért of glutinine. into mitochondria was ot measured in.’
the present studies. However, the ability of ‘isolated mitochondeta to
generate ammonia from glutamine provides a minimun measure of glutamine
transport. During-r‘ec:)vév;y from metai:oli: acidosis, isolated mitochondria

" produced amonta at near-acidotic rates for at least 15 days when incu-

_.bated with glutamine as.sole substrate and 20 M phosphate. - Since renal
amoniagenesis in vivo had returned to nomal by day one of Fecovery
then the capacity of the .glutamine transporter (i.e. ‘nu&er of carrier
molecules in the inner mitochondrial meémbrane) can.not be rate-1imiting.

_ during recovery from meca;:&u: acidosis. Furthernore; the importance of -
Wopl adapLation ouglataing Sanspovt tp thasveglation’ of vensl
amoniagenes s during the onset of acidosis i5 undermined by the. fact
that acidotic rates of amonia”excretion were achieved during naive-

challenge despite the fact that mitochondrial amwniagenesis from glutamine

did not increase. maximally. However, the glutamine transporter could

well be'a requlatory locus,since changes. in acketoglutarate affect.

glutamine -transport by altering the k. 'of the transport system (20) .

The changes observed in the renal-content of a-ketoglutarate during

acido%is and ‘recovery found in the preseﬁt studies are consistent with

this idea.

|
!
i
R
!
!
|
i
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.phenumer\_an. Despite this dpparent complexity, the:proposed hypoéheses

are, in principal,relatively simple. It should be recognized that
although postulating simple mechanisms of control is initially appro-
pr\ate and essential froman experimenta] point of view, it may not be
appropriate fram a theoretical ‘point of view. It'is easier to fest
simpler hypotheses than more complex ones. Theoretically, however, it
may not -be’ appropriate because 1iving organisms, through thé evolution-
ary pr‘t;cess. often deliberately favoured the:more complex systems of
contral since the flexibility of thesé systems made the organism more
adaptable. Hence, the control of renal ammonia prq&uétion 1§ probably
multifactorial, involving a variety of/mechanisms at multiple. sites.
", The approach taken inthis thesis involved Studying the renal

metabolic response to.changes in the requirement for acid excretion.

Requirements for acid excretion change during the onset of metabolic

acjdosis and during recovery from metabolic acidosis. - It was shown that

the excretion of ammonia in both situations was subject to-experimental

" manipulation. Animals which were allowed three days to recover from a

previous acid. challenge were able to excrete more acid as ammonium’salt

(A .
during ‘rechallenge compared with naive-challenged animals when intubated

Wwith a Targe acid load.. The fntubation of NaHCO; at the 'start of recov- --

ery ‘accelerdted the return of renal-ammonia excretiog and production to
normal. Determining the relationship of purported regulatory parameﬁers
to anal ammoniagenesis in these situations was an exper‘lr‘nenta] necess_iqy
and not meant to inply that the regulation of this important process may
be eht;uste_d to a single mechanism. Although a number of.different

metabolic parameters were studied, no single event could be found to

i
i3
|
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(2)° Phosphate-Dependent Glutaminase
The ungh\al furm of the hypothesis proposed hy Pitts (23) was.that
renal amoniagenesis 1s regulated by changes in.the concentration or
amount of ‘glutaminase within the renal tubllar cells. ' However, it is
now apparent that changes in the content of PDG are not necessarily of
regulatory inportance since renal amniagenesvs/\ncreases during
metabolic- acidosis in dogs without a change in venal -glutamindse activity
(181) and in rats when the' increase in PDG activity was inhibited by the
adninistration of actinombcin D (91). A sinilar concision can be drawn
fron the results of the present studies. ‘The activity of POS remained

elevated long after renal ammdniagenesis returned to normal diring
N ..

_recovery.

However, it 15 now known that renal g'lutaminase exists ‘in two
forms, as a catalytically-active dmer and as an inactive monomer (15A)
Phosphate has been ‘shown to cause dimerization and glufamate"competes
with phosphate and causes dis§nc|aﬁonjhf PDG into monomers (154).
Accordingly, a change' from one form.to another could serve to regulate ¢
renal glutanine metabolism in vivo without changing assayable POG
activity. In the present studies, deanﬂdahon of glutamine by isolated”
mitochondria incubated at the physiological concentration of phosphate
(glutamine as sole substrate) decgeased during recovery whereas at the
higher phosphate concentration the. flux through PDG.remained elevated
for at least 15 days of recovery. Although speculative, these results
| may reflect the conversion of PO diers £o mononers during recovery, an,
" vent which presumably was reversed by the higher phosphate cohcen-

tration.
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(3) Glutdmate Dehydrngenase
It has been suggested that anemmns in the metabolism of: intras
mitachondrid] glutanake may be responsible for the regulation of renal
glutanine metabolisn {28). According to.Schoolwerth et al (28) glutamate
dehydrogenase does not'catalyze a reaction close to thermodynamic ‘equili-
brium and hence changés in the flux: through this enzyme can not be
"accounted for.by’ equilibrium considerations. This-conclusion was based -
on the value of the mass action vatio for the glutamate dehydrogenase
reaction in isolated-mitochondria which was calculated using the NAD/NADH
ratio determined fron the p-hydroxybutyrate denjdrogenase equilibrium.

However, it has not been shown that glutamate dehydrogenase and B-

hydroxybutyrate ‘dehydrogenaseé are located in the same part of .the nephron:

-Studies by-Vindy et al (112) using isolated kidney tubules indicate that

the GDH réaction is reversible and that’the flux through this ‘system is

upon the ntration of the ts involved. Furthermore,
reversibility of glutaiate dehydrogenase is also indicated in the présent

studies since the- d'(rectwn of the ﬂux through GDH changes “in different

experimental’ituations. - These flndm;s are suggestwe of ag equilibrium’

situation for the glutamate dehydrogenase system in vitro.

Regardless of whether or not glutamate dehydrogenase catalyzes an
equilibrium reaction, the flux. through this enzyme is markedly altered
in isolated mitochbndria during iélld-base manipulations, in vivo. - What

" events are responsible for these changes is not known. However, the
event which .is responsible for the increased flux.through GOH during
metabolic acidosis is probably not of regulatory importance since maxi-

mum rates of renal ammoniagenesis were achieved during naive chailenge.

Cabimoms S el AR
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" chofidria. also returned to normal during recovery in-the NaCl group while

~challenged and rechallenged rats intubated with 2.0-moles NHyC1/12h per-

. 100g body Helght although the ammonia.excretions arg significantly . - (’ :
'

+'different between these two groups. Therefore, it appears that the
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without an increase in GDH flux ‘in isolated mitochondria when incubated

in the presence of physiological’ concentrations of phosphate (4-), *
glutamine (1 m1) and glutamate (3 ). The change in GOH flux. during
/recovery indicates that the event respnns(ble for- this change could be

of regulatory potential. . However, since GOH flux in ssoIated mito-

renal amniageq’gsts remained elevated, then presumably other factors

nust also be involved in the regulation of renal glutanine metabolism *

during recovery. Fiu 5 sy - ¢ % .

(3) - Phosphoenolpyruvate Carboxykinase i -
It fs:Cledr from'the results in.this thesls that changes in renal £

ammoniagenesis can occur withoit changes i PEPCK activity.. This is

evident at 8h of recovery in tne NaHCO3" group when PEPCK activity was

not significantly different from acidotic values while. ammonia pro- £

duction by the kidney was ‘back to normal. Furthermore, PEPCK activity -

increased idéntically during the first 24h of acidosis in both naive-

content of PEPCK is mot r:;cessarﬂy !mportant in the regulation of renal

amnamagules!s. %

(5) ‘u-Ketog'lutarate',Déydrﬂgenjse
Gne potential rey

ry not in the course of

this.vork involves a-ke ati ydFog . ‘Boyd and
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(93) report a fall in a-ketoglutarate with no significant: change in. .
i milate il the kidneys of rats one hoir after the oral administration of

0.5 M NH,CT- (1% body wt). *Vinay et al (181) found decreases in the
' renal contents of glutaning, glutandts and a-kefoglutarate in fat and
dog during thé fivst 2h of HCl-induced acidosis, while malate cintent:

" remained unchanged.” Furtherfiore, a-ketoglutarate content remained
. depressed in, dog Kidney during chronic acidosis despite a fivefold .,

/... increase in the content of malate (181). Ross and Tannen (182) found

" that dnibition of PEPCK incredsed the malate“content in perfused kidnéys

. ‘
but did-not prevent the fall in-glutamate and.a-ketoglutarate.contents

upon acidification of the perﬂgsion medium: These findings suggest a
P divect effect of acidosis on a metabolic step situated between a-keto-
— glutarate and malate. . One potential step which might be affected is the
irreversible reaction catalyzed by.a-ketoglutarate dehydrogenase.

Studies With pig-heart a-ketoglutarate dehydrogenase indicate that
changes in Ca*" and H* concentrations alter the K of this enzyme for - .

> a-ketoglutarate (183). “Considering this, it is possible that changes in

... the contént of a-ketoglutarate in the kidney may occur as a result of

- . meration's in the K of renal a-ketoglutarate dehydrogenase for a-
ketoglutarate. Changes in the removal of a-ketoglutarate weuld presum- «
ably ‘affect the removal of glutamate via glutamate dehydrogenase and
thereby could regulate the activity of phosphate-dependent gltaminase.
In addition, alterations in the fitachondfial content of a-ketoglutarate
may affect the' concentration of ‘this metabolite fn,the cyfoplasm via the

&~ operation of the reversible malate/a-ketoglutarate antiporter and 1“/,

5\ turn alter the transport of glutamine into mitochondria (20). Potentially,




(190, 191,192, 193). . The application of similar methods to kid;\!}"
- cells may well be required in order to elucidate the regulatory.mec- . -

" banisms operating in renal glutamine métabolism.
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at least, 1ydrog may figure prominently in the
regulation of ‘renal ammoniagenesis but its involvement and exact roie

remain t3 be’ demonstrated.

(6). Heterogeneity and Compartmentation
One of the major problems associated with studying renal glutamine
metabolisn is. tissue heterogeneity. The presence of nmnemus'cen types’

in the kmney hampers the study of events which occur in a specific type

/ of ceTl. The application of sophisticated methods of analyzing enzyme

activities in selected portions of the nephron has been.one approach
which has been successful in dealing with the problen of heterogeneity.
However, enzyme activities can only be used as a measure of the maxvmal

metabolic capacities present and dn not provide any indication of

" metabolic fluxes. The use.of isolated cells and tubules reduces the

complexity-of ‘the kidnéy preparation’ under consideration. However, such
in vivo preparations not only. Tose intact renal function but diso suffer
fr;)m the obvious criticism “that the conditions in which these preparations
are studied: do_not ‘entirely mimic in vivo :ond«ﬂons. Renal cells in
cu!(.ure offer the greatest pntentia'l fm‘ sol v1ng the prnhlems assqclated

v‘th/tissue heterogeneity, however, ‘cells in culture may not manifest

" all the same characteristics they have in situ (135)

Comparunéntanon within the cel1,. especially betieen cytoplasm o
mit.nchundr\a also™ comp'hcues the interpretatmn of metabolic studies in
the kidney. Recent-attempts -have been made to determ\ne‘the concen-
trations of mEtabu'll"tes in thé cytoplasm and mitochondria of rat. liver

cells after separation.of these compartments. following ceil’ disruption

s p

i
i
i
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