v MNH/MNC/96.11
Digtr.; Umitag
English only

PHOSPHATE METABOLISM
IN NEUROLOGICAL DISORDERS

DIVISION OF MENTAL HEALTH
AND PREVENTION OF SUBSTANCE ABUSE

WORLD HEALTH ORGANIZATION
GENEVA




Sy SN ORRA

MNH/MND/96.11

PHOSPHATE METABOLISM
IN NEUROLOGICAL DISORDERS

This docurment arises from @ WHO meeting held in Geneva on 3-5 June 1996, In the first
part it summarizes the general aspects of phosphate metabolism at cellulgr membrane
and sysfemic level. In the second part it summarizes the pathological aspects of
phosphate metabolism in the central and peripheral nervous system.  The conciusions
and recommendations indicate new approaches in this new field of basic and clinicat
research,

UNIT OF NEUROSCIENCE
DIVISION OF MENTAL HEALTH
AND PREVENTION OF SUBSTANCE ABUSE
WORLD HEALTH ORGANIZATION
GENEVA

1996




This document results from g WHO meeling on Phosphate Metabolism in Newrological
Disorders, held at WHOQ, Geneva, 3-5 June 1996. The following experts paricipated:

Dr D.L, Arnold, Montreal, Canada (Rapportcur)
Dr B. Barbiroli, Bologna, Italy (Rapporteur)

Dr A. Boldyrev, Moscow, Russian Federation
Dr V.W. Dennis, Cleveland, USA

Dr AN, Erin, Moscow, Russian Federation

Dr J.P, Knochel, Dallas, USA (Vice-Chairtnan)
Dr H. Murer, Zurich, Switzerland (Chainman)
Dr B. Ni, Indiana, USA

Dr M. Rango, Milan, ltaly

Dr .M, Riichic, New Haven (Connecticut), USA
Dr K.MLA. Welch', Detrgit, LJSA

Dr Ya-Du Zhao, Beijing, PRC

Ohserver
Dr M. Marchetii, Biomedica Foscama. Rome, laly
WHO Secretariat

Dr L. Prilipko. Chiel, Unir ol Newroscience, Divigsion of Memal Health and Prevention of Suobstance
Abuse (MSA)

Dr C.L. Bolis, Consultant, Unit of Meuroscience. Division of Menta) Health and Prevention of
Substance Abuse (MSA)

Dr L. Prilipko and Dr C.L. Bolis, Unit of Neuroscience of the Division of Mental Health and
Prevention of Substance Abuse, had the technical responsibility for the production of this document.

We would like to acknowledge all the participants who contributed the materials used in the
present report,

Further copies of this document may be obtained from

Unil of Neurpscicnee
Division of Mental Health and Prevention of Substance Abuse
World Health Organization
1211 Geneva 27
Switzerland

© World Health Organization 1996

This document is not issued to the general public, and all dghts are reserved by the World Healilh Qrganization (WHO), The
document may not be reviewed, abstracted, quoted, reproduced or transplanted, in pan or in whels, withoul the pricor written
permission of WHO, No pant of this document may be stored in 3 rerrieval systam or transmitted in any fonn or by uny means -
electronic, mechaniczl or other - without the prior written permiassion of WHO,

The views cxpressed in documents by named awihors are solely the responsibility of those authors.

" Dr Weleh was unforiunately unable (o altend the meeting, but submitted his presemtation,
which ig included in this document.




CONTENTS

Introduction 1
L.l Welcome address 1
Scope of the meeting 1
(eneral aspects of phosphate metabolism 1
3.1 Systemic and cellular control of phosphate

metabolism .. ... .. L 1
3.2 Cellular/membrane mechanisms in renal control

of body phosphate homeostasis .. ........... . 2
3.3 Phosphate metabolism and the energetic

basis of conduction in mammalian

peripheral non-myelinated nerve . ... ... ... ... 3
3.4 Phosphate transport and metabolism in neurons ... 5
3.5  The role of phospholipases on the regulation

of CNS membrane function ............ ..... 5

Pathological aspects of phosphate metabolism in central

and peripheral nervous system 6
4.1 Neurological disorders associated with
hypophosphatemia and phosphorus deficiency .... 6
4.2 Introduction to Magnetic Resonance Spectroscopy
(MRS) . 7
4.3 Phosphate metabolism in human ischemic
brain injury . ......... .. .. . . 9
4.3.1 Focal ischemic stroke .. ... ... .. ... .. 9
432 Global ischemia ................... 10
4.4 Non-invasive in vive biochemical characterization

of neurological disorders by magnetic resonance

spectroscopy of skeletal muscle ............. 10
4.4.1 Duchenne and Becker muscle dystrophy .. 10
4,42 Mitochondrial cytopathies . ........... 10




4.5

Phosphorus magnetic resonance spectroscopy

inhead injury . ........ ... .. . . .. . .. i1
4.6 Brain injury; pH and phosphate metabolism . ... 1l
4.7  Energetic metabolism of brain under unfavourable
conditions .. ... .. .. L il o 12
4.8  Altered muscle phosphate metabolism as a
consequence of CNS disorders .. ......... ... 13
4.8.1 CNS disorders associated with primary
mitochondrial dysfunction in muscle . ... 13
49  Review of phosphorus MRS observations in
other CNS disorders .......... .. ... ... 13
4.9.1 NS diseases associated with possible
primary mitochondrial dysfunction .. ... 13
4.9.2 CNS diseases where phosphorus MRS
detects poor oxidative metabolism .. ... 13
4,9.3 CNS diseases with abnormal muscle P,
concentration at rest .. ... ... ... 13
Conclusions and recommendations 14
3.1 DiSCUSSIon . ......... ...t 14
5.1.1 Significance of MRS ... ... .. ... .... 14
5.1.2 Chemical determination of phosphate .. .. 13
5.1.3 Nutritional aspects . ...........«. s 15
5.1.4 Phosphate and energy metabolism in
nearological disorders ............... 15
5.1.5 Head injury and stroke ... ... ... ..., 15
52 Conclusions .. ... .. ... e 15
5.3

Recommendations .. .. ..ot i i e 16

References 17




PHOSPHATE METABOLISM
IN NEUROLOGICAL DISORDERS

1. INTRODUCTION
1.1 Welcome address

A WHO meeting on phosphate metabolisn in neurological disorders was held in
Geneva on 3-5 June 1996, Dr L. Prilipko, Chief of the Unit of Neuroscience, Division of
Mental Heaith and Prevention of Substance Abuse, opened the meeting and stressed the
comrnitrnent of the World Health Organization towards the prevention, control and treatment
of neurological disorders as clearly indicated in the establishment of a unit of neuroscience.

2. SCOPE OF THE MEETING
Dr Prilipko stressed the purposes of the meeting as follows:

2.1  To discuss the regulation of phosphate balance and cellular and homeostatic
mechanisms on the control of phosphate metabolism.

2.2 To evaluate the pathological aspects of phosphate metabolism in the nervous system,
central and peripheral, especially in the light of the newly available MRS (Magnetic
Resonance Spectroscopy) methodology to assess the dumage.

2.3  To draw conclusion and recommendations for the better understanding and to apply
this knowledge to phosphate metabolism as it relates to neurological disorders.

3. GENERAL ASPECTS OF PHOSPHATE METABOLISM
31 Systemic and cellular control of phosphate metabolism

Phosphate metabolism is essential to bioenergetics and therefore phosphate disorders
are likely to coexist with neurological diseases. In the normal condition, phosphate
homeostasis is tightly maintained by the kidneys through the regulation of phosphate
excretion, (astrointestinal absorption of phosphate is related directly to the dietary intake of
phosphate and balance is maintained at the excretion step rather than absorption (Dennis,
1992). Overall phosphate homeostasis is s0 closely regulated by redundant systems that
clinical disorders of phosphate usually involve multiple and severe abnormalities.

In contrast to our detailed knowledge of the renal mechanisms that ¢ontrol overall
phosphate balance, our knowledge of intracellular phosphate regulation is less highly
developed. In this regard, there are important differences between excitable and non-excitable
tissues. Some of these differences are quantitative but others are gualitative.

Events in the proximal renal tubule provide an opportunity to observe some of the
interactions among inorganic phosphate, giycolysis, and oxidative phosphorylation in a non-
excitable tissue. There is competition between glycolysis and energy required for active
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sodium transport (Crabtree effect) (Brazy, et al., 1980; Brazy, et al., 1982). The uptake of
luminal phosphate represents a major source for intracellular phosphates. In essence,
inorganic phosphate (P) in the process of being transported across the. proximal tubule
interacts with the bioenergetic processes which effect its transport. This suggests that the
transcellular flux of phosphate is quantitatively significant relative to the energetic fluxes, a
situation different from excitable tissues in which phosphate fluxes represent a small fraction
of the metabolic fluxes.

The major site of phosphate conservation by the kidney is in the proximal tubule.
The renal handling of phosphate is affected by an array of hormonal and non-hormonal
factors but most profoundly by dietary exposure or intake of phosphate. The renal
conservation of phosphate adapts within hours by reducing phosphate absorption in the face
of increased phosphate intake and increasing absorption in response to decreased phosphate
intake. This adaptation occurs in other cells but not to the same degree of speed and
intensity, The cellular mechanisms involved in renal handling of inorganic phosphate (P;)
are discussed in the next chapter.

3.2  Celiular/membrane mechanisms in renal phosphate handling

Filtered inorganic phosphate (P, ) is reabsorbed in the proximal renal tubule by a
secondary-active, sodium-dependent transport mechanism. Two different brush border
membrane sodium-dependent P,-transporters (Na/P; -cotransporters) mediate uptake of P,
from the primary urine into the epithelial cell. At the basolateral membrane two different
transporters (a different Na/P; - cotransporter and an anion-exchanger) mediate P, -efflux.
Studies on brush border membrane vesicles isolated from animals kept under conditions of
different renal P- handling documented that the brush border membrane entry-step is
regulated and rate limiting (Murer, 1992).

Expression-cloning techniques led to the structural identification of two brush border
membrane Na/P, -cotransporters (type 1 and type JI). These two transporters share no
homology between each other but are highly conserved among different species. The gene
structares of the two transporters have been determined (e.g., the type II transporters in mouse
and human have 12 introns and 13 exons; of identical size and position). The type I and type
{1 transporters have an autosomal chromosomal localization (e.g., the type 11 transporter in
man on chromosome 5 q 33), ruling out their "direct” involvement in, e.g., X-linked
hypophosphatemia (Murer and Biber, 1994).

The two Na/P, -cotransporters operate in a very specific manner; P, (and arsenate) and
sodium are the preferentially accepted substrates. There is a 3:1 stoichiometry (Na/Py)
leading to an electrogenic nature of Na/P; -cotransport (positive charge flowing into the cell)
(Murer and Biber, 1994).

Recently it has been shown that many conditions of physiologically and
pathophysiologically altered renal reabsorption of inorganic phosphate (P, ) are associated with
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altered brush border membrane expression of the type II transporter, the type I transporter
remaining unchanged. For parathyroid hormone dependent inhibition (intracellularly mediated
by adenylate cyclase and phospholipase C) we could document a fast brush border membrane
retrieval of the transporters. Similarly, acute changes in dietary P-intake are associated with
brush border membrane retrieval/insertion of the type II transporter, without synthesis or
degradation of the transporter. In contrast, chronic ¢hanges are accompanied by changes in
mRNA-content and resynthesis or degradation of the transporter, Also glucocorticoid-, acid
base status- and growth-related changes in renal P, handling are associated with altered brush
border membrane content of the type II transporter (Murer, 1992; Murer and Biber, 1994).

Finally also genetic defects in renal P, - handling (e.g., in X-linked HYP-mice and in
Gy-mice) are related to reduced renal P, - reabsorption via the type Il Na/P-cotransporter.
For the X-linked HYP-condition it has been suggested that a mutated gene-product (PEX)
leads to altered renal expression of the type Il transporter (Tenenhouse et al. 1994; The HYP
Consortium, 1995},

3.3  Phosphate metabolism and the energetic basis of conduction in mammalian
peripheral non-myelinated nerve

As in tissues penerally, the ultimate source of energy for nervous activity is oxidative
phosphorylation, ATP being generated from ADP and P, , a process that 1s accompanied by
an increased uptake of oxygen from the environment and an increase in the resting membrane
potential as well as an increase in the production of heat (called recovery heat) since the
biochemical reactions are not thermodynamically completely efficient. A large fraction of this
energy is required for the neuron to maintain the transmembrane ionic gradients of K and Na
that are essential for the maintenance of both the resting and action potentials. In restoring
the ioni¢ balance after activity, the Na ions that have entered during the action potential have
to be extruded and the K ions that have left during the action potential have to be recaptured
by the "sodium pump". This latter process, which is mediated by a membrane Mg-dependent
Na-K ATPase, is electrogenic and leads to a temporary hyperpolarization of the membrane,
often called the post-tetanic hyperpolarization. Finally, there is an increase of cytoplasmic
inorganic orthophosphate (P,) as the ATPase breaks ATP down to ADP and P;. This latter
process 1s accompanied by an increase efflux of P, during the period of stimulation. The ATP
is then resynthesized with a concommitant increase in oxygen consumnption. This paragraph
deals mainly with the various factors that influence the influx and efflux of P; as well as the
factors that contro) the flow of energy in resting and active peripheral nerve.

Because metabolic processes in axons are more related to the area of active membrane
rather than to axonal mass, these parameters are best studied in mamrnalian non-myelinated
nerve where they are more pronounced because of the smaller axonal diameter and the
consequent larger surface/volume ratio. In particular, rabbit vagal non-myelinated axons, with
a diameter of less than 1 pm, have 6000 ¢m2 axolemma/g, whereas the rabbit sciatic
myelinated fibres have only 8 cm’® nodal axolemma/g.
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The main component of 32P influx in rabbit non-myelinated axons occurs in two
phases (Anner et al., 1975, 1976), There is a first relatively fast process that has a time
constant of 10 minutes followed by a second process that is much slower and has a time
constant of nearly a day (with (.2 mM extracellular P,). The time constant of the fast fraction
is relatively independent of the external P; whereas that of the slow component is markedly
so, falling from nearly 5000 min at 0.04 mM P, to about 200 min at 5 mM P,. Furthermore,
while the rate of uptake by the first component is independent of the external Na
concentration, that of the second slower component is markedly Na-dependent and is reduced
by about 90% when the extracellular Na is replaced either by choline or by Tris.

The efflux of P, also depends directly both on external Na and external P, A large
part of the P, movements both into and out of the axon thus seems to be mediated by a
specific Na-dependent, P,-dependent transport system similar to that in.kidney brush border
membrane. This turnover between extracellular and intracellular phosphate is, however, much
smaller than the intracellular metabolic phosphate turnover, as the following considerations
show,

Given that each molecule of oxygen used in oxidative phosphorylation uses Six
molecules of P, in the generation of six molecules ATP, from determination of the oxygen
consumption (Ritchie & Straub, 1980) one can accurately estimate the intracellular turnover
of high-energy phosphate. Such calculations show that the rate of turnover of ATP both at
rest and during electrical activity is 2 orders of magnitude greater than the turnover rate of
extracellnlar and intracellular P, . Thus not much of the inorganic P, formed as a result of
ATP utilization is Jost from the cell.

The oxygen consumption of the nerve reflects oxidative phosphorylation; and the latter
in turn i believed to be controlled by the fall in intracellular ATP and the concomitant rises
in ADP and P, resulting from Na pump activity. The flow of energy on the system depends
on glycolysis to produce pyruvate, which enters the citric acid cycle to produce reduced
electron-donating NADH to supply electrons to the mitochondrial electron transport chain.
Fortunately, one can follow this process in the intact cell because reduced NADH is
fluorescent whereas NAD itseif is not. Following electrical stimulation the intracellular
NADH exhibits two phases: a fall reflecting the usage of NADH to support oxidative
phosphorylation; and a subsequent rise above baseline as glycolysis is stimulated. In Ca-free,
Na-Locke solution both phases are very much reduced, even although pumping and the
normal appropriate phosphate changes are occurring. And in Li-Locke solution the first phase
remains depressed, but a large second phase i3 manifested. Since lithium is virtoally not
pumped out, no large metabolic inwacellular phosphate changes can occur; yet the second
phase of NADH stimulation is markedly pronounced. That the latter is due to the influx of
Ca accompanying the action potential is clear from the finding that in Ca-free, Li-Locke both
phases of NADH are completely abolished.

To surnmarize, axons are just like brush border cells in the kidney in that they take
up inorganic phosphate from the environment by means of an Na-dependent, Pi-dependent
transport mechanism. Unlike the kidney cell, however, where the P, taken up subsequently
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exits across the baso-lateral plasma membrane, the axon tenaciously holds on to its P.
Relative to the intracellular turnover of phosphate, the efflux (and influx of P,) is small; and
it cannot be used as a reliable index of intracellular metabolic activity. Finally, the immediate
recovery process following nerve activity seems to be very dependent on the calcium that
enters during the action potential.

3.4 Phosphate transport and metabolism in neuronal cells

Cortical neurons import inorganic phosphate (P, ) for maintenance of ATP stores and
calcium homneostasis. Among the effects of acutely increased P, uptake are an enlarged
intracellular free P; pool, stimulation of ATP synthesis, and reduction of cytosolic (Ca™).
These effects of P, are likely to be neuroprotective under conditions of excitotoxic stress, We
have shown that i) Na'-dependent P, transport is initiated within developing cortical neurons
at an age corresponding to postnatal day 9, when the immature rat brain displays its greatest
vulnerability to NMDA-mediated excitotoxicity (McDonald et al. 1991); ii) that Na'-
dependent P, wransporter mRNA (BNP1) is upregulated in neurons resistant to excitotoxic
stress (NI et al., 1994). It is therefore tempting to speculate that the Ca®* requirement of P,
import may reflect in part the neuronal need to regulate intracellular Ca** levels; (iii) studies
from cultured fetal cortical neurons showed that neurons survive better against acute NMDA
toxicity when they are cultured in mediurn containing 1mM P, a physiological concentration
of extracellular P, . This is in good agreement with other studies where extraceliular P, plus
pyruvate can rescue 40% neurons from acute NMDA-induced cell death of granule neurons;
(1iv) we demonstrated a selective loss of BNP1 mRNA prior to the degeneration of CAI
neurons in the rat brain 24 hours following global ischemia, suggesting that decrease in BNP,
mRNA may contribute to the cell death; (v) BNP1 gene was localized in chromosome 19 (19g
13.3), a locus which has been previously shown 1o be linked to late onset of Alzheimer’s
disease by genetic linkage. It is interesting to note that derangements of plasma P, and Ca*
are detectable in Alzheimer’s disease patients prior to onset of symptoms, Taken together,
P, homeostasis or signals regulated by BNP!U transporter may play a role in neuronal
viability. Investigation of the changes in P, homeostasis under pathological conditions and
the consequences for cellular metabolism may have widespread therapeutic applications.

It is unknown as yet whether there exist in the brain Na/P, cotransporter isoforms such
as the renal Type II transporters which are expressed in response to P, starvation (Murer and
Biber, 1994). Another interesting question s whether neurons have an extracellular P, -
sensing mechanism such as that found for Ca™ ' bovine parathyroid.

3.5  The role of phospholipases on the regulation on CNS membrane function

Metabolism of phosphates in the brain is associated mainly with energy substrates, ion
transport and, as has become evident during the last two decades, the phosphoinositel cycle
in connection with chemical signal transduction (Hubo, 1990; Berrige, Irvine, 1984), In this
paper data are presented demonstrating that other types of reactions, namely hydrolysis of
membrane phospholipids by phospholipase A,, may be related to modification of key
properties of neuronal synapses, i.e. membrane potential, microviscosity, receptor binding
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parameters and enzyme activity. Vitamin E (o-tocopherol) prevents injury to neuronal
membranes from the action of phospholipase A, (Erin, et al., 1986). These effects were used
to analyze 1) its possible role in CNS function and, ii) linkage of phospholipase A, with lipid
peroxidation and brain pathology associated with activation of oxidative damage to brain
membranes. It is concluded that phospholipase A, can modify neuronal membranes and
explain damage as a result of Vitamin E depletion. Hopefully, new agents can be developed
to protect the brain from injurious oxidants by modifying phospholipase A, regulators and
rmodulators,

¥

4. PATHOLOGICAL ASPECTS OF PHOSPHATE MET ABOLISM IN CENTRAL
AND PERIPHERAL NERVOUS SYSTEM

4.1 Neurological disorders associated with hypophosphatemla and phosphorus
deficiency

Hypophosphatemia may cause neurclogical dysfunction uffecting both central and
peripheral nervous systemns (Knochel, 1996). The first description of this syndrome derived
from patients receiving hyperalimentation for teatment of weight loss in whom serum
phosphorus fell significantly over 8-10 days. Tissue anabolism without adequate provision
of phosphorus in the refeeding mixture resulted in phosphorus deficiency. It is to be
emphasized that acute hypophosphatemia that appears in the absence of phosphorus depletion,
e.g., induced by respiratory alkalosis, insulin-glucose administration, or following strenuous
exercise, has no known harmful effects on the nervous systern. Thus, nervous system
dysfunction requires time for both phosphorus deficiency and hypophosphatemia to appear.
Typically, besides the example of hyper-alimentation without providing adequate phosphorus,
hypophosphatemia has occurred in patients recovering from chronic respiratory failure in
whom acidosis and hypoxia have caused pre-existing phosphorus deficiency, or in patients
whose hypophosphatemia gradually appears during phosphorus deprivation in conjunction with
ingestion of phosphate-binding antacids. Neurological abnormalities seldom appear in patients
being treated for diabetic ketoacidosis since phosphorus deficiency is not only mild, but the
hypophosphatemia is of short duration. While neurological disorders are more difficult to
assess in the withdrawing alcoholic, severe chronic alcoholics are uniformly phosphorus
deficient but of importance, the rapid appearance of hypophosphatemia commonly precipitates
acute rhabdomyolysis. The latter event, by causing release of phosphorus from muscle cells,
corrects the hypophosphatemia spontaneously (Knochel, 1992).

The symptoms of CNS dysfunction in hypophosphatemia are essentially those of 4
metabolic encephalopathy beginning with irritability and restlessness and proceeding to
confusion, severe weakness, convulsions, coma and death. A number of more localizing
symptoms reflecting bulbar dysfunction, visual perceptive defects and oculomotor dysfunction
have been described. Peripheral nervous system failure may present as weakness, paresthesias,
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paralysis or with findings resembling the Guillain-Barre Syndrome. When recognized early,
these symptoms may be reversible upon correction of the hypophosphatemia.

The precise explanation why these abnormalities occur is unknown. However,
possibilities include inadequate O, delivery secondary to reduced synthesis of 2-3-
diphosphoglycerate in red cells, decreased cerebral blood flow secondary to the often-
assoclated hypocarbia, alteration of energy production secondary to deranged adenine
nucleotide metabolism or abnormal cellular transport of phosphorus,

Newer techniques employing MRS should be helpful in explaining some of the
abnormalities described in hypophosphatemic encephalopathy and neuropathy.

4.2  Introduction to Magnetic Resonance Spectroscopy (MRS)

Phosphorus magnetic resonance spectroscopy (MRS) is a particularly suitable
technique for detecting intracellular phosphates in muscle (and other tissues) noninvasively
in vivo.

Phosphorus MR spectra from muscle contain five major resonances or "peaks": one
each from the three phosphates of ATP, one from phosphocreatine (PCr) and one from
inorganic phosphate (P). There are two additional peaks originating from
phosphomonoesters (PME) and phosphodiesters (PDE), (Fig. 1). The intensity of each
resonance or the area under each "peak" is proportional to the amount of the metabolite
present in the sample. Free magnesium ion concentrations can be assessed using the chemical
shifts of P,, PCr, o, B, and v-ATP in combination with an in vitro calibration scheme.

PCr

7.10
Pi,

7.40 /
Plo ATP
ST \f’“«w/ \A\” hnatl

Figure 1. Phosphorus MR spectrum of muscle at rest. This muscle is abaormal
demonswating an increase in intracellular Pi and, also, the ability to separate
intracellular and extraceilular Pi.
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P, Peak
Composition of the P, peak and its pH dependence

The inorganic phosphate peak observed in the MR spectrum is really a combined peak
of HPO,* and H,PO4" which are in fast exchange on an MRS timescale. Since P, is a weak
acid that titrates in the physiological pH range, its position describes a titration curve that
reports on the pH environment of the phosphate.

Intra and extracellular location of the P,

The intracellular water space is at least 4 times larger than the extracellular water
space in normal skeletal muscle and the intracellular phosphate concentration is approximately
3 times larger than the extracellular phosphate concentration, Therefore, the vast majority of
the P, (=90%) 1s intracellular under normal circumstances,

Since c¢ell membranes interfere with fast chemical exchange, separate P, peaks at
different positions in the spectrum are seen from different compartments if the compartments
are at sufficiently different pH. This is the case for intracellular P, which is at pH 7.0 and
extracellular P, which is at pH 7.4. Depending on the magnetic field strength and
homogeneity, the P, at pH 7.0 and 7.4 will overlap to a greater or lesser degree. In some
circumstances, two peaks can be resolved and in others, the extracellular P, will be included
in the intracellular peak or appear as a small "shoulder” on the left hand side of this peak
(Fig.). If the top of the P, peak is used to determine the pH environment, this will always
report on the intracellular component. Thus, the pH reported by the P; peak represents the
average intracellular pH in the volume of muscle under the coil.

Cytoplasmic P,

The concentration of P, in the cytoplasm has been a matter of some debate since
traditional methods for its measurement are liable to artefact resulting from phosphocreatine
hydrolysis (during the delay for freezing of the tissue) and because of the presence of bound
phosphate (not measured by MRS but included by some other analytical methods). MRS is
the only way to measure P, noninvasively in vivo. However, MRS measures only "free”
mobile phosphate in solution in the cytoplasm.

During work, PCr hydrolysis produces P; on a mol for mol basis. Py is returned to
normal concentrations by two important active mechanisms: mitochondrial uptake and ATP
resynthesis.







