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ABSTRACT 

^N-labeled ammonia was used to investigate i) the cerebral extraction and 

clearance of am monia, ii) the mechanism by which capillaries accomodate changes 

in cerebral blood flow CBF and iii) its use for the measure of CBF. This was 

investigated by measuring the single pass extraction of NII3 in rhesus monkeys 

during PaC 0 2 induced changes in CBFand with dog studies using in vitro tissue 

counting techniques to examine HH3 extraction in gray and white matter, mixed 

tissue and cerebellum during variations in CBF produced by combinations of 

embolization, local brain compression, and changes in P a C 0 2 . The single pass 

extraction fraction of NH3 varied from about 70 to 207. over a CfiF range of 12 

to 140cc/min/100gms. Capillary permeability-surface area product (PS) estimates 

from this data and the dog experiments with a Renkin/Crone model show PS 

increasing with CBF. The magnitude and rate of increase in PS with CBF was 

highest in gray matter > mixed tissue > white matter. Tissue extraction of * N Hj 

vs CBF relationship was best described by a unidirectional transport model in 

which CBF increases by both recruitment of capillaries and by increases of blood 

velocity in open capillaries. This saturable-recruitment model provides a possible 

explanation for the mechanism of flow changes at the capil.ary level. Glutaminc 

synthetase, which incorporates NH 3 into glutamine appears to be anatomically 

located in astrocytes in general and specifically in the astrocytic pericapillary 

end-feet that are in direct contact with gray and white matter capillaries 

(Norenberg, M.O., Martinez-Hernandez, A. (1979) Brain Res. 151:303-310). The 

net NH, extraction subsequent to an i.v. injection increases nonlinearly with 

CBF. Doubling or halving basal CBF produced from 40 to 50% changes in the 1 3 N 

tissue concentrations with further increases in CBF associated with progressively 
13 13 

smaller changes in N concentrations. N H 3 appears to be a good tracer for the 

detection of cerebral ischemia with positron tomography but exhibits a poor 

response at high values of CBF. 



INTRODUCTION 

(N-13) ammonia f 1 NH,) has been used as an imaging agent for the heart 

and brain since i t was originally proposed by Hunter et al (11,21) and Harper et al 

(8), with very little information regarding what factors determine its tissue 

distribution. The rapid diffusion of NH 3 through cerebral (26,30) and 

myocardial (37) capillaries and its rapid incorporation and trapping in the slowly 

turning over amino acid pools can potentially allow the use of this labeled 

substrate for imaging capillary perfusion, the study of the capillary flow 

mechanisms or the study of ammonia and amino acid metabolism. However, due 

to the complexities involved in the extraction and retention of NH, in these 

organs, more extensive studies are required to better understand the potential 

uses of this tracer. 

Phelps et al (26) using positron computed tomography (PCT) with normal 

volunteers, have shown high uptake of * N Hj in cortex of the cerebrium, internal 

gray nuclei and cerebellum relative to white matter with relative 1 3 N 

concentrations in good agreement with the relative capillary densities and/or 

cerebral blood flow (CBF). Subsequently, Phelps, ct al (30) used a single pass 

extraction technique in the monkey to demonstrate that the single pass extraction 

of 1 3 N H 3 by the brain was i) less than 10051 in the CBF range of 20 to 100 

cc/min/100 gm, ii) inversely related to CBF, iii) not affected by blood ammonia 

concentrations from 80 to 1400 vg% or by changes in arterial blood pi! over the 

range 7.2 to 7.7, iv) decreased by about 40% when the cerebral metabolic rate for 

glucose and oxygen was reduced by factor of 2.5 by inducing a hypoglycemic coma 

and v) not affected when blood am monia concentration was increased by a factor 

of 6 during hypoglycemia even though the cerebral metabolic rate for glucose 

increased by a factor of 2.2. We also found that N H, extraction was limited by 
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capillary permeability and reported a value for the permeability coefficient of 
1 3 N H 3 in brain (30). Intravenously injected 1 3 N H 3 was also proposed as a tracer 
for the estimate of capillary perfusion in brain and heart in analogy to the 

microsphere model with capillary occlusion by microspheres replaced by metabolic 

trapping of 1 3 N H 3 (26,30). 

Carter et al (4) ana more recently Lockwood et al (1*)) evaluated the effect 

of blood pH and ammonia concentration on NH3 uptake in brain. Lockwood et 

at (19) using * 3 N H 3 to investigate ammonia metabolism in patients with liver 

disease and hyperammonemia, proposed a model for the measurement of the brain 

utilization rate of am monia with 1 3 NII3. 

Cooper et al (5) also studied the effect of ammonia concentration, measured 

ammonia turnover rates and determined the metabolic fate of exogenous NH 3 

by chemical assay methods. They observed rapid ammonia metabolism that occurs 

primarily via the reaction of glutamate with ammonia at a half time of 1 to 3 sec 

or less (5) and was anatomically located in the astrocytes. This has been 

experimentally verified by Norenberg and Martinez-Hernandez (22) using an 

ultrastructural immunocytochemical technique to determine the distribution of 

the glutamine synthetase in the rat brain. They found glutamine synthetase 

almost exclusively confined to astrocytes with equal concentrations in astrocytes 

of gray and white matter and the highest concentration in the astrocytic 

pericapillary end-feet. 

We have investigated the relationship of net cerebral extraction and the 

single pass extraction fraction of * N H 3 as a function of C B F in order to exa mine 

the rate limiting steps and mechanisms in the cerebral extraction of l 3 NH-j . An 

intracarotid bolus injection-single pass extraction method was used to measure 

extraction fractions of NH3 as a function of PgCO^ induced CBF changes in 

monkeys. A dog model employing in vitro tissue sampling, local brain 
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compression, distributed embolitic infarction and/or variations in P C Oy was used 

to measure net cerebral extraction of NHo as a function of CBF. in this model, 

local tissue values of i J N tissue concentrations for gray matter, white matter, 

cerebellum and mixed yray/white matter were determined by surgical dissection 

of the brain. 

The tissue uptake and clearance and the equilibrium distribution of " H in 

the brain of man after i.v. injection of HHj was measured with PC T and 

compared to the distribution of cerebral metabolic rate for glucose with FOG. 

The dependence of N H 3 extraction on the cerebral capillary permeability-

surface area product (PS) and the rapid metabolic trapping o f « H 3 in astrocytes 

provides a means of accurately estimating the PS of different cerebral 

structures. The relationship between PS and CBF was estimated in terms of a 

number of unidirectional transport models and a saturable-recruitwent model is 

proposed to describe the mechanism for CBF changes at the capillary level. The 
i ^ use of NH-j and other non-flow l imited tracers for the measure of capillary 

blood flow was examined. 

MATERIALS AND METHODS 

Preparation of l 3 N H 3 

* MHj was produced with the UCLA medical cyclotron as described 

elsewhere (40). "Hg was buffered to pH 7.4 in physiologic saline {irior to 

injection. The radiochemical purity was greater than 99% and ammonia 

concentration was less than 10 M. 

Animal Preparation 

Twentytwo, 20 to 30 kgm, mongrel dogs were anesthetized with sodium 

pentobarbital (25 mg/kgro), paralyzed with gallamine triethiodide and ventilated 
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on room air or mixtures of C 0 2 and 0 2 . A polyethylene cannula in the left 

atrium was used for ir\jection of labeled microspheres and/or HH3. Systemic 

blood pressure was monitored with a catheter in the aorta connected to a 

staathain pressure transducer. This catheter was also used for withdrawal of 

arterial blood samples. End tidal PCOo was continuously monitored with a 

Beck man LB50 capnograph. 

In five dogs, the le f t common carotid artery was isolated for injection of 

30mg of 100-200 micron diain. resin to euibolize portions of the brain. Two were 

also ventilated with 57. C 0 2 - 95S 0-2 and three wvh 1CU CO., - 9tU 0.,. 

Arterial blood gases, pH and ammonia concentrations were determined by 

standard clinical laboratory techiques. 

In twelve dogs a small inflatable ballon was inserted into the subdural space 

through a burr hole on one side of the calvarium to produce local compressions of 

the brain. Five were ventilated with 5% C 0 2 - 95 " 0 2 and seven were ventilated 

on room air. In five other dogs, two were ventilated on room air and three were 

ventilated with 10% C 0 2 - 90% Op with no other intervention performed. 

Seven rhesus monkeys were anesthetized with pentobarbital sodium {5 

mg/kgm) 2 to 4 weeks prior to experimentation and the right exterwal carotid 

artery ligated at i ts origin. At the t ime of the experiment, the animals were 

again anesthetized and a 0.2 mm diam. catheter positioned in the right com in on 

carotid artery. The animals were paralyzed with gallaminG triethiodide and 

passively ventilated on room air or different C 0 2 - 0 2 admixtures (5, 7 or 105 

C0 2 ) and anticoagulated with heparin. The arterial catheter was used for injection 

of 1 3 H H 3 and 1 3 3 X e , monitoring of arterial blood pressure and sampling of blood 

for PgC 0 2 , pH, am monia analysis. 

Measurement of CBF, NH3 Extraction Fraction and Net 1 3 N H 3 Extraction 

Global CBF: Global CBF was measured in the rhesus monkeys by the 10-iitin 
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height/area method (45) from the clearance curve resulting from a 0.2 cc bolus 
loo 

internal carotid artery injection of " ' X e (30). The final value of C IIP was 

calculated assuming the * " X e 10-min height/area method systemic ally 

overestimates flow by 11% (9) and using a whole brain partition coeificient for Xe 

of 1.10 ml/gm (41). 

Local CBF: The local CBF in the in vitro dog studies was determined by the 

quantitative microsphere technique (12). Carbonized polystyrene microspheres 

of 15 + 5 microns were suspended in 10K dextran with one drop of tween BO to 

prevent clumping, thoroughly mixed with a vortex shaker and suspen lad by 

ultrasonification just prior to injection. Approximately 2x10 microspheres5 

labeled with 1 2 I , - - ^Ce , o r 8 Sr were injected into the lef t atr ium. Just ur ior to 

injection of microspheres and 1 3 N l ! - j , arterial blood withdrawal was initiated at a 

constant rate and continued for 2.5 minutes. The total microsphere radioactivity 

in this sample and the microsphere radioactivity from excised samples of known 

weight were measured in a well counter. The local CGF was then calculated by; 

CBF (cc/min/lOOgms) = (F « C j X 100)/C b (1) 

Where F_ is the pomp withdrawal rate of arterial blood (cc/min), C f is the 

microsphere tissue radioactivity concentration in region i (counts/min/gm) and C h 

is the total microsphere activity in arterial blood sample (counts/min). 

Extraction Fraction: The fraction (E) of 1 3 N h * 3 extracted by the brain 

during a single capillary transit was determined by extrapolation of the ta i l of the 

washout curve, which is the extracted and retained 1 3 N H 3 in the tissue, back to 

the init ial peak of the curve, which is the total * 3 N H 3 activity input to the 

tissue. E is then estimated from the ratio of the extrapolated value to the peak 

value (30,25). 

Met Extraction The net tissue extraction (i.e. I 3 N tissue concentration) of 
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13 N H3 in the in vitro dog experiments was determined in the same manner as the 

CBF in eq. 1. The input function (i.e. C f a for 1 3 N in eq.l) corresponded to only 

1 3 N in the form of NH3 by correcting for the contribution due to metabolized 
1 3 N (Schelbert et al, unpublished work: 90% of 1 3 N activity is free 1 3 N H ^ from 

tiin e of injection to 2.5 min.) 

Animal Procedures 

Single Pass Measure of E vs CBf; In the single pass measurements of E, the 

monkey was stabilized at a basal P f l C 0 2 , a 0.2cc bolus of * Xe injected into the 

internal car j t id and data collected for 11 min for the measure in ent of CISF. A 0.2 

cc bolus of N H , dissolved in the animals plasma was then inj°cted into the 

internal carotid and data collected for the next 20 to 30 min. The P^CO, level 

was then increased or decreased by varying the inhaled C i>2 concentration and/or 

respiratory rate. Fifteen minutes was allowed for equilibration at each PSO? 

level before Xe and NH 3 were injected. End t idal C02 was monitored to 

assure constant P C 0o levels. Arterial blood samples were taken before and after 

each injection for blood gas and pH measurement. 

Local net extraction of WH? vs CBF: In the in vitro dog experiments, 

variations in local CBF were produced by embolism, variation in i*aC 0 - , and local 

compression. Five dogs were subjected to embolization followed by 15 roin of b% 

C 0 2 - 95% 0 2 or 107, C 0 2 - 90S 0 2 to produce a wide range of local CBF. 

Microspheres and NH, were simultaneously injected into the le f t atrium for the 

measurement of CBF and net tissue NH3 extraction. Arterial samples were 

taken prior to and after embolization, after 15 min blood gas equilibrium, and just 

prior to end of experiment for blood gas, pH and ammonia analysis-

After 5 inin the animals were terminated by a rapid injection of high 

concentration KCL into the heart. The brain was rapidly excised, cut into 

transverse sections and twenty to th i r ty 0.3 to 1 gm samples taken from cortical 
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gray matter, white matter and cerebellum. The samples were iin mediaf ely 

counted for N activity, weighed (including the blood sample) decay corrected 
1 n 

and the counts/tiine/weight determined. After the N activity ( t l /_ - 10 win) had 

decayed, the samples were counted to dolor mi no the tissue con«:c«nl.r.il.Kin .nut 

total blood activity of microspheres. 

Extreme care was taken to dissect out individual samples of corticul gray 

and white matter (cerebellum samples contained both gray and white matter). 

The Samples were visually classified into gray, white and mixed gray-white 

matter. The short half l i fe of " B required rapid dissections of the brain which 

l imited our ability to obtain pure gray and white matter sampies. The degree of 

admixture of the gray and white matter samples was estimated by their CBF ratio 

in each experiment. 

The procedure was repeated for 2 dogs at basal P a C O z and 3 dogs ventilated 

with 10% CO, - 90S 0o without embolization and 0 dogs in which a local 

compression was produced by inflation of the balloon in the subdural space with 

the dog on 5 X C 0 j - 95 % 0-> or room air. 

In three other dogs the above protocol was changed by adding the injection 

of labeled microspheres in the basal state, inflation of the subdural balloon and a 

second injection of microspheres (labeled with a different radionuclide from the 

f i rst) and NH, five win alter inflation of the balloon. Three additional dogs 

were studied in which microspheres were injected in the basal state, the balloon 

was inflated for 30 min, deflated and 30 minutes later N H j and a second set of 

labeled microspheres were injected. In this series of dog experiments tissue 

samples were taken without separation intc gray and white matter. 

Arterial blood clearance rates were determined oy monitoring the activity 

with a femoral artery catheter which passed through a Nal well counter and to a 

withdrawal pump. The catheter had a total volume of 2.1 cc and blood was 
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withdrawn at a rate 4.29 cc/min. The data sampling time (initi-VSly 0.1 sec) and 

catheter produced only minor distortion of the blood clearance rate {tested with 

step i mpulse injected into the catheter). 

Human Studies 

Six male volunteers (a<je 21-2(>) were studied by toiiiouraphicolly mciTJiirimj 

the distribution of N in t h " '"rain after an i.v. bolus injection of 10 to l i mCi of 

^ N H o . Tomographic scans with the EC AT* positron tomograph (28) were started 

4 to 5 min after injection with init ial scan times of 2 to 3 min and the time 
1 O 

progressively increased in proportion to N decay rate. From 4 to 8 scans wore 

made per injection and contained from 700,000 to 1.5 million counts per image. 

Data are automatically decay corrected and photon attenuation corrected with a 

geometric method (26,28) before images were reconstructed. The concentration 

ratio between different substructures of the brain were measured as previously 

described (28) and compared to the distribution of the local cerebral metabolic 

rate for glucose as measured with (r-18)fluorodeoxyglucose, FDG (14,33,29,10). 

Three male volunteers (age 21-23) were injected intravenously with N l l 3 

and images of a single cross-section of the brain imaged as a function of t ime. 

After injection, four 2 min scans, four 4 min scans and six 10 min scans were 

performed to cover a 90 minute period. Region of interest analysis was performed 

to measure the average and the gray and white matter tissue uptakes and 

clearance rates. 

Unidirectional Transport Model 

A starting point for the description of the cerebral extraction of 1 3 N H 3 is 

the Renkin/Crone model for the unidirectional transport through a capillary 

membrane (34,6) as init ial ly formulated by Kety (13). Ti.is model assumes: i) the 

capillary is a rigid tube, i i ) exponential decrease in tracer blood concentrations 

along the capillary, i i i) intravascular concentration of tracer is much larger than 

extravascular, iv) extra vascular volume of distribution is infinitely larger than 



intravascular, and v) the capillary membrane is the rate l imit ing step in the 

extraction OT the tracer. This model is described by 

E = l - e - r S / , : (2) 

or 

In {!-£)= -PS/K (3) 

Where E is the unidirectional extraction fraction for the tracer, P and S are the 

capillary permeability (cm/win) and surface area (cmvlOOgm) and r is the 

capillary blood flow (cc/min/lOOgm). 

Strict application of this model to a multi-capillary environment would 

require that all the capillaries be identical in length and diameter (i.e. S), P and 

F. This assumption is not valid for global measurements of E in the brain. Since 

the relationship between E and PS is nonlinear, the sum of local values of E for 

the whole brain cannot be used to calculate the sum of local ?S values from £q. 

2. I t has been shown previously (34) that the PS from eq 2 underestimates the sum 

of PS values in heterogenous tissues. The result is an "effective" PS value which 

is an underestimation of the true value of the total PS (34). This model also 

assumes that the value of PS is constant as a function of flow (i.e. capillaries are 

rigid tubes) and that capillary flow increases by velocity and not by changes in the 

number of open capillaries (i.e. recruitment), vasodilitation or frequency of 

opening and closing of capillaries. 

By changing these assumptions, various extended forms of the Renkin/Crone 

model can be derived to describe the relationship between E and F. For example, 

by assuming the tissue consists of various sizes of capillaries each with a different 

PS value but obeying the original Renkin/Crone assumptions, E will have the 

following functional form. 

r W . - P S 1 / F . " P V F . - P V \ ^ 
E - 1-tAje l + A 2 e l +....+A ie ! ) 
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Where^-A. = 1. In this paper a model with two compartments was tested. 

Alternatively, i f capillary recruitment is included in the model (i.e. as flow 

is increased more capillaries become jc l ive) ond all capillaries are identical jnd 

behave like rigid tubes, then £ would have the same functional form as the 

Itenkin/Crone Model (Eq. 2), except PS is not constant. Since i'S will not increase 

indefinitey, a non divergent function for PS was examined in this paper. That is, 

E = ( l - e - P S / f ) 

with (5) 

PS« A + B ( l - e " C F ) 

We refer to this model as the saturable-recruitwent (SH) model. At 

saturation (i.e. all capillaries are open and active) the sum of A and B will be 

equal to the PS of all the anatomical capillaries in a given type of tissue. The 

value of C indicates the rate at which any given tissue will approach saturation as 

flow increases. The extraction of NH 3 as a function of CBF was analyzed with 

each of the above forms (eqs. 2^,5) to determine which provided the best f i t to 

the data. 

RESULTS 

Human Studies 

Figure 1 illustrates the cerebral distribution of NH 3 subsequent to an i.v. 

injection as compared to cerebral metabolic rate for glucose (CMRGlc) in normal 

human volunteers. The average " N tissue concentration ratio of gray (frontal, 

temporal, parietal, occipital and visual cortex) to white matter (frontal, parietal 

and occipital) was found to be 1.77 + 0.18 (s.d.) as compared to 1.91 + 0.23 for the 

CMRGlc in 6 normal volunteers (20 levels total with an average of twelve 0.7 to 

1.4 cm regions/level). These values are in good agreement with those of Kuhl et 

al (15) who found values of 1.69 + 0.15 (s.d.) fo r 1 3 N and 1.88 + 0.17 for CMRGlc 

in normal man. 
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Cerebral tissue * 3 N concentration was found to rapidly reach a high level in 

two to three minutes, slowly increase for the next i f l in in H 1- 1?' increase) and Lhen 

slowly decrease with about a 2.3 hour half t ime (Fig. 2). There appeared to be 

some tendency for gray matter to clear N at a faster rate, but the clearance 

rates of both tissues were so slow that the ^ata did not demonstrate a significant 

difference. The t ime variation of the tissue 1 J N concentration is consistent with 

the rapid Wood clearance of 1 3 N H-j ( 5 " and 1 to 27, of the peak value at 2 and 10 

min after injection), its rapid diffusion into cerebral tissue and the slow turnover 

rate of the tissue 1 3 N activity. 

Single Pass Studies 

The whole brain single pass extraction fraction E from carotid bol'is studies 

in monkeys in Figure 3, demonstrates that E decreases as CBF increases. 

However, net extraction of 1 3 N H 3 (E times CBF) or tissue 1 3 N concentration 

increases nonlineariy with CBF (Fig. 5A). The increase in net extraction with CBF 

is due to the fact that the rate of increase in CBF (i.e. a mount of 1 3 N H 3 delivered 

to tissue) more than compensates for the decrease in E. 

Figure 4 is a plot of the single pass E data assuming a Rankin/Crone model 

(eq 2). I f a Renkin/Crone model were adequate to describe the data, one would 

have seen a l inear relationship between In(l-E) and 1/CBF with the slope equal to 

- PS. This is clearly not the case. 

The average tissue clearance rate of the extracted portions of 1 3 N H 3 

subsequent to the intracarotid injection was found to be 1.4 + 0.5 hours (s.d.). 

Net Extraction Studies 

The net extraction (i.e. tissue N concentration and equivalent of E times 

CBF -from single pass studies) vs. CBF for mixed gray-white matter and 

cerebellum (mixed gray/white natter) are shown in Figure 5B and 5C when local 

changes in CBF were produced by combinations of embolization, variations in 
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P C 0 2 and local brain compressions. The plot of the net extraction vs CBF for 

mixed gray/white matter for animals subjected to only local comjiressions of the 

brain is shown in Figure 5D- Figure GE and 5F show the ne'. extractions for yray 

and white matter as a function of CBF that wore measured when CUF cliancjos 

were induced by alterations in P a C0 2 > embolization and local compressions. No 

apparent difference in the net extraction vs CUF was noted in these maneuvers to 

produce a wide range of local CRF values. To check the amount of admixture in 

samples classified as gray or white matter, we calculated the gray/white matter 

CBF ratio. The average value for the samples shown in Figures 5E and 5F and 

Table 1 was 2.31 + 0.61, which is lower than the average value for ratio of CBF in 

gray to white matter of about 2 to 4 fo r anethezised animals (16,38,39). This 

indicated that samples were reasonably pure but did sti l l contain significant 

gray/white matter admixtures as was also noted visually. 

Figure 6 illustrates the local tissue variations from basal CBF ( ^ 5 I 

microspheres) to the CBF values ( 1 4 1 C e microspheres) and l 3 N tissue 

concentrations during a local compression for both the involved and contralateral 

hemisphere. The increases and decreases in CBF are followed very closely by ^ N 

tissue concentrations except that response of the 1 W concentration is less than 

the actual CBF changes as would be expected from figure 5. 

The equations from the least square f i ts to SR model (eq. S") for the global 

single pass study, gray matter, white matter, mixed gray-white matter, 

cerebellum and compression are given in table 1. A combined plot of these 

equations are shown in figure 7 for comparison of the different experimental 

measurements. The data f i ts to the Renkin/Crone model (eqs. 2 & 3) and 

multicomponent {Eq. H) models were considerably worse (i.e. significantly larger 

sum of squares) than the f i t by SR model (eq.5). The data in table 1 were also 

used to calculate the PS product as a function of CBF as shown in Figure 8. 
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DISCUSSION 

N-13 ammonia is extracted exclusively from tho capilldries due Lo l l ioir 

large surface to volume ratio and is then trapped in the tissue primarily by its 

rapid incorporation into glutamine as diagramed in Figure 9. Thus.the tissue N 

distribution is specific to blood flow at the at the capillary level and is analogous 

to microsphere technique with capillary occlusion replaced by metabolic 

trapping. N H 3 deposition in tissue is not however str ict ly flow limited and 

primarily depends upon capillary perfusion, permeability-surface area product (I'S) 

and the tissue ammonia pool turnover rate of the metobolic trapping process 

(26,30,5,25). These properties should enable l 3 N H 3 to be used to examine the 

mechanisms of capillary perfusion, to accurately measure PS for ammonia and 

possibly to use this tracer for the imaging of the distribution of CBF in man with 

positron tomography. This complexity requires one to carefully examine the 

factors which affect the extraction, trapping and clearance of NH 3 by the 

brain. 

Mechanism for Extraction and Trapping of " N H 3 

The uncharged 1 3 N H 3 is assumed to be the species transported into the 

tissue, as a result of its higher lipid solubility and the low permeability of the 

blood brain barrier (BBS) for charged molecules. With a pK f l of 9.02 (42), the 

charged N H^ + species predominates at norm al blood pH values. However, the rate 

of exchange between the two species is so rapid (1.9 x 10" ' sec to establish 

equilibrium), that i t is unlikely that this exchange is the rate l imit ing step and 

N H 3 that diffuses out of the plasma is continuously replenished from the 

interconversion with 1 3 N H 4 * (30). 

The permeability of NH 3 through the BBB is probably largely determined 

by i ts l imited l ipid solubility (30). Raichle, et al (32) have shown an excellent 

correlation between l ipid solubility and the BBB permeability of various alcohols 
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which is consistent with the lipid solubility dependence reported by Pappenheimer 

(24). This is also consistent with the fact that l 3 N H 3 is not 100?, extracted hy 

the brain at normal values of CBF. 

I t is well known that the am monia pool in brain is small, about 0.2m H (20). 

Cooper et al (5) using 1 3 N H 3 , a rapid freeze brain blowing technique and direct 

chemical assay methods have found the half t ime for the ammonia pool turnover 

to be 1 to 3 sec or less. Cooper et al (5) found that greater than 80% of the N 

was in the amide group of glutamine after a 10 min carotid artery infusion of 
1 NH, . The remainder of 1 N was accounted for with about 165 as free 

ammonia, IS in the o-amino group of glutanrine, 0.3% in glutamate and the 

remainder in various other amino acids. Their data clearly showed that rapid 

turnover of ammonia in brain was occuring by the reaction of ammonia with a 

small pool of glutamate and glutamine synthetase (5) as had been proposed earlier 

by Berl et al (1). The experiments of Cooper et al (5) eased some of the concern 

over the validity of the results of Berl et al (1) who used such large masses of 

NHo that brain ammonia concentrations were about 10 times normal values. 

Cooper et al (5) proposed that glutamine synthetase was primarily located in 

astrocytes. Norenberg and Martinez-Hernandez (22) using a ultrastructura'i 

im mimocytochemical technique hsve found glutssiine synthetase to be almost 

exclusively located in astrocytes of the rat brain with the astrocytic pericapillary 

end-feet showing the highest concentration, high concentration in astroglial of the 

neuropil, equal concentration in cerebral cortex and striatum and generally that 

white and gray matter astrocytes had equal concentrations. 

From the above and our previous work (26,30,25) i t appears that under 

normal conditions i) the rate l imi t ing step for extraction o f 1 N H j by brain is due 

to i ts l imited BBB permeability ii) that the metabolic trapping occurs in the small 

glutamate-glutamine synthetase pool located in astrocytes, i i i) the general large 
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distribution of astrocytes in brain and their specific proximity to capillaries 

(astrocytic pericapillary end-feet) provide an efficient mechanism for general 

trapping of NH-j diffusing from both gray and white matter capillaries and iv) 
1 O 

the net extraction of NH3 depends primarily upon CBF, capillary PS product <ind 

integrity of the glutamate - glut a mine synthetase reaction. 

| 3 N H 3 Extraction vs CBF 

Phelps ct al (30) demonstrated from single pass extraction studies that the 

extraction fraction, E, of NII3 was inversely related to CBF. These 

investigators reported a linear relationship between ln( l -E) vs 1/C15F (eq. 2) and 

used the Renkin/Crone model to estimate a value for whole brain PS product. 

Now with .iiany more single pass studies (Fig. 3) i t is clear that the relationship 

between ln( l -E) and 1/CBF is not linear (Fig. 5). This indicates that the simple 

Renkin/Crone model fo r capillaries cannot describe the CBF vs E relationship for 
1 3 N H, unless the PS product is allowed to increase as CBF increases (see later 

discussion). 

Phelps et al (25) used a combination of int-acarotid and intravenous 

injections of NH3, and a vascular tracer to determine the unidirectional 

transport of NH, and assess the amount of back diffusion. It was concluded 

that the size of the extravascular space for NH 3 diffusion and the rapid 

incorporation of NHj into amino acides normally prevents significant back 

diffusion. We reexamined this by the same technique and arrived at the same 

conclusion. Thus E is assumed to be the unidirectional extraction fraction. 

Estimates of back diffusion at low CBF are most important since PS estimates are 

very sensitive to errors in E when the value of E is high. Also at low CBF, back 

diffusion is most diff icult to resolve from the vascular and the trapped 

components of the curve. 

Since local back diffusion cannot be determined from the dog studies 
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employing in vitro tissue counting in this work, we compared average values of E 

from the single pass carotid studies with the mixed gray/white matter tissue 

values from the in vitro tissue sampling studies (Figs 3,5, and Table 1). At CBF 

values of ZO and 40cc/min/100gins, single pass values of E were 0.57 + 0.05 and 

yi.43 + 0.05 and values from mixed gray/white matter in the dog studies were 0.54 

+ 0.11 and 0.42 + 0.05. Since these values are in good agreement, back diffusion 

was assumed to be the same for both techniques for mean CBF values of _> 

20cc/min/100gm. The rapid blood clearance of i.v. injected NH- probably 

accounts for this fact (41,34). Cooper et al (5) found that constant Nl l 3 levels 

in blood for 10 win in the rat allowed back diffusion and equilibration of the intra-

and extravascular com partments which in turn led to reduced values of E. 

At the extremely low values of local CBF produced by embolization and 

compression, J N tissue concentrations *ere disproportionately higher than the 

microsphere tissue concentrations. This may be due to high extraction of 1 3 N H , 

at low CBF and/or delivery of 1 3 N H 3 ir. plasma via collaterals or partially 

occluded vessels which exclude microspheres. In the latter cases, NH 3 may be 

more representative of nutrient flow than microspheres. This is particularly 

evident in regions that had positive N concentrations and zero values for 

microspheres. 

Since CBF increases at a faster rate than E decreases, the net extraction 

(i.e. E times CBF) or tissue N concentration (Fig 5 S Table 1) increases 

monotonically, though norilinearly, with CBF. 

pH. Ammonia Concentration and Metabolism 

Phelps et al (30) found no change in E when the pH of the circulating blood 

was varied from 7.2 to 7.7. This disagrees with results of Carter et al (4) in dogs 

and Lock wood et al (19) in rats. Carter et al (4) did not control respiration or 

P a C0 2 and consequently CBF was allowed to vary. Since the average P a C0 2 at 
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the elevated pH was 3 torr higher than at the low pH, the resulting CBF increase 

of about 11 cc/min/100 gm (25) could have caused the small reported increase in 

uptake of 1 3 N with increased pH. In addition, the data of Carter et al (4} is not 

very specific to the brain since the whole head was viewed by the detector and the 

dog has a small ratio of intra- to extracerebral tissue. Lockwood et al (19) using 

the Oldendorf technique (23) in rats reported that E for NH 3 significantly 

decreased as the pH of the injected solution (5% equilibrated Ringer-Hepes buffer, 

30 in M» 0.2 inM ammonium acetate and 1^0) was decreased from ».0 to G.'J. 

Since the brain is suddenly exposed to anoxia, changes in osinolarity and pressure 

and CBF was not measured in these experiments, i t is diff icult to determine the 

quantitative significance of these results. 

One effect of changing the vascular pH is to change the ratio of * 3 N H 3 to 

1 3 N H ^ + . Where the steady state distribution of total ammonia (NHj and NH^ +) 

through the different compartments of the brain will clearly be altered by pH, i t 

is not obvious how a change in the ratio of plasma NIU to 1 3 N H will affect 

the unidirectional transport. The 1 N H 4 * is expected to have an extremely low 

extraction (i.e. similar to Na + and K + which has zero or near zero single pass 

extraction (17,36)) and NH 3 should be the form extracted to yield large values 

of E. As 1 3 N H 3 leaves the vascular compartment i t is immediately replaced by 

the interconversion of ^ 3 N H ^ + to N H 3 < This process is so rapid that i t is 

di f f icul t to see how i t could be rate l imi t ing. However, there may be some pH 

effects that we do not appreciate and that were not large enough to be observed 

in the pH range of 7.2 to 7.7 reported by Phelps et al (30). In any case, extreme 

changes in pH are l imited in vivo due to hemolysis (30,25). 

Phelps et al (30) and Cooper et al (5) found that E was not affected by 17 

and 1000 fold increases in blood ammonia levels, indicating that i t is unlikely that 

am monia diffusion occurs by a saturable carrier. Phelps et al (30) found E reduced 
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by 24% when glucose and oxygen cerebral metabolism was decreased by a factor 

of 2.2 in hypoglycemic coma in monkeys. However, in hypoglycemia with devoted 

ammonia the value of E was unchanged even though oxygen metabolism remained 

low and glucose metabolism doubled. These data indicate a sensitivity of L to 

metabolic rate in brain. The hypoglycemia - hyperam monia data are indicative of 

a detoxification shunt for ammonia (30). Cooper et ol (5) found that when 

methionine sulfoxfmlne (MSO) produced an 86% deactivation of glut a mine 

synthetase in rat brain, that 1 3 N was sti l l rapidly incorporated into glutamine. 

However, significant changes in the distribution of labeled amino acids occurred; 

free NH 3 increased and net extraction of NH^ by brain decreased (the actual 

amount extracted may not have been reduced since the reduction could have 

occured only in the amount trapped due to deactivation of glutamine synthatase). 

These duta are for prolonged infusions. The single pass bolus technique would 

clearly delineate the effects of MSO at the point of forward and back diffusion 

and metabolic trapping. However,these experiments have not been performed. 

The above data, imply that severe reductions in the metabolic trapping 

mechanism for NH, may be required before E is significatly reduced. However, 

the interpretation of data at the very low values of CBF where reductions in 

metabolism may also be occuring (i.e. gray, white, mixed values below about 40, 

10 and 20cc/niin/100gms, respectively) must be done with caution. 

Unidirectional Transport/Trapping Model 

The Renkin/Crone Model (35,23) is considered to give good estimates of the 

PS product for stationary CBF states but does not describe the variation of H for 

* NHg versus CBF. I t is also of l imited validity to apply this model to 

heterogeneous tissue with wide ranges of PS and/or CBF. It has been shown (35) 

that the total PS determined with this model underestimates the sum of PS values 

in heterogenous tissue. The "effective" PS values for whole brain and mixed 
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tissues, shown in figure 8 and Table 1 , therefore, underestimate the true values. 

Basal (i.e. CBF = 40cc/min/lOOcjm} I'S values of 22.'J for single pass data and, 21.9 

and 23.2 for in vitro mixed tissues agree with the previous estimate of 

24cc/inin/100gin from 1'helps e l al (5) in monkey. Tissue sampling experiments to 

separate gray and white matter {Fig. 5) were performed to resolve the 

discrepancies of heterogenous tissue. The data demonstrate the differences in net 

extraction (£ times CBF) vs. CBF of relatively pure tissue to that of mixed tissue 

(Fig. 5). 

The estimated PS values from this work (Fig 4, 8, Table 1) indicate that PS 

does increase with CBF, inferring that capillaries are not rigid Renkin/Crone 

tubes but increase in surface area and/or permeability with increasing CBF. Since 

we found no direct evidence in the l i terature for a mechanism by which capillaries 

accomodate changes in f low, we used our data to infer a mechanism. 

The model description that best f i t the data is a "Saturable Recruitment" 

(SR) Model. In this model all capillaries in the brain are assumed to be 

identical. At very low CBF few capillaries are open. Increases in CBF occur 

through recruitment of additional capillaries and increases in the velocity of blood 

flowing through open capillaries (ie. changes in capillary perfusion pressure). 

When 100% recruitment of capillaries has occured, further increases in CBF are 

accomplished by increases in blood velocity. According to the functional form (eq 

5) of the SR model PS = A + B ( l - e " C F ) , PS is equal to A at zero flow and as flow 

increases PS increases to a maximum of A + B (i.e. A+B is equal to the PS of all 

the anatomical capillaries). The rate of increase and the flow value at which the 

maximum PS is approached is determined by the value of C. 

The SR Model allows the capillary PS product to increase with CBF (Fig 8) 

by an increase in S through recruitment. The model gives a good f i t to the E vs 

CBF and Etimes CBF vs CBF data in figures 3-5. The white and gray matter data 



in figures 5 and 7 il lustrate that net extraction of MH 3 at low CBF are similar. 

However, as CBF increases and white matter capillaries are almost completely 

recruited, the response of the net extraction of 1 3 N H 3 (Fig 7) and PS (Fig 8) 

flattens. On the other hand, gray matter's higher capillary density or greater l o w 

reserve (18) allows further net extraction of NH3 (Fig. 7) and increases in PS 

(Ffg. 6) at the high values of CBF. At saturation, the ratio of PS values (i.e. A + Si 

in Table 1) for gray to white a rtter is 60.3/30.6 = 1.97 which should be equal to 

the anatomical ratio of capillary densities of gray to white matter. In man, the 

anatomical gray/white capillary density ratio has been reported (18) to be about 3, 

considerably higher than our value of 2. However, the 10 min half l i fe of 1 14 

l imited our ability to completely separate gray and white matter structures. 

Since the gray/white matter CBF ratio in our experiments was 2.2 and close to the 

PS saturation ratio of 2, we conclude that the Sft model predicts saturation values 

in good agreement with anatomical capillary ratios of these tissues. The ratio of 

the rates of PS increase of gray to white matter (i.e. C in Eq. S and Table 1) is 

also 2. 

Increases in PS with CBF were also observed in the unidirectional transport 

and extraction fraction measurements of Oolwig et al (3) for N a , 1 C-urea, S-

thiourea and 1 4C-glucose in the brain of man. These authors report that PS for 
14 
* C-glucose increased by 56 and 90% when CBF was increased by 100 and 2001 by 

induced sieiure and hypercapnia. Similar trends for z 4 N a , M c - u r e a and 3 5 s -

thiourea (even larger increases in PS) were observed (3) but their lower values of E 

may have l imited the accuracy of the PS estimates. Exact values of CBF were 

not given so an accurate relationship of E vs CBF is not known. These 

investigators state that their data indicate that some capillaries might be 

unperfused at normal flows and open up to accomodate increases in flow (3). 

Pollay and Stevens (31) using rats measured the single pass unidirectional 
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extraction of X 4 C-glucose by the brain as a function of CBF in mixed gray and 

white samples. Using their data we estimated values of effective PS at discrete 

values of CBF with the Renkin/Crone and the SK model. These data, although 

statistically l imi ted, indicate that PS for glucose increases by A?.% frow a Clil" of 

CO to 120cc/win. At higher CBF, the value of PS did not seen to change. We also 

used the unidirectional transport data for * C-glucose of BeU et al (2) in the 

isolated dog brain to estimate PS as a function of CBF. These data exhibited less 

statistical scatter than that of Pollay and Stevens and also showed increasing PS 

with CBF. The shape of the PS vs CBF curve was similar to ours in Figure 3 (i.e. 

gradual increase to a plateau). The di*.a of Betz et al (2) yielded a 52X increase 

in PS from a CBF of 20 to 40 cc/min/lOOgm and a 34% increase from CBF of 40 to 

80 cc/fflin/lOOgm. All of the above data are in reasonably good agreement with 

our NH-j date that also indicate that PS changes by about 40% when CBF is 

doubled or halved trom the basal f low. 

The above studies and our data indicate that the PS for a number of 

substances increases as CBF increases, and that i t reaches a constant value at 

high flows. Since this trend occurs for substances that cross the BBB by either 

passive or facil itated diffusion, i t may be the result of changes in capillary 

surface area rather than permeability as is indicated in our SR model. 

Several investigators have reported similar in PS with blood flow in heart 

and skeletal muscle that are similar to our results in the brain with 1 3 N H 3 . 

Yipintsoi et al (43) found a near linear increase in PS for K, 1 C-glucose and 

1 4C-sucrose over a myocardial flow range in the dog of about 40 to 150 

cc/min/IOOgms. Crone (6) and Renkin (35) found similar results in skeletal 

muscle. Yudilevich (43) found that the PS product for sucrose in the heart 

increased with blood flow until at higher flow i t became relatively constant and 

the PS for C J continually increased and did not plateau in the flow range studied 
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(maximum myocardial flow of only 80cc/inin/100grns). 

EichTing et al (7) and Raichle et al (32) measured the global single pass 

extraction of No 0 and labeled alcohols by the brain as a function of " B f in 

rhesus monkeys. They did not detect increases in PS (analyzed with the 

Renkin/Crone model) with increasing CBF. However, increases in PS might have 

been missed because 1) the increase with CBF is small (Fig. 8), i i) the near flow 

l imited nature of H« 0 and these labeled alcohols make the measurements less 

sensitive to PS and i i i ) the small flow range (less than or equal to 30 to 

lOOcc/min/lDOgms) reduces the detectability of a non linear relationship between 

In(l-E) and 1/CBF (i.e. see Fig. 3). 

The SR model is a possible explanation of the observations of the 

relationship between NHj extraction, PS and CBF. As to whether the concept 

of saturable-recruitment is a viable mechanism for changes in capillary flow in 

the brain requires additional investigative work. Our investigative approach is 

l imited because the results are average values that do not allow inspection or 

determination of a number of specific variables for the prediction of a detailed 

mechanism. For example, our method can not directly measure and the model 

ignores variable capillary lengths and diameters, topology of the vascular bed, up 

stream and down stream pressures, variable velocity, mechanical properties of 

blood and vessels, pulsatile l o w , and other factors. 

Tissue N Concentration as an Indicator of Local CBF 

Phelps et al (26,30) proposed that NH, uptake in brain and heart from i.v. 

injections could be understood in terms of a unidirectional transport and trapping 
13 model and in this respect NH3 was considered to be analogous to microspheres 

1 3 

for capillary blood flow measurements. NH3 is however, not str ict ly flow 

l imited in brain and heart and its distribution is dependent upon blood f low, PS, 

and integrity of the glutamine metabolic trapping mechanism. Recent work of 
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Norenberg and Martinez-Hernandez (22) demonstrates that glutamine synthetase, 

exists in equal concentrations in both gray and white matter astrocytes with 

highest concentrations in the astrocytic pericapillary end-feet in direct contact 

with capillaries. Thus the principle components of the trapping mechanism have 

the same distribution as the cerebral capillaries. 

While the N tissue concentration increases monotonically with CBF, (Fig. 

5) the response is nonlinear and the rate of increase diminishes at higher CBF. 

Doubling or halving CBF from the basal state produces about a 35 to 50% chanpe, 

depending on the specific tissue and CBF values but furthsr increases produce 

smaller changes {Fig 7, Table 1). This is a result of ammonia's moderate BUB 

perm eability. Its better flow response in heart is probably due to a factor of four 

higher capillary density and PS product (37) in the heart. Flow tracers, which are 

not flow l imi ted, and depend upon a trapping mechanism, are also dependent on 

both the flow and the rate l imit ing transport and/or trapping mechanism. Figure 

10 shows the calculated response of hypothetical tracers with different PS values 

assuming a Renkin/Crone capillary model. As PS increases, the response is higher 

(i.e. the more flow l imited the tracer, the more linear the response). While the 

Renkin/Crone model does not quantitatively predict tho flow response, i t can be 

used to qualitatively evaluate potential flow tracers. For example, to determine 

how high the PS of the tracer must be to yield an acceptable flow response. 

The low PS of 1 3NH-5 in brain and the normal range of CBF are such that 
13 N H 3 is adequate to measure flow reductions but is of limited value at higher 

values of CBF {Fig. 5). 

Increases in BBB permeability accompanying disease may also produce 

anomalous * N tissue concentrations. However,some indirect evidence suggests 

that this in ay not be as bad as one would ini t ial ly think. K uhl et al (15) and Phelps 

et al (27) have reported positron tomography studies in patients with demonstrated 



24 

BBB abnormalities in whii.:. regions of maximum ~ J N H 3 uptake are adjacent to , 

but not in regions of maximum BBB damage. 

The tissue uptake or CBF reponse has been shown by Phelps et al (30) and 

Cooper et al (5) to be independent of circulating ammonia concentrations over a 

17 and 1000 fo ld range, respectively. As discussed previously (25) and above, the 

sensitivity to changes in pH within normal l imits appears to be modest or zero. 
1 O 

I f the metabolic trapping mechanism is disrupted, the i J N tissue 

concentration may underestimate CBF. However, large reductions in 

glutamate/glutamine synthetase activity may be required before any sizable 

effect is observed in the trapping of tracer quantities of i 3 N H j . Kuhl et al (15) 

using PCT have studied patients with cerebral ischemia in which regions of 

decreased glucose metabolism was associated with focal increased HH3 

uptake. In all cases, this apparent "luxury perfusion" state was corroborated by 

Tc-99m pertechnetate flow studies. 

I f the substructures of the brain each had different PS products for the same 
13 CBF, then each of these substructures would have a different response of N H, 

with changes in CBF. This is seen in the responses of gray and white matter 

tissues. The capillary density of gray matter is 3 to 4 times white matter (IS) and 

i t is seen at hign CBF that the gray and white matter responses are significantly 

different (Fig. 7). This probably occurs among the substructures of gray and 

white matter but the magnitude is not known. 

The trapping mechanism of * NK3 provides a stationary distribution of CBF 

which is preferred for high quality tomographic imaging (Fig. 1). The procedure is 

simple and safe, requiring an i.v. bolus injection o f * NH3, waiting 3 minutes and 

imaging. 

Measurement of absolute CBF requires measurement of the arterial 1 3 N H , 

input function (C^ in eq 1) and a calibration factor from figure 5. This was tested 
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on a preliminary basis using the ECAT and a rhesus monkey, giving a global CBF 

at a P a C 0 2 of 39mm of Hg of 45 cc/m m/10()gms at a P a C 0 2 of 39 mm I[g which 

is in good agreement with reported basal CBF in monkeys (7). Arterial NHj 

concentration could possibly be approximated by a blood sample fro.n an 

"arterialized" vein from a heated hand (29). This experiment indicates only the 

possibility of this approach, more work is required to document i ts value. 

Traditional methods of measuring CBF with external detection of tracers 

require high temporal resolution to adequately define the tracer washout curve 

(9,45). Since high count densities are required to provide adequate tomographic 

images, tomographic washout measurements of CBF will suffer from either poor 

spatial resolution or poor temporal resolution. Although * 3 N H 3 has limitations as 

an indicator of CBF, all other known flow tracers are also limited and their 

application in pathology usually amplifies their weaknesses. 



-BLE 1: Estira'.ed Values for variables of saturable-recruiti-ant 

model, E » (1 - e ~ ? 5 / F ) where PS = A t S(l - e~ C F) 

•3" Range A B C , Easal PS A+B 
"iss'je (cc/p:in/100gm) (cc/min/lOOgm) (cc/nin/lOO^m) (cc/min/lOGgm)" (cc/iinn/lCCgm) (cc/min/i:Ogm) 

Si-ay !'att«r 0-250 10.4 + 2.9 49.9 + 3.2 0.0096 + 0.0021 32.2(F=60) 60.3 + 4.3 

Mixed Gray/ 0.1-160 7.0 + 1.8 39.6 + 3.2 0.0118 + 0.0027 21.9(F=40) 46.6 +_ 3.7 

White Vatter 

White I'atter 0-130 6 . 2 + 2 . 4 24.4 +_ 1.9 0.0192 + 0.0050 14.0(F=20) 30.6 + 3.1 

Cerebellum 8-170 5.8 + 2.7 52.3 +, 3.9 0.0115 + 0.0028 31.4(F=60) 58.1 + J. 7 

Compression 1-135 11.8 + 1-9 27.0 + 2./ 0.0137 + 0.0043 23.2(F=40) 38.8 + 3.3 
(Mixed Gray/ ~" 
v.'hite I'atter) 
Single Pass 12-140 9.4 + 4.5 34.6 + 5.4 0.0119 + 0.0065 22.5(F=40) 44.0 + 7.0 
(Mixed Gray/ ~" ~ ~ 
'..'hite I'atter) 

+ values are standard errors from least squares f i t of data to eq. 5. 

* Estimates of basal PS values assuming basal blood flow, F, for gray matter and cerebellum of 60cc/min/100gm. 
white natter of 20cc/m1n/l00gm and mixed gray/white matter of 40cc/min/100gm. 

+ A+B is squal to the total PS of all anatomical capillaries in a given type of tissue. 
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FIGURE CAPTIONS 

Figure 1. Comparison of the cross-sectional distribution of the cerebral 

metabolic rate for glucose measured with FDG and the distribution 

of intravenously injected NH3 in two different normal 

volunteers. Notation of Q.M. refers of the cm above the orbital 

meatus. Brain slices at top are at levels similar to the three right 

hand FDG and NH3 images and are shown for anatomical 

comparison. Note similarity in the distribution of metabolism and 
1 3 N H 3 distribution. 

10 
Figure 2. Example of the gray and white matter uptake and clearance of " N 

activity subsequent to an intravenous bolus injection of NH-j. 

*• NII3 is rapidly accumulated into the brain due to its relatively 

free diffussion, rapid clearance from the blood, and its rapid 

incorporation into glutamine (see Fig 9). From 3 to 50 minutes, 

there is a very gradual increase in gray and white matter tissue N 

concentration ^152) due to the very low levels of circulating NH3 

three mins after injection. Subsequent to 60 mins., there is a slow 

removal of 1 3 N activity from the tissue which probably results from 
I -a 13 

back difussion of free ' NHj, i JN-amino acids and from 

deamination of 1 3N-amino acids. 

Figure 3. Whole brain single pass extraction fraction from intra-carotid bolus 

injections of NH3 as a function of CBF in rhesus monkeys. The 

solid line is a least squares f i t to data by eq. 5. 



Figure 4. Plot of data from Fig. 3 assuming a Renkin/Crone model as 

described in eq. 2. A Renkin/Crone model would predict the data to 

fa l l on a straight line with a slope of -PS. The data, however, 

exhibits a nonlinear relationship (i.e. PS changes with CBF) and are 

best f i t by the SR model of eq. S that is shown as a solid l ine. 

Figure 5. Plots of net extraction or tissue 1 3 N activity concentrations as a 

function of CBF. A: net extraction (II x CUF) versus CUF for the 

whole brain single pass data from rhesus monkeky shown in Fig. 3. B 

and C: in vitro measured net extraction of NH3 subsequent to 

intravenous injection of activity in the dog. Local variations in CCF 

were produced by a variety of combinations of embolization, 

respiratory rate, CO2 gas admixtures and local brain compressions. 

D: net extraction data when local compressions were produced in 

either an acute state of compression and release or a chronic state 

of extended compression and release. E and F: net NH3 tissue 

extraction for separated gray and white matter samples as a 

function of CBF. Variations in CBF were produced by comginatio.is 

of embolization,local b r i in compression and P a C 0 2 . Sol id l i ne i s 

best f i t t o eq. 5. 

Figure 6. Variations in local values of CBF from a basal state to that of a 

local compression of a section of one hemisphere. The variations in 

NH 3 tissue concentration follow the variations in flow in both the 

hemisphere with compression and the contralateral hemisphere, 
10 

although the increases and decreases in tissue N concentration 

tend to be less than the changes in CBF as would be expected from 

Fig. 5. All samples contained admixtures of gray and white in auer. 



Figure 7. Combined plot of equations shown in Table T and Fig. 5, The 

difference between the equations et CUF values less than about 40 

are not statistically significant. Note similarity in response of gray 

matter with the high capillary density tissue of cerebellum, 

similarities of the mixed gray and white matter from in vivo single 

pass and in vitro net extraction data, and the lower response and 

rapid flattening of the curve for white matter due to its low CRF 

reserve and capillary density {see Discussion Section on SR model). 

Figure 8. Combined plots of PS product as a function of CBF from fits of the 

data in fig. 5 to the SR model of eq. 5. 

Figure 9. Schematic representation of the unidirectional transport of NH-, 

from the vascular pool through the blood brain barrier (B8B) and the 

rapid incorporation into primarily glutannne through the small 

glutamate - glutamine synthatase pool (5,1) located in the astrocytes 

(10). Thick arrows indicate the unidirectional nature of the 

transport and trapping subsequent to either an intra corotid or 

intravenous bolus injection of ^NHg. The 1 3 N glutamine then 

communicates with a large glutamine pool which exhibits a slow 

turnover rate, as exemplified by the relatively s7ow clearance of 
•I T 
1 N activity from the brain shown in Fig. 2. 



Figure 10. Plot of the flow response (i.e. net tissue extraction or concentration 

of tracer) for tracers with different PS products using Renkin/Crone 

Model. Although the rigid tube Renkin/Crone model does not 

predict the exact flow response, i t can he used for guidance in the 

selection of non-flow limited tracers for their potential use as 

indicators of blood flow in a unidirectional transport and trapping 

approach. Although, the highest possible PS product is desirable, i t 

is quite apparent that acceptable flow responses over a given flow 

range can be achieved with tracers with less than ideal values of 

PS. However, a lower limit in the value of PS produces 

unacceptable flow responses. It should be noted that any 

mechanisms which increases capillary surface area as flow increases 

(i.e. SR model) will improve the flow response as compared to the 

rigid tube Renkin/Crone prediction. 
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