
g of tissue. This is within the range of 
values of cerebral blood flow obtained by 
other methods (14). Comparison of the 
counts from fixed and mobile fractions 
during the 20-second interval immediate- 
ly following the completion of activation 
(determined by extrapolation) indicates 
that 63 percent of the induced activity 
washed out of the imaged volume and 37 
percent remained immobile. As in- 
dicated in the discussion of the animal 
data, the immobile fraction is most likely 
due to the incorporation of 'O0 in slowly 
diffusing cerebrospinal fluid and in bone, 
and also to chemical attachment of 150 to 
tissue protein. 

Preliminary data obtained from the ap- 
plication of the above technique to stud- 
ies of perfusion in mammary tumors in 
C3H mice and tumors (rhabdomyosar- 
coma) in WAG/Rij rats indicate, as ex- 
pected, that the rate of perfusion varies 
widely from tumor to tumor. Our data 
also indicate that the rate of perfusion 
for a given tumor can be significantly 
affected by anesthetization of the ani- 
mal subject. Such observations are con- 
sistent with those reported by other 
investigators (15). 

We are developing the photon activa- 
tion-150 decay technique for the more 
precise, noninvasive measurement of re- 
gional tissue perfusion in animals under a 
variety of physiological and pharmaco- 
logical stresses. We are also employing 
the technique to investigate perfusion 
rates in human tumors being treated with 
radiation. As applied to radiotherapy pa- 
tients, this technique is truly non- 
invasive, since the radiation dose to the 
irradiated site is determined solely from 
therapeutic considerations. When the 
signal-to-dose ratio has been optimized 
by hardening the activating beam and by 
utilizing a positron camera for detection 
of pairs of annihilation photons, we an- 
ticipate extension of the photon activa- 
tion-15O decay technique to the study of 
other pathological conditions (such as 
cerebral ischemia) where the gravity of 
the prognosis will justify the radiation 
dose. 
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We have been investigating the effects 
of fluorine substitution on the aromatic 
ring in a series of ring-hydroxylated bio- 
genic amines. Our hope was that in- 
creased phenolic pKa, altered hydrogen- 
bonding properties, and enhanced lipo- 
philicity would produce altered but ulti- 
mately predictable behavior with respect 
to transport mechanisms, enzyme active 
sites, and receptor recognition. To this 
end, we prepared a series of ring-fluori- 
nated tyramines (1), dopamines (1), and 
5-hydroxytryptamines (2). These analogs 
were evaluated in a number of systems, 
and the results suggested that they will 
be of considerable value as biochemical 
and pharmacological tools (3). We there- 
fore extended our synthetic efforts and 
recently synthesized the three isomeric 
ring-fluorinated analogs of norepineph- 
rine (NE), the primary adrenergic trans- 
mitter. We report that the site of fluorine 
substitution dramatically affects the 
specificity of these NE analogs and sug- 
gest that the present findings may have 
considerable significance regarding our 
knowledge of receptor-agonist inter- 
actions. 

The synthetic route involved side- 
chain elaboration of the isomeric fluori- 
nated 3,4-dimethoxybenzaldehydes pre- 
pared from the corresponding diazonium 
fluoroborates by our photochemical fluo- 
rination procedure (1). Cyanohydrin for- 
mation with trimethylsilyl cyanide (4), 
lithium aluminium hydride reduction, 
and boron tribromide demethylation af- 
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forded the desired ring-fluorinated (+) 
norepinephrines, isolated as the hydro- 
chloride salt (5) (Fig. 1). The stability of 
the fluoroderivatives was similar to that 
of NE. Stock solutions in 0.001M HC1 
were kept at -20?C for several weeks 
without loss of biological potency. 

The effect of fluorine substitution on 
the a-adrenergic agonist properties of 
(+?)NE was determined in the isolated 
aortic strip of the guinea pig (Fig. 2A) 
and the /3-adrenergic agonist properties 
in the isolated guinea pig atrial prepara- 
tion (Fig. 2B) (6, 7). As indicated by the 
dose-response curve of aortic strip con- 
traction (Fig. 2A), 5- and 6-fluoro- 
norepinephrine were equipotent with 
(+)NE [median effective concentration 
(EC50) = 2.6 ptM] as a-adrenergic agon- 
ists. The a-adrenergic activity of 2-fluo- 
ronorepinephrine (EC50 = 110 ,tM) was 
marginal, with the compound exhibiting 
a potency only 0.03 times that of (-+)NE. 
Pretreatment of the aortic strip with the 
a-adrenergic blocking agent phentola- 
mine (10 pM) completely blocked the re- 
sponse to both (+)NE and the fluorine 
derivatives, whereas pretreatment with 
the j/-specific blocking agent propranolol 
(10 /aM) had no effect. The 8/ agonist po- 
tencies are indicated by the dose re- 
sponse for the increase in rate of con- 
traction of the atrial preparation shown 
in Fig. 2B. 2-Fluoronorepinephrine was 
equipotent with (+)NE (EC50 = 0.7 /M) 
in this regard, whereas the 5-fluoro de- 
rivative (EC50 = 0.1 taM) was approxi- 
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mately seven times more effective than 
(?+)NE. The 6-fluoro derivative, in con- 
tradistinction to its a-adrenergic agonist 
potency, showed only a weak f3-adrener- 
gic agonist effect (EC50 = 72 M.M), esti- 
mated at only 0.009 times the potency of 
(?)NE. Pretreatment of the atrial prepa- 
ration with propranolol (10 tzM) com- 
pletely blocked the atrial response to all 
four catecholamines, whereas phentola- 
mine (10 A/M) had essentially no effect on 
the response. 

Pretreatment of either the aortic strip 
or the atrial preparation with an inhibitor 
of catecholamine uptake, desmethylimi- 
pramine (10 baM), for 10 minutes poten- 
tiated the response to (?)NE and to the 
5- and 2-fluoro derivatives but had no ef- 
fect on the response to the 6-fluoro deriv- 
ative. The observed potentiation of the 
action of 2- and 5-fluoronorepinephrine 
by desmethylimipramine presumably re- 
sults from an increased local concentra- 
tion of the fluoro derivatives as a con- 
sequence of desmethylimipramine inhi- 
bition of the NE uptake mechanism (8). 
The insensitivity of 6-fluoronorepineph- 
rine to desmethylimipramine suggests 
relative inability of the uptake system to 
transport the 6-fluoro derivative into the 
axoplasm. 

From the present evidence it is clear 
that fluorine substitution exerts a strong 
influence on the specificity of the inter- 
action of NE with adrenergic receptors. 
Substitution of position 2 of NE with 
fluorine results in an almost pure fj-ad- 
renergic agonist, equipotent with the 
parent NE. However, this derivative has 
essentially no a-adrenergic activity. An 
opposite effect is seen with substitution 
of position 6 of NE with fluorine. Here 
the 6-fluoro derivative has predominate- 
ly a-adrenergic agonist properties and 
displays little, if any, ,8-adrenergic activi- 
ty. In the case of substitution on position 
5, the fluoro derivative, like NE, dis- 
plays both a- and f3-adrenergic activity. 
However, while 5-fluoronorepinephrine 
is equipotent with NE as regards a-ad- 
renergic activity, the 8f-adrenergic agon- 
ist potency is significantly greater than 
that of NE. 

Understanding of the mechanism re- 
sponsible for these apparent differences 
in the biological properties of the isomer- 
ic fluoro derivatives of NE will require 
further study. It is not clear whether the 
observed differences are due to variable 
access to the receptor, differences in 
binding affinity, or differences in the abil- 
ity to initiate a response following bind- 
ing. Preliminary evidence from specific 
receptor binding studies supports the hy- 
pothesis that fluorine substitution alters 
the specificity and affinity of NE recep- 
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1) (CH3)3SiCN OH 
2) LiAIH4 

CH30 CHO 3) BBr3 HO NH2 

CH30 7----- HO 6 

F F 
5 

Fig. 1. Synthesis of fluorinated norepineph- 
rines. 

tor binding (8). It is attractive to specu- 
late that electronic rather than steric fac- 
tors are operative. A small van der 
Waals radius and a short bond length to 
carbon render fluorine sterically similar 
to hydrogen. The high electronegativity 
of this substituent, however, greatly al- 
ters the electron density distribution of 
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Fig. 2. Dose-response curves for fluorinated 
norepinephrine analogs. The a-adrenergic po- 
tency in the aortic strip (A) and /3-adrenergic 
potency in the atrial preparation (B) were de- 
termined for (0, *) (?)NE, (0, *) 2-F-NE, 
(A, A) 5-F-NE, and (El, *) 6-F-NE. Prepara- 
tions removed from 250- to 300-g male Hart- 
ley guinea pigs were individually bathed in 10- 
ml chambers containing guinea pig Tyrode's 
solution (37?C) bubbled with 95 percent 02, 5 
percent CO2. Tension and rate were mon- 
itored with a Grass model 79D polygraph and 
Grass FTO3C force displacement trans- 
ducers. For the aortic strip, potency is ex- 
pressed as the percentage of maximal (?)NE 
contraction. In the atrial preparation, it is 
expressed as the percentage of the maxi- 
mal increase in contraction rate (PMRI): 
PMRI = I6o/I6omax, where 160 is the percentage 
of rate increase 60 seconds after dose addi- 
tion and I6omax is the maximal o60 observed in 
the presence of (?)NE. Results are the means 
of eight experiments. Standard derivations in 
the range of the EC,, were not greater than 
0.07 percent in the aortic strip and 0.08 per- 
cent in the atrial preparation. For the potency 
of 2-F-NE in the aorta and 6-F-NE in the 
atria, P = .002 and .001, respectively (paired, 
two-tailed t-test). 

the molecule (9). In the chiral NE mole- 
cule, three groups linked to the asym- 
metric benzyl carbon-the aminomethyl, 
the hydroxyl, and the aromatic ring bear- 
ing the two phenolic groups-are con- 
cerned with receptor binding (10). Thus, 
perturbations in the ionization of the 
phenolic groups of the fluorinated NE 
could alter agonist behavior. Spectro- 
photometrically determined pKa values 
for 2-, 5-, and 6-fluoronorepinephrine are 
7.8, 7.9, and 8.5, respectively (11), com- 
pared with 8.9 for NE (12). In the 5- and 
6-fluoro analogs, the 4-hydroxyl group 
will be preferentially ionized, while the 
2-fluoro substituent will most affect the 
acidity of the 3-hydroxyl group. Fluorine 
substitution also increases the lipo- 
philicity of phenolic compounds, an in- 
crease apparently related to pKa altera- 
tions (13). Thus, local lipophilic per- 
turbations could also vary with the site 
of fluorine substitution. 

An alternative hypothesis requires hy- 
drogen bonding between the /3-hydroxyl 
group and an ortho-situated fluorine 
atom. Such interactions would favor dif- 
ferent rotamers. To our knowledge, such 
hydrogen bonding in o-fluorobenzyl al- 
cohols has not been reported, although 
nuclear magnetic resonance (NMR) evi- 
dence for hydrogen bonding in o-fluoro- 
benzamides has been described (14), as 
well as rotamer stabilization through hy- 
drogen bonding in aliphatic fluoro alco- 
hols (15). 

Initial infrared spectral studies have 
failed to detect such hydrogen bond- 
ing in the fluoronorepinephrines. How- 
ever, recent studies with 2-, 5-, and 
6-fluorodopamine by Goldberg et al. (16) 
demonstrated that fluorine substituents 
do not alter the agonist properties of 
dopamine. In addition to being equipo- 
tent with dopamine in the dopamine-spe- 
cific renal blood flow preparation in the 
dog (17), these derivatives were equipo- 
tent with dopamine as a-adrenergic (18) 
and f3-adrenergic (19) agonists. This lack 
of specificity in the dopamine derivatives 
shows that the specificity conferred by 
the o-fluoro substituent on the catechol 
ring is operative only when the f3-hy- 
droxyl group is present. This specificity 
presumably reflects fluorine-hydroxyl in- 
teractions or fluorine-induced electronic 
effects which are manifested only in a 
chiral molecule. It should also be noted 
that hydrogen bonding involving the /3- 
hydroxyl group would not, by itself, pro- 
vide a rationale for the increased /3-ad- 
renergic agonist activity of 5-fluoronor- 
epinephrine. An understanding of the 
physiochemical basis for the specifici- 
ties of these derivatives would provide 
an important insight into the nature 
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of the interaction of NE with specific 
binding sites on macromolecular systems. 

Apart from mechanistic considera- 
tions, the agonist specificities of the 
"fluoronephrines" (20) make them ex- 
tremely useful tools in neuropharmacol- 
ogy. The- specific a-agonist properties of 
6-fluoronephrine have been utilized to in- 
vestigate the a-adrenergic component of 
the adenosine 3',5'-monophosphate gen- 
erating system in rodent cortex (8). The 
availability of an electron microscopic 
technique for visualizing fluorine in low 
concentrations in biological specimens 
may make it possible to actually localize 
a fluoronephrine-receptor complex at an 
ultrastructural level (21). 
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of the interaction of NE with specific 
binding sites on macromolecular systems. 

Apart from mechanistic considera- 
tions, the agonist specificities of the 
"fluoronephrines" (20) make them ex- 
tremely useful tools in neuropharmacol- 
ogy. The- specific a-agonist properties of 
6-fluoronephrine have been utilized to in- 
vestigate the a-adrenergic component of 
the adenosine 3',5'-monophosphate gen- 
erating system in rodent cortex (8). The 
availability of an electron microscopic 
technique for visualizing fluorine in low 
concentrations in biological specimens 
may make it possible to actually localize 
a fluoronephrine-receptor complex at an 
ultrastructural level (21). 
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Embryonic Development of Identified Neurons: Temporal 
Pattern of Morphological and Biochemical Differentiation 

Abstract. Individually identified neurons can be recognized in grasshopper em- 
bryos, and are accessible to examination by morphological, physiological, and bio- 
chemical techniques from their birth to their maturation. Only after the axon of an 
identified neuron reaches its postsynaptic target does the neurotransmitter accumu- 
late, the soma rapidly enlarge, and the central arborizations greatly expand. 
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Our understanding of neuronal struc- 
ture and function and of the cellular basis 
of behavior have profited immensely by 
the study of identified neurons (1). Iden- 
tified neurons are unique cells that can 
be repeatedly recognized from animal to 
animal within the same species; such 
neurons have a characteristic morpholo- 
gy, physiology, and biochemistry. The 
embryonic development of these charac- 
teristic properties can potentially be ex- 
amined from the birth of the neuron to its 
maturation. A prerequisite for such a 
study is the selection of a species with 
identified neurons that are relatively 
large during embryonic development and 
are accessible to a variety of cellular 
techniques. 

We have been studying the develop- 
ment of a group of identified neurons in 
the embryonic central nervous system 
(CNS) of the grasshopper. These neu- 
rons are individually identifiable and ac- 
cessible from their birth to their matura- 
tion (2). In this report we describe the 
morphological features of an identified 
neuron that are temporally associated 
with the appearance of its neurotransmit- 
ter. The cell lineage and developmental 
timetable of the morphological and phys- 
iological properties of these neurons are 
described elsewhere (2). 

The subjects of this study are the dor- 
sal unpaired median (DUM) neurons of 
the grasshopper (3-5). Their cell bodies 
(somata) form a distinct cluster on the 
dorsal midline of each segmental gangli- 
on. They are termed unpaired because, 
unlike other neurons in the ganglion, 
those DUM cells thus far identified do 
not occur in bilaterally symmetrical 
pairs. Each DUM neuron soma gives rise 
to a median neurite which bifurcates into 
bilaterally symmetrical processes that in 
some cases exit the ganglion through pe- 
ripheral nerve roots and innervate skele- 
tal muscles. The largest individual DUM 
neuron in the third thoracic ganglion 
(soma diameter, - 60 ,um) has axons 
emerging bilaterally in nerve 5 and in- 
nervates the extensor tibiae muscles of 
the left and right hindlegs (this neuron is 
therefore called Dumeti) (4). The neuro- 
transmitter of Dumeti is the biogenic 
amine octopamine (5). The somata of the 
DUM neurons stain with neutral red (5), 

Our understanding of neuronal struc- 
ture and function and of the cellular basis 
of behavior have profited immensely by 
the study of identified neurons (1). Iden- 
tified neurons are unique cells that can 
be repeatedly recognized from animal to 
animal within the same species; such 
neurons have a characteristic morpholo- 
gy, physiology, and biochemistry. The 
embryonic development of these charac- 
teristic properties can potentially be ex- 
amined from the birth of the neuron to its 
maturation. A prerequisite for such a 
study is the selection of a species with 
identified neurons that are relatively 
large during embryonic development and 
are accessible to a variety of cellular 
techniques. 

We have been studying the develop- 
ment of a group of identified neurons in 
the embryonic central nervous system 
(CNS) of the grasshopper. These neu- 
rons are individually identifiable and ac- 
cessible from their birth to their matura- 
tion (2). In this report we describe the 
morphological features of an identified 
neuron that are temporally associated 
with the appearance of its neurotransmit- 
ter. The cell lineage and developmental 
timetable of the morphological and phys- 
iological properties of these neurons are 
described elsewhere (2). 

The subjects of this study are the dor- 
sal unpaired median (DUM) neurons of 
the grasshopper (3-5). Their cell bodies 
(somata) form a distinct cluster on the 
dorsal midline of each segmental gangli- 
on. They are termed unpaired because, 
unlike other neurons in the ganglion, 
those DUM cells thus far identified do 
not occur in bilaterally symmetrical 
pairs. Each DUM neuron soma gives rise 
to a median neurite which bifurcates into 
bilaterally symmetrical processes that in 
some cases exit the ganglion through pe- 
ripheral nerve roots and innervate skele- 
tal muscles. The largest individual DUM 
neuron in the third thoracic ganglion 
(soma diameter, - 60 ,um) has axons 
emerging bilaterally in nerve 5 and in- 
nervates the extensor tibiae muscles of 
the left and right hindlegs (this neuron is 
therefore called Dumeti) (4). The neuro- 
transmitter of Dumeti is the biogenic 
amine octopamine (5). The somata of the 
DUM neurons stain with neutral red (5), 

a vital dye that selectively stains mono- 
amine-containing neurons in the leech (6) 
and lobster (7); evidence presented be- 
low suggests that octopamine is the 
transmitter for most, if not all, of the 
DUM neurons. Each thoracic ganglion 
contains about 80 DUM neurons; only 
six to eight of them have large-diameter 
somata like Dumeti, whereas most are 
somewhat smaller (15 to 30 gxm in diame- 
ter). The only identified DUM neuron for 
which we know the peripheral target is 
Dumeti. Although the target is a muscle, 
this neuron is not a motoneuron but 
rather modulates both neuromuscular 
transmission and the responsiveness of 
the muscle (5). 

Embryonic development in the grass- 
hopper Schistocerca nitens takes 20 days 
at 35?C (8). Maintenance of a colony of 
the animals ensures a year-round supply 
of embryos. The adult CNS, consisting 
of a brain and a chain of ventral segmen- 
tal ganglia, develops chiefly from en- 
larged ectodermal cells (neuroblasts) 
which constitute the precursor cells for 
most of the central neurons (9, 10). The 
three adult thoracic segmental ganglia 
(T1, prothoracic; T2, mesothoracic; and 
T3, metathoracic) each contain approxi- 
mately 3000 neurons which are born and 
largely differentiate during the 20 days of 
embryogenesis (11). By contrast to the 
DUM neurons, most of these neurons 
are bilaterally paired and have their so- 
mata on the ventral surface or lateral 
edge of the ganglion. These paired neu- 
rons develop from the left and right 
plates of ventral neuroblasts. There are 
about 30 neuroblasts in each ventral 
plate, making a total of 60 neuroblasts 
per segment (10). 

Each segmental array of neuroblasts 
also contains a single unpaired neuro- 
blast at the posterior end of the segment 
and dorsal to the paired plates of ventral 
neuroblasts (9, 10). The unpaired neu- 
roblast gives rise to specific identified 
DUM neurons (2); it begins dividing 
about day 6 and degenerates about day 
16. The progeny from the unpaired neu- 
roblast extend anteriorly across the dor- 
sal surface of the developing ganglion, 
with the oldest progeny furthest or most 
anterior from the unpaired neuroblast 
(12). This pattern of development leaves 
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