
X-linked hypophosphatemia contains a 
second parathyroid hormone-insensi- 
tive phosphate-transport system. We 
also suggest that this component of 
phosphate transport in kidney is re- 
sponsive directly to calcium, perhaps 
in a manner analogous to that docu- 
mented in canine kidney by Lavender 
and Pullman (14). This would account 
for the well-known effect of hyper- 
calcemia on tubular reabsorption of 
phosphate in X-linked hypophospha- 
temia (4). 
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The depletion of brain catecholamines 
(CA's) by reserpine is believed to play 
an important role in reserpine-induced 
sedation (1). However, animals treated 
for extended periods with appropriate 
doses of reserpine exhibit normal gross 
behavior (2) and, in fact, eventual hy- 
peractivity (3); this delayed reversal into 
hyperactivity occurred when the CA 
concentrations in the brain were main- 
tained substantially below normal by 
the long-term drug treatment. Haggen- 
dal and Lindqvist (2) have attempted 
to explain this apparent lack of corre- 
lation between the concentrations of 
CA in the brain and the behavior by 
suggesting that the CA's exist in two 
pools: (i) a large "storage" pool that 
is not directly involved in the media- 
tion of neuronal activity and (ii) a 
smaller pool that more directly influ- 
ences synaptic function. This hypothe- 
sis is based on their finding that after 
the depletion of the large "physio- 
logically inert" CA pool, reserpine- 
induced fluctuation in the residual CA 
concentrations ("functional" pool) cor- 
respond to behavioral changes. A num- 
ber of other findings are consonant 
with the existence of a relatively small, 
labile pool that mediates neuronal. ac- 
tivity (4). This functional pool appears 
to be maintained primarily by synthesis 
de novo because newly synthesized CA's 
have been shown to be released prefer- 
entially when adrenergic neurons are 
activated (5). 

Although the existence of a small 
functional pool may partially explain 
the restoration of normal behavior dur- 
ing long-term treatment with reserpine, 
it does not by itself explain the hyper- 
activity that appears after several days 
of such treatment. However, recently it 
has been shown that tyrosine hydroxyl- 
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ase, the rate-limiting enzyme in CA 
biosynthesis (6), can be induced in the 
adrenal medulla and sympathetic gan- 
glia after reserpine treatment (7). This 
elevation of tyrosine hydroxylase activ- 
ity appeared to be due to an increased 
synthesis of new enzyme, mediated by 
the prolonged reflexive increase in sym- 
pathetic nerve activity. In addition, in 
the case of the adrenal medulla, the in- 
crease in tyrosine hydroxylase activity, 
as measured in tissue homogenates, 
correlates with an increase in CA bio- 
synthesis in the intact animal (8). If a 
similar increase in tyrosine hydroxylase 
activity occurs in the brain concom- 
itant with the behavioral activation 
produced by long-term treatment with 
reserpine, an increase in brain tyrosine 
hydroxylase and the resulting increase 
in functional norepinephrine levels 
(provided that tissue tyrosine levels are 
maintained such that the enzyme is 
saturated) would be consonant with the 
alleged role of norepinephrine in be- 
havioral arousal (1, 9). 

Male Sprague-Dawley rats (250 to 
275 g) were injected intraperitoneally 
with reserpine (0.5 mg/kg) at 24-hour 
intervals for 9 days, or with distilled 
water for 1, 2, or 6 days and reserpine 
(0.5 mg/kg) for the remaining 8, 7, 
or 3 days, respectively. Control animals 
were injected with distilled water for 
9 days. Behavioral activity of cross- 
overs in a free-field situation (10) was 
determined during a 1-hour interval, 23 
hours after each injection. In order to 
obtain a stable level of responding, all 
animals were exposed to the experi- 
mental chambers for hourly intervals 
during the 5 days immediately prior to 
the onset of drug administration (11). 

In agreement with previous findings, 
long-term treatment with reserpine pro- 
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Effects of Long-Term Reserpine Treatment on 

Brain Tyrosine Hydroxylase and Behavioral Activity 

Abstract. Treatment of rats with reserpine (for 8 or 9 days) produced a 
temporally related increase in behavioral activity and in tyrosine hydroxylase 
activity in the midbrain. Weight loss resulting from such treatment was not 
sufficient, by itself, to account for either the behavioral or enzymatic changes. 
The results support the role of catecholamines in behavioral arousal. 
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duced an initial decrease in activity 
followed by hyperactivity (Fig. 1). Ani- 
mals receiving distilled water followed 
by three injections of reserpine ex- 
hibited a significant decrease in activ- 
ity on the final day of testing. 

Tyrosine hydroxylase activity in the 
midbrain was determined in different 
rats receiving the same schedules of 
reserpine treatment. The rats were de- 
capitated 23 hours after the last injec- 
tion, and their midbrains were quickly 
removed and homogenized in 0.005M 
potassium phosphate buffer at pH 7.0. 
The homogenates were then centrifuged 
at 50,000g for 20 minutes, and the 
supernatants (containing over 90 per- 
cent of the total enzyme activity) were 
assayed for tyrosine hydroxylase ac- 
tivity by a modification of the method 
of Nagatsu et al. (12). Portions of the 
supernatants were also used to estimate 
protein (13). The tyrosine hydroxylase 
activity in the midbrains of animals 
after long-term treatment with reserpine 
(8 to 9 days) was significantly increased 
when compared to controls (Fig. 2), 
whereas .the enzyme activity after 3 
days of reserpine treatment was not 
significantly different from controls. 
The increase in tyrosine hydroxylase 
activity was observed at a time when 
hyperactivity was exhibited but not at 
a time concomitant with the earlier 
reserpine-induced decrease in behav- 
ioral activity. After 7 days of reserpine 
treatment the mean enzyme activity was 
increased, although the increase was 
not significant. This reflects the behav- 
ioral results in that after such treat- 
ment some animals exhibit hyperactiv- 
ity whereas others remain depressed. 

In addition, we have evidence that 
reserpine treatment results in la similar 
change in tyrosine hydroxylase activ- 
ity in the caudate, although the time 
course of the effect differs. The level of 
activity of tyrosine hydroxylase in the 
caudate was increased by about 5 to 
10 percent on days 7 and 8 and by 25 
percent on day 9. Because it has been 
reported (14) that the midbrain con- 
tains primarily adrenergic cell bodies 
and the caudate primarily adrenergic 
nerve endings, the apparent disparity in 
the time course of the reserpine effect 
on tyrosine hydroxylase of these two 
regions may reflect movement of newly 
synthesized enzyme from the site of 
assembly to the nerve terminals. 

This increase in tyrosine hydroxylase 
activity may reflect a specific compen- 
satory response to the prolonged de- 
pletion of CA in the brain or to the 
consequent ch(anges in neuronal activ- 
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Fig. 1. Effects of two schedules of reser- 
pine treatment or food deprivation on 
gross locomotor activity (crossovers) of 
rats measured in 1-hour intervals for 9 
days. Hyperactivity was produced by long- 
term treatment with reserpine (8 to 9 
days) after an initial period of behavioral 
depression. Food deprivation resulted only 
in decreased activity. Asterisk (*) indi- 
cates P < .05 by the Mann-Whitney U 
test. 

ity resulting from such depletion (15). 
However, one major obstacle to such 
an interpretation is the fact that a 
precipitous weight loss occurred in rats 
receiving long-term treatment with 
reserpine (16). Thus, whereas control 
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Fig. 2. Effects of four schedules of reser- 
pine treatment or food deprivation on the 
tyrosine hydroxylase activity in the mid- 
brain of rats. Each bar represents the 
mean - standard error of the mean 
(brackets) for the indicated number of 
observations. Only 8 to 9 days of long- 
term treatment with reserpine induced a 
significant increase in enzyme activity (P 
<.05 by the Mann-Whitney U test). 

rats continued to gain weight through- 
out the duration of the experiment, 
reserpine-treated animals declined in 
weight to approximately 60 percent of 
their weight prior to the injections. 
Therefore, reserpine-induced starvation 
could have been responsible for either 
the increase in behavioral responsivity, 
tyrosine hydroxylase activity, or both. 
In order to determine the degree to 
which weight loss contributed to the 
increase in enzymatic and behavioral 
activities, rats were deprived of food 
for 9 days, during which time their 
behavioral activity was monitored as 
described. Starvation for 9 days re- 
sulted in approximately the same rate 
of weight loss as observed in reserpine- 
treated animals, although the weights 
at 9 days were generally lower for the 
food-deprived group. A parallel group 
of food-deprived animals was used for 
determination of tyrosine hydroxylase 
activity in the midbrain. Control ani- 
mals were tested with both deprived 
groups for comparison. The results 
showed that deprivation produced a 
marked decrease in behavioral activity 
(Fig. 1) and no significant change in 
tyrosine hydroxylase activity in the 
midbrain (Fig. 2). It appears, there- 
fore, that reserpine-induced weight loss 
is not, by itself, sufficient to produce 
the increase in behavioral and enzy- 
matic activities (17). 

Our study demonstrates the existence 
of a temporal correlation between the 
prolonged depletion of CA by long- 
term treatment with reserpine and the 
elevation of behavioral activity and 
of tyrosine hydroxylase activity in the 
midbrain and in the caudate. Although 
the precise nature of this relation is not 
presently clear, the rate of synthesis or 
degradation, or both, of brain tyrosine 
hydroxylase may be alterable by a vari- 
ety of pharmacological lagents and 
physiological stimuli, perhaps analogous 
to adaptive enzymatic changes eluci- 
dated in peripheral tissues (18). Our 
results are consistent with the role of 
norepinephrine in behavioral arousal 
because the increase in brain tyrosine 
hydroxylase may result in an increase 
in the relatively small stores of func- 
tional norepinephrine despite the re- 
duction of the total levels of this amine 
produced by long-term treatment with 
reserpine. 
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In his report Cheng (1) referred to 
the appearance of numerous micro- 
droplets in the vicinity of a freezing 
water drop as a "newly observed phe- 
nomenon." In fact, microdroplets of 
this kind have been observed and re- 
ported previously (2, 3). Dye and 
Hobbs (3) showed that they occur by 
ejection from the freezing water drop 
and also by the condensation of water 
vapor in regions of comparatively high 
supersaturations in the vicinity of the 
freezing drop. 

Cheng suggested that this phenom- 
enon might provide a mechanism for 
charge generation in thunderstorms. 
The same theory was postulated by 
Mason (4). However, considerable 
care must be taken in extrapolating 
observations and measurements made 
on large water drops freezing in the 
laboratory to the behavior of small 
droplets in natural clouds. In particu- 
lar, it has been shown (3, 5) that it is 
important to ensure that the water 
drops are in thermal and solution 
equilibrium with the environmental air 
before they are nucleated. Drops that 
are nucleated before attaining these 
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conditions are more likely to eject both 
ice particles and microdroplets during 
freezing, thereby separating electric 
charges, than are cloud droplets that 
are generally very close to equilibrium 
with their environment. Cheng does not 
give any information on the condition 
of the water drops in his experiments 
prior to their nucleation. However, it 
is unlikely that they were in equilibrium 
with the environmental air since they 
probably nucleated at their surfaces 
before their interiors had fallen to the 
temperature of the environment. More- 
over, the freezing behavior of cloud 
droplets is certainly not simulated in 
the laboratory by the freezing of water 
drops on glass slides. It is essential that 
the drops be either freely suspended 
or in free fall, so that they are venti- 
lated in the proper manner (6). It has 
yet to be shown that drops freezing 
under conditions similar to those in 
natural clouds eject microdroplets. 
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Several investigators (1-3) have re- 
ported the appearance of the particles, 
the formation of spicules, and the oc- 
currence of fragmentation during the 
freezing of a water drop. The new ob- 
servations and measurements that I 
made (4) while freezing a supercooled 
water drop, under the condition of ther- 
mal equilibrium with the environment, 
are as follows: (i) photomicrographic 
evidence (Fig. 1) of numerous droplets, 
ranging from less than 1 to 20 Azm, 
ejected from the surface of a freezing 
water drop; (ii) the duration of ejec- 
tion of the microdroplets, in this case, 
about 50 seconds for a 1-mm water 
drop; (iii) the time-temperature rela- 
tionship of the freezing water drop; 
(iv) reversals of the vapor pressure 
gradient during the freezing period; (v) 
the electrical properties of the ejected 
microdroplets; (vi) in addition to one 
or a few large spicules as mentioned 
by others (1-3), a large number of 
miniature spicules (Fig. 1) forming 
between cracks on the ice surface dur- 
ing the freezing period; and (vii) 
photomicrographic evidence (Fig. 1) 
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Fig. 1. Microdroplets ejected from the sur- 
face of a freezing supercooled water drop. 
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Fig. 1. Microdroplets ejected from the sur- 
face of a freezing supercooled water drop. 
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