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SUMMARY

IUVONE, P. M., GALLI, C. L. & NEFF, N. H. (1978) Retinal tyrosine hydroxylase:
Comparison of short-term and long-term stimulation by light. Mol. Pharmacol., 14,
1212-1219.

Dopamime (DA) is a putative neurotransmitter within some retinal amacrine neurons.
Exposure of rats to light for either 15 mm or 96 hr increases retinal tyrosine hydroxylase
activity. Concomitant with the increase of enzyme activity is a 4-fold increase of DA
formation. The molecular mechanism for the increased enzyme activity for the two
exposures to light is apparently different. Short-term exposure to light decreases the Km

but not the Vmax of the enzyme for the pteridime cofactor, while 96 hr of exposure to light
increases the Vmax for tyrosine but has no significant effect on the Km for tyrosine or

cofactor. Enzyme activity of rats exposed to 15 mm of light decreases to the level found

in 96 hr dark-adapted rats within 30 mm of darkness, while more than 6 hr of darkness
are required after 96 hr of light exposure. Our studies are consistant with the hypothesis

that retinal DA formation is modulated by different molecular mechanisms depending on
the duration of exposure of light. Short-term exposure to light activates tyrosime hydrox-
ylase while long-term exposure to light results in the formation of more active molecules
of enzyme.

INTRODUCTION

Dopamine’ is a putative neurotramsmit-
ter in some amacrine neurons of retina (1,
2) .Exposure to light increases the release

of DA from the perfused eye (3) and en-
hances the rate of formation of DA in retina
(4, 5) . Furthermore, there is a circadian

rhythm for retinal tyrosine hydroxylase in
rats kept on a 12 hr light-dark cycle, with
enzymatic activity being highest during the
light phase of the cycle (5). Retinal ama-
crime neurons, therefore, can serve as a

I Abbreviations used are: DA, dopamine; AMPT,

alpha-methyl-p-tyrosine methyl ester; DMPH4, 2-

amino-4-hythoxy-6,7-dimethyl-5,6,7,8-tetrahydropter-

idine.
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relatively simple physiological system for

evaluating the biochemical changes that
accompany activation of dopamimergic neu-
roms, as well as provide valuable data on
the retinal processing of visual information.

We have compared the effects of brief (5
min-3 hr) and prolonged (96 hr) exposure
to light on the activity and kinetic proper-
ties of tyrosime hydroxylase and on the con-
centratiom and rate of formation of DA by
amacrine neurons.

METHODS

Materials. L-Tyrosine [1-’4C], 54
mCi/mmol, was obtained from New Eng-

land Nuclear, Boston, Mass. Reduced nic-
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otinamide ademine dinucleotide phosphate,
catalase and AMPT were purchased from

Sigma Chemical Co., St. Louis, Mo. Pyri-
doxal phosphate and DMPH4 were ob-

tamed from Calbiochem, La Jolla, Ca. Pen-
tafluoropropionic anhydride was purchased

from Pierce Chemical Co., Rockford, Ill. All
other reagents were obtained in the purest

form available.
Animals. Male Sprague-Dawley rats

(Zivic-Mifier, Allison Park, Pa.), 150-200 g,
were housed in groups of 5-6 in clear plastic
cages with perforated metal tops. They had
free access to food and water. Room light
for either light-adapted rats (exposed to
continuous light for 96 hr) or short-term

exposure to light was provided by overhead
fluorescent lamps. Light intensity inside the
cages was approximately 400 lux. Dark-
adapted rats (exposed to continuous dark
for 96 hr) were housed in similar cages in a
room with a double-door entrance which
permitted access to the room without light-
leakage.

Rats were decapitated and the retinas
dissected and frozen within 5 mm. Dissec-
tion of the eyes was performed as follows:
an incision was made at the border of the
cornea and sclera; the lens and vitreous
body were removed and then the retina was
separated from the choroid and removed
with a small spatula. The approximate
weight of the retina after freezing was 8 mg.
Killing, dissecting and freezing of retinas
from dark-adapted rats were performed um-

der a red photographic safety light (Kodak
Wratten filter No. 1).

Tyrosine hydroxylase assay. Within 24
hr after killing the rats, frozen retinas were
homogenized with ice-cold 0.05 M Tris-ac-
etate, pH 6.0, containing 0.2% Triton X-100
(65 .tl buffer/retina) in glass-teflon homog-
enizers. Homogenizing tubes were wrapped
in aluminum foil when retinas from dark-

adapted rats were processed. Homogenates
were centrifuged at 20,000 x g for 15 mm at
40 and the supermatant used for the assay
of tyrosine hydroxylase.

Tyrosine hydroxylase activity was mea-
sured by the decarboxylase-coupled assay
of Waymire et al. (24) as modified by Ziv-
kovic et al. (7, 8). Unless otherwise noted,
the concentration of L-tyrosine was 0.1 mr�i

and the concentration of pteridine cofactor
was 0.4 nmi. Dihydropteridine reductase,

purified through the second ammonium
sulfate precipitation according to Kaufman
(9), was included in the incubation mixture
to regenerate reduced cofactor. Unless oth-
el-wise noted the assay pH was 6.4. Dupli-
cate samples were incubated for 5 mm at
370 before the addition of tyrosine, after
which the incubation was continued for 30
mm. The reaction was stopped by adding

0.5 ml of 10% trichloroacetic acid. Tubes
were kept at 37#{176}for an additional 2 hr for
radioactive CO2 collection on Whatman No.
1 paper presoaked with 0.1 ml “NCS”
(Amersham/Searle, Arlington Heights,
Ill.). The radioactivity on the paper was

counted in Ecomofluor, 10 ml (New England
Nuclear) containing 10% methanol.

The protein content of the supernatants
were determined by the method of Lowry

et al. (10).
Catecholamine assays. DA and morepi-

nephrine were determined by gas chroma-
tography-mass spectrometry (1 1). Briefly,

frozen retinas were homogenized with 1.0
N HC1 (0. 1 ml/retina) and centrifuged for
15 mm at 20,000 x g at 4#{176}.A portion of the

clear supernatant was dried under vacuum
and pentafluoropropionyl derivatives of the
endogenous catecholamines and deuter-

ated-DA and deuterated-epimephrime,
added as internal standards, were prepared
as described by Koslow et al. (11). A Fin-

nigan Model 3200 gas chromatograph-
quadrupole mass spectrometer with pro-
grammed ion monitor and fitted with a 5 m
3% OV-17 (Supelco, Bellefonte, Pa.) glass
column was used for analysis. The ion frag-
ments monitored were: m/e 428 DA; m/e

434 deuterated-DA; m/e 590 norepineph-
rime; and m/e 592 deuterated-epinephrmme.

Dopamine turnover. The turnover of ret-

imal DA was determined by examining the
rate of decline of emdogenous dopamime
after inhibiting catecholamine synthesis

with AMPT. The concentration of dopa-
mine in retina was measured 0, 30, and 60
mm after an intraperitoneal injection of
AMPT (300 mg/kg). The fractional rate
constant and calculated rate of DA forma-
tion were determined as described by Bro-
die et al. (12).
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FIG. 1. Activation ofretinal tyrosine hydroxylase by light

Rats were placed in the dark for 96 hr and then exposed to light for the times indicated. The histogram

shows the activity after exposure to light for 96 hr. Data expressed as mean ± the standard error of the mean

for 5 duplicate determinations. p < 0.025; � � p < 0.01; Dunnett’s post hoc test.
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RESULTS

Retinal tyrosine hydroxylase activity, as-
sayed with subsaturating concentrations of

DMPH4, rapidly increased when dark-
adapted rats were placed in the light (Fig.
1). Within 5 mill enzyme activity was ap-

parently increased maximally and re-

maimed so for 180 mm. Tyrosime hydroxyl-
ase activity apparently remained elevated
when rats were kept in light for 96 hr (Fig.
1). In subsequent studies we evaluated
whether the apparent kinetic mechanisms
for the increase of enzyme activity were
similar in dark-adapted rats exposed to
light for 15 mm and in rats exposed to light
for 96 hr.

Kinetic characteristics of tyrosine hy-

droxylase after exposure to light for 15
mm. Exposure of dark-adapted rats to light
for 15 mm significantly decreased the ap-
parent Km of tyrosine hydroxylase for
DMPH4, but had no significant influence
on the Vmax (Fig. 2 and Table 1). There
were no light-dark differences in the ap-
parent Km for tyrosine but the apparent
Vmax was higher in the rats exposed to 15
mm of light when measured in the presence
of 1.5 mM DMPH4, a suboptimal concentra-
tion (Table 2).

Kinetic characteristics of tyrosine hy-
droxylase after exposure to light for 96 hr.
The apparent Vmax with respect to both
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tyrosime (Table 2) and DMPH4 (Fig. 3 and
Table 1) was higher in light than in dark-
adapted rats. There was no light-dark dif-
ference in the Km of the enzyme for either

substrate or the cofactor.
The time-course for the onset of the Vmax

change was determined by measuring the
activity of tyrosine hydroxylase in the pres-
ence of 4.0 mM DMPH4, a saturating con-
centratiom of cofactor, after exposure to
constant light or dark for, 1, 2, 3, or 4 days
(Fig. 4). After one or two days of exposure

2 4
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FIG. 2. Reciprocalplot ofretinal tyrosine hydrox-

ylase activity versus DMPH4 concentration after

short-term light exposure

Rats were exposed to dark for 96 hr (#{149} #{149})or

dark for 96 hr followed by light for 15 mm (O-O).

Tyrosine hydroxylase was assayed as described in

MATERIALS AND METHODS in the presence of 0.1 mr�i

tyrosine. The best-fit lines were determined by least-

squares linear regression analysis of the data from at

least 5 experiments.
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Apparent retinal tyrosine hydroxylase kinetics for

DMPH4 in dark- and light-adapted rats and dark-

adapted rats exposed to light for 15 mm

Lighting DMPH4 kinetics”

Km Vmax

mM nmol C02/mg
prot/30 mm

Dark 96 hr 1.4 ± 0.2 0.24 ± 0.02

Dark 96 hr + light

15 mm 0.70 ± 0.096 0.22 ± 0.02

Light 96 hr 1.0 ± 0.1 0.31 ± 0.0l’�

a Values, mean ± S.E.M., were determined from

double reciprocal plots fitted by least-squares linear

regression analysis for three separate studies. The

concentration of tyrosine was 0. 1 mr�s.
“p < 0.05 (Students’ t-test, 2-tailed) when compared

with corresponding 96 hr in dark group.

Apparent retinal tyrosine hydroxylase kinetics for

tyrosine in dark- and light-adapted rats and dark-

adapted rats exposed to light for 15 mm

Lighting Tyrosine kinetics”

Km Vm�x

mM nmol C02/mg
prot/30 mm

Dark 96 hr 0.14 ± 0.01 0.23 ± 0.02

Dark 96 hr + light

15 mm 0.13 ± 0.02 0.33 ± 0.02”

Light 96 hr 0.13 ± 0.02 0.54 ± 0.08”

* p < 0.02 (Student’s t-test, 2-tailed) when corn-

pared with Dark 96 hr group.

a Values, mean ± S.E.M., were determined from

double reciprocal plots fitted by least-squares linear

regression analysis for three separate studies. The

concentration of DMPH4 was 1.5 mM.

there were no significant differences in en-
zyme activity but by the third day the
activity from the light-exposed retinas was
greater than that from the dark-exposed
retinas. The magnitude of this difference
continued to increase on the fourth day of
constant light and dark. Over the three
days of darkness, from the end of day 1 to
the end of day 3, the enzyme activity de-

creased 17%, but this effect was not statis-
tically significant. Over the same period of
constant light, the enzyme activity was sig-
nificantly increased by 86%.

Concentration of DA and its apparent

rate offormation in retina. The concentra-
tion of DA in the retina was about 50%
higher in 96 hr light-adapted rats than in
96 hr dark-adapted rats (Table 3). Norepi-
nephrmme was not detected in the retina.

Our limit of sensitivity was about 0.5
pmol/retina.

The decline of DA appeared exponential
in both light- and dark-adapted rats after
treatment with AMPT. However, the de-
clime was faster in light-adapted rats (Table
3). The rate of DA formation, calculated by
multiplying the fractional rate constant by
the steady-state concentration, was approx-
imately 4-fold higher in the light-adapted
animals.

Some properties of tyrosine hydroxylase

after exposure to light. Light-adapted ani-
mals or dark-adapted animals exposed to
light for 15 mm were placed in the dark to
study the time required for the enzyme to
return to values found for dark-adapted
rats (Fig. 5). The increase of enzyme activ-
ity after exposure to light for 15 mm was
completely reversed after about 30 ruin in
the dark. In contrast, more than 6 hr was
required for the enzyme activity of the 96
hr light-adapted animals to return to values
found for the dark-adapted rats.

Tyrosime hydroxylase activity was as-
sayed at pH 6.4 and 7.2 in the three exper-

imental groups of animals (Table 4). At pH
6.4, which was the standard pH of our as-

FIG. 3. Reciprocalplot ofretinal tyrosine hydrox-

ylase activity versus DMPH4 concentration after

long-term light exposure

Rats were exposed to light (O-O) or dark

(#{149} #{149})for 96 hr. Tyrosine hydroxylase activity was

assayed as described in MATERIALS AND METHODS in

the presence of 0.1 mM tyrosine. The best-fit lines

were determined by least-squares linear regression

analysis of the data from at least 4 experiments.
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3 4

DAYS OF TREATMENT
FIG. 4. Prolonged light exposure enhances retinal tyrosine hydroxylase activity measured with a saturating

concentration of DMPH4

Rats were exposed to light (O-O) or dark (� #{149})for 1-4 days prior to sacrifice. Retinal tyrosine

hydroxylase activity was measured as described in MATERIALS AND METHODS in the presence of0.1 mM tyrosme

and 4.0 mM DMPH4. Statistical analysis by the Neurnan-Keuls method. “ Light day 3 vs. dark day 3, p < 0.01,

and light day 3 vs. light day 1, p < 0.05; ““ Light day 4 vs. dark day 4, p < 0.01, and light day 4 vs. light day 1,

p < 0.01.

TABLE 3

Light-dark differences in retinal dopamine metabolism

Rats, 15 per group, were placed in light or dark for 96 hr. Alpha-methyl-p-tyrosine methylester (300 mg/kg,

i.p.) was injected 0, 30, or 60 mis prior to killing. Retinal DA was determined as described in MATERIALS AND

METHODS. The fractional rate constant and calculated rate of formation were determined as described by Brodie

et al. (12).

Condition Dopamine steady-state
concentration

Half-life Fractional rate constant Calculated rate of for-
mation

Light

pmol/retina ± S.E.M.

22 ± 1

mm

46

(min�’ ± S.E.M.) x Id’

15.0 � 0.3

pmol/retina/min

0.33

Dark 15 ± 1” 137 5.0 ± 0.4” 0.075

“p < 0.01.

says, exposure of dark-adapted rats to light
for 15 mm increased enzyme activity by
about 50% over dark-adapted rats. The en-
zyme activity for light-adapted animals,
however, was about 140% higher than in
dark-adapted rats. At pH 7.2, 15 ruin of
exposure to light increased enzyme activity
by about 190%. In contrast to enzyme activ-
ity at pH 6.4, there were no significant
differences between enzyme activity for

dark- and light-adapted rats. Enzyme activ-
ity for all the experimental groups was
higher when measured at pH 6.4 than at
pH 7.2.

DISCUSSION

DA-containing amacrine neurons of ret-

ma form synapses with bipolar and ganglion
cells. They are therefore in a strategic p0-
sition �;o modulate the transfer of visual
information to the brain. Electrophysiolog-
ical and biochemical studies have provided
evidence that amacrine neurons are acti-
vated by light. For example, exposure to

light results in synaptic depolarization (iS),
increased tyrosine hydroxylase activity and
increased release (3) and turnover of DA
(5) by amacrine neurons. DA apparently
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FIG. 5. Dark-induced decrease in retinal tyrosine hydroxylase activity after short- and long-term light

exposure

Rats were exposed to dark for 96 hr followed by light for 15 mm (L15) and returned to darkness for 10 mm

(L15 + D10) or 30 min (L15 + D30). Other rats were exposed to light for 96 hr (L96) and returned to darkness

for 6 hr (L96 + D6) or 24 hr (L96 + D24). Tyrosine hydroxylase activity was measured as described in

MATERIALS AND METHODS in the presence of 0.1 m�s tyrosine and 0.4 mM DMPH4. Data are expressed as the

mean and S.E.M. of the increase in enzyme activity relative to rats exposed to dark for 96 hr. The hatched area

represents the corrected S.E.M. of the activity of the rats exposed to 96 hr of dark, which was 61 ± 4 pmol

CO2/mg prot/30 mm. Statistical analysis (Dunnett’s post hoc test) was performed on the actual data. “ p <

0.025; ““p<O.Ol.

TABLE 4

Retinal tyrosine hydroxylase activity at pH 6.4 and

7.2 for dark- and light-adapted rats and dark-

adapted rats exposed to light for 15 mm

Retinas from two rats were pooled, homogenized in

270 �J of buffer at either pH 6.4 or 7.2, and assayed as

described in MATERIALS AND METHODS. Values pre-

sented are the means ± S.E.M. for 5 separate assays.

The concentrations of tyrosine and DMPH4 were 0.1

mM and 0.4 mM, respectively.

Lighting Tyrosine hydroxylase activity
(pmol C02/mg prot/30 mm)

pH 6.4 pH 7.2

Dark96hr

Dark 96 hr + light

15mm

Light 96 hr

52±6 21±3

77±6” 60±2”

123 ± 22” 27 ± 4

p < 0.01 (Student’s t-test, 2-tailed) when compared

with corresponding Dark 96 hr group.

decreases the activity of gangliom cells (14).
Moreover, retina contains a DA-sensitive
adenylate cyclase (15) which responds to
drugs similarly to the DA-sensitive adenyl-
ate cyclase of the striatum (16). DA, there-
fore, meets many of the requirements for a
neurotransmitter role in the retina.

DA, but not morepinephrmme, was de-
tected in retinal extracts. It is therefore
assumed that the tyrosine hydroxylase ac-
tivity measured in these experiments is de-
rived primarily from dopamimergic neurons.

Both short-term (5) and long-term expo-
sure to light increase retinal tyrosine hy-
droxylase activity and DA turnover. How-
ever, the molecular mechanisms involved
in the increases in enzyme activity after

short-term and prolonged light exposure
are different. Short-term light exposure de-
creased the apparent Km of tyrosine hy-
droxylase for DMPH4 but did not influence
the Vmax. In contrast, long-term light expo-
sure had no significant effect on the appar-

ent Km for DMPH4 but increased the ap-
parent Vmax. Both treatments increased the
apparent Vmax with respect to tyrosine but
had no effect on the Km for this substrate.
A suboptimal concentration of DMPH4 was
used in these studies, therefore the in-
creased Vmax for tyrosine in the short-term
activated retinas was probably due to the
decreased Km for DMPH4. However, the

increased Vmax in the long-term activated
retinas may represent a true increase in the
maximal velocity of the reaction under op-
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timal conditions since the Km for DMPH4
was not significantly altered in this prepa-

ration.

Tyrosine hydroxylase activity after
short-term light exposure was reversed
within 30 mm when the animals were
placed in the dark. In contrast, tyrosine
hydroxylase activity in the light-adapted
rats required more than 6 hr to return to
the activity of dark-adapted animals.

The increase in tyrosine hydroxylase ac-
tivity after short-term exposure to light was
greater when measured at pH 7.2 than at

pH 6.4. In contrast, the increase in enzyme
activity after prolonged exposure to light
was greater at pH 6.4 than at pH 7.2. These
findings taken together with the aforemen-
tiomed findings suggest that the molecular
mechanisms for the increase of enzyme ac-
tivity after short- and long-term exposure
to light are different.

The rate of formation of DA increased
by about the same extent after short- and
long-term exposure to light, even though
the mechanisms for enhanced enzyme ac-
tivity are apparently different (5). Both ex-
posure schedules increase DA formation
about 4-fold. Moreover, both increase the
rate of loss of DA after treatment with
AMPT when compared with dark-adapted
animals, an indication that amacrine meu-
rons are activated (17) by short or pro-
longed exposure to light.

The kinetic and enzymic property

changes we found for the retina, as well as
similar studies reported for other catechol-
amine-containing systems, provide the
bases for the following hypothetical model.
Enhanced tyrosine hydroxylase activity fol-

lowing rapid changes in meuronal activity
may be the consequence of enzyme activa-
tiom resulting in a decrease of the Km for
the pteridine cofactor without a change in
the number of active enzyme molecules.
Enhanced tyrosine hydroxylase activity fol-
lowing prolonged increases in meuromal ac-

tivity appears to result in more active em-
zyme molecules, as indicated by the in-
creased � of the reaction. The end result

is enhanced DA formation. Activation of
tyrosine hydroxylase is apparently only a
provisional state which proceeds to an in-
crease in the amount of active enzyme when

amacrine neurons are continually activated
by light. Approximately 3 days of stimula-
tion are required for the increase in V� to
develop as indicated by the observation
that there were no differences in enzyme
activity measured in the presence of satu-
rating concentrations of cofactor until 3
days of constant light.

Incubating tyrosine hydroxylase from
striatal tissue under phosphorylating con-

ditioms results in apparent kinetic changes
that .are similar to those we observed after
short-term exposure to light (18, 19). More-
over, the effect of phosphorylating condi-
tions on tyrosine hydroxylase activity is
greater when measured at pH 7 than at pH

6 (20, 21). These findings suggest that phos-
phorylation of tyrosine hydroxylase or
some allosteric effector may be involved in
the short-term activation of DA-containing
neurons.

The kinetic changes found after short-
term light activation of tyrosine hydroxyl-
ase resemble those seem after activation of

nigrostriatal DA-containing neurons by
meuroleptic drugs (7, 8) or direct electrical
stimulation of catecholamine-containing
neurons (22, 6).

The increase in the apparent V,,� of ty-
rosine hydroxylase after prolonged activa-
tion of the retinal DA-containing neurons
may represent an induction of the enzyme
or may represent a delayed activation of
existing enzyme similar to that reported

to occur in locus coeruleus 3 days after
oxotremorine treatment (23).

In conclusion, we have shown that light
increases retinal tyrosine hydroxylase ac-
tivity and that the characteristics of the
activity increase depend on the duration of
exposure to light and by inference amacrine
neuron activation. The initial response to
increased amacrine neuron activity is acti-
vatiom of tyrosine hydroxylase; there is a
change in the Km of tyrosine hydroxylase
for its pteridine cofactor, possibly by an

allosteric mechanism. More active enzyme
molecules may accumulate after prolonged
increases in neuronal activity, making it
unnecessary for the enzyme to remain in
the activated state. Both responses to light
exposure enhance the formation of DA by

the amacrime neurons.
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