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Effects of Insulin-Induced Acute Hypoglycemia and Normoglycemic
Hyperinsulinemia on the Retinal Uptake and Ocular Metabolism

of Glucose in Rabbits

Luca Romanelli, Maria Carmela Amico, Francesca Mattioli, Adriana Memoli, Gabriele Savini,
and Agnès Muller

lucose is the principal metabolic substrate for the retina in mammals, being essential for maintaining the functional activity

f the retina; it can be supplied to the tissue by both vitreous humor and blood. Yet, the impact of hypoglycemia on retinal

lucose metabolism has been poorly investigated. We have therefore studied the effects of acute insulin-induced hypogly-

emia on the glucose uptake and metabolism in the retina, by analyzing the hypoglycemia-induced changes in the ocular

istribution and metabolic fate of [3H]-2-deoxy-D-glucose (2-DG) and [14C]-D-glucose, both injected in the vitreous body.

abbits were rendered hypoglycemic by subcutaneous injection of insulin (0.8 and 1.2 IU/kg). Insulin-induced hypoglycemia

ncreased both retinal [3H]-radioactivity levels and retina to vitreous humor ratio of [3H]-radioactivity levels ([3H]-[R/VH]).

adio-chromatography showed that hypoglycemia did not induce any change in the retinal conversion of 2-DG to 2-DG-6-

hosphate, but increased the conversion of [14C]-D-glucose to [14C]-lactate. Normoglycemic hyperinsulinemia caused no

hange in either retinal [3H]-radioactivity levels or [3H]-[R/VH] while decreasing retinal [14C]-radioactivity levels and retina to

itreous ratios of 14C-radioactivity levels. These results indicate that acute hypoglycemia increases the uptake rate of glucose

y the retina and suggest that normoglycemic hyperinsulinemia may decrease retinal lactate, possibly stimulating its removal

rom the retina.
2004 Elsevier Inc. All rights reserved.
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LUCOSE IS THE principal metabolic substrate for the
retina in mammals,1-3 being essential for maintaining the

etinal electrical activity in vitro.3, 4 Yet, the impact of hypo-
lycemia on retinal glucose metabolism has been poorly inves-
igated. Some findings suggest that hypoglycemia may induce
cute adaptative changes in retinal metabolism. Thus, in hu-
ans, acute mild hypoglycemia caused a luminance-electro-

etinogram b-wave amplitude increase similar to that induced
y an augmentation of glycemia.5 In the perfused cat eye, low
lucose decreased the electroretinogram-b-wave amplitude,6 an
ffect that has been interpreted as a sign of increased glucose
tilization by the Muller cells.7 In rabbits, insulin-induced
ypoglycemia appeared to increase the consumption rate of
itreous humor glucose8; because vitreal glucose is mainly
onsumed by the retina,9,10 this finding suggested that hypo-
lycemia may increase the retinal uptake of glucose. This
ypothesis has not been confirmed and the effects of insulin-
nduced hypoglycemia on retinal glucose metabolism have not
een further characterized. In this study, we have therefore
nvestigated the effects of insulin-induced hypoglycemia on the
ptake and metabolism of glucose in the retina and other ocular
issues of rabbits. In their in vivo study, Berkowitz et al10 have
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niversité Montpellier 1, Montpellier, France.
Submitted July 25, 2003; accepted February 19, 2004.
F.M. and G.S. were supported in part by “Fondazione Enrico ed

nrica Sovena”, Rome, Italy.
Address reprint requests to Luca Romanelli, Dipartimento di Farma-

ologia delle Sostanze Naturali e Fisiologia Generale, Università di
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hown that the rabbit retina takes up intravitreally injected
-deoxy-D-glucose (2-DG) and metabolizes intravitreally in-
ected D-glucose; and that the uptake and metabolism by the
etina is the dominant route of the clearance of vitreal 2-DG
nd D-glucose. On the basis of these findings, we studied the
nfluence of insulin-induced hypoglycemia on the glucose up-
ake and metabolism in the retina, and other ocular tissues, by
nalyzing how hypoglycemia affects the ocular distribution and
etabolic fate of labelled 2-DG and D-glucose, both injected in

he vitreous body.
Insulin has been shown to stimulate the uptake of 2-DG from

he whole rat retina in vitro11 and to enhance the electrophysi-
logic effect of low glucose in the perfused cat eye.6 Insulin
eceptors have been found in the neural retina,12,13 in retinal
lood vessels,14 and in retinal pigment epithelium.15 They are
lso present in the lens,16,17 iris, ciliary body, and cornea.18 An
ncrease of plasma insulin might therefore affect ocular metab-
lism of glucose, considering that insulin can cross the blood-
etina barrier.19 We have therefore verified whether an increase
f the plasma insulin levels similar to that observed in hypo-
lycemic rabbits affected per se the ocular distribution and
etabolic fate of labelled 2-DG and D-glucose by using an

uglycemic hyperinsulinemic clamp technique.

MATERIALS AND METHODS

nimals and General Procedures

Adult, male, albino New Zealand rabbits weighing 3.0 to 3.3 kg each
ere used. All rabbits were fasted 16 hours before the experiments. The

abbits were anesthetized with intraperitoneal pentobarbital. Both the
entral ear arteries were cannulated using a heparinized polyethylene
ubing. The catheters were flushed with a heparin solution. Blood
ressure was recorded from 1 arterial cannula with a pressure trans-
ucer, calibrated by means of a standard sphygmomanometer. Blood
amples were withdrawn from the other arterial cannula. Plasma glu-
ose was measured using a glucose analyzer II (Beckmann Instruments,
ullerton, CA). PaO2, PaCO2, and pH were measured on a microelec-

rode system (Corning Medical, Medford, MA). Body temperature was

aintained at 38°C to 39°C throughout the experiments. Twenty mi-
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1275HYPOGLYCEMIA AND RETINAL GLUCOSE METABOLISM
roliters of saline containing 4.625 kBq or 9.250 kBq 3H-labeled-2-DG
[3H(G)]2-deoxy-D-glucose, specific activity: 259 GBq/mmol, DuPont
EN, Boston, MA) and 37.0 kBq 14C-labeled-D-glucose ([14C(U)]-D-
lucose, specific activity 9.805 GBq/mmol, DuPont NEN) were in-
ected intravitreally. To determine baseline values, 2 blood samples
ere withdrawn before and after intravitreal injection at a 15-minute

nterval. Additional blood samples were generally withdrawn each 10
inutes both from treated and control rabbits. Before enucleating the

yes, an additional 25 mg/kg pentobarbital was injected intravenously.
fter enucleation, the aqueous humor was withdrawn with a syringe.
he eyes were then placed in cup-shaped holders. The front portion of

he eye was sliced off just posterior to the ora serrata and removed
ogether with the vitreous humor, which adhered to the lens and ciliary
ody. The posterior emisphere was then turned inside out, and the
etina was gently teased free with a smooth glass spatula. The choroid
as then detached from the sclera. Retina and choroid were transferred

n preweighed tubes and immediately frozen in liquid nitrogen. Retinas
ere frozen within 30 seconds and choroids within 45 seconds after

nucleation. In the meantime, the anterior segment tissues, ie, cornea
the sclera adjacent to the cornea was cut and added to the anterior
clera portion), iris, ciliary body, and lens were collected. The sclera
as cleaned from adhering tissues and cut in 3 portions (anterior, mid,

nd posterior). These tissues were blotted, weighed, and solubilized
ith Soluene-350 (Packard, Perkin Elmer, Boston, MA). Vitreous
umor was collected and homogenized at 0°C. Solubilized tissues were
dded with 10 mL of a liquid scintillation cocktail (Packard Ultima
old, Perkin Elmer) and the radioactivity was measured with a liquid

cintillator �-counter (Packard Tri-Carb 2100TR, Perkin Elmer). Ra-
ioactivity of plasma (500 �L), aqueous humor (100 �L), and vitreous
umor (250 �L) was determined directly in Ultima Gold (10 mL).
The rabbits were kept, treated, and killed in accordance with prin-

iples of laboratory animal care and the Italian Ethics governing these
xperiments.

ntreated Control Groups

In preliminary experiments, 6 groups of 2 to 3 rabbits received
ntravitreally 9.250 kBq 3H-labeled-2-DG ([3H]-2-DG) and 37.0 kBq
4C-labelled-D-glucose (14C-D-glucose); the eyes were enucleated 24,
5, 75, 120, 150, or 270 minutes after intravitreal injection. On the
asis of the results of these preliminary experiments, we selected the
5-minute exposure interval for studying the effects of hypoglycemia
n the distribution and metabolism of the labeled compounds. There-
ore, additional 75-minute control values were subsequently obtained
rom 2 rabbits injected with 9.250 kBq [3H]-2-DG (these 2 rabbits also
eceived intravitreally 37.0 kBq 14C-D-glucose) and 3 rabbits injected
ith 4.625 kBq [3H]-2-DG (these 3 rabbits also received intravitreally
8.5 kBq 14C-D-glucose). In summary, 75-minute controls were as
ollows: 5 rabbits intravitreally injected with 9.250 kBq [3H]-2-DG and
7.0 kBq 14C-D-glucose; 3 rabbits intravitreally injected with 4.625
Bq kBq [3H]-2-DG and 18.5 kBq 14C-D-glucose. All these 8 rabbits
erved as controls for: vitreous glucose, lactate, and insulin concentra-
ions; plasma glucose and insulin; mean arterial blood pressure, PaO2,
aCO2, and arterial pH.

nsulin-Induced Hypoglycemia

To investigate the effects of different degrees of hypoglycemia, we
sed 2 insulin doses, 1.2 and 0.8 IU/kg. In preliminary experiments, we
ound that after the 1.2 IU/kg dose, glycemia gradually decreased to
bout 2 mmol/L and hypoglycemia lasted more than 2 hours. Under
hese conditions, [3H]-2-DG and [14C]-D-glucose could be injected
ntravitreally when hypoglycemia was already well established (ie, 60
inutes after insulin administration) because the hypoglycemic period
as long enough to allow elapsing the 75-minute exposure to the
adioactive tracers before increasing of glycemia. The 0.8 IU/kg dose m
aused a milder hypoglycemia, which also lasted less, because glyce-
ia began increasing 60 to 80 minutes after insulin administration;

ence, with the lower dose, [3H]-2-DG and [14C]-D-glucose had to be
njected intravitreally before insulin administration, to allow elapsing
he 75-minute exposure to the radioactive tracers before increasing of
lycemia. Two distinct protocols (A and B) were therefore adopted.
Protocol A. Crystalline porcine insulin (potency 27 IU/mg, Sigma

hemical, St Louis, MO) was administered subcutaneously (1.2 IU/kg)
o 7 rabbits. Blood samples were withdrawn from the central ear artery
ach 10 minutes after insulin administration. [3H]-2-DG (4.625 kBq, 3
abbits, or 9.250 kBq, 4 rabbits) and [14C]-D-glucose (18.5 kBq, 3
abbits, or 37.0 kBq, 4 rabbits) were injected intravitreally 60 minutes
fter insulin administration. The eyes were enucleated 75 minutes after
ntravitreal injection and ocular tissues collected and treated as de-
cribed above.

Protocol B. In a group of 10 rabbits, [3H]-2-DG (9.250 kBq) and
14C]-D-glucose (37.0 kBq) were injected intravitreally 15 minutes
efore administering subcutaneously 0.8 IU/kg of insulin. Blood sam-
les were withdrawn from the central ear artery each 10 minutes after
nsulin administration and plasma glucose measured. The eyes were
nucleated 75 minutes after intravitreal injection. In the preliminary
xperiments, we had also observed that the hypoglycemic response of
abbits receiving 0.8 IU/kg of insulin was markedly more variable than
hat of rabbits receiving 1.2 IU/kg. Because the retinal response could
ossibly relate to the degree of hypoglycemia, we classified as “high
esponders” those rabbits whose glycemia values were below 2.8
mol/L for at least 2 consecutive determinations, ie, for at least 10
inutes, and as “mild responders” the other rabbits (2.8 mmol/L is the

hreshold glycemic value for the symptoms of hypoglycemia and
lasma norepinephrine increment in humans20 and plasma epinephrine
ncrease in rats.21 According to these criteria, 6 rabbits were classified
s “high responders”, and 4 as “mild responders”.

ypoglycemia With Maintenance of Vitreous Glucose Levels

Because in hypoglycemic rabbits vitreous glucose decreased with
espect to control values (see Results), in these rabbits the vitreal
3H]-2-DG to endogenous glucose ratio became gradually higher than
he control value. Theoretically, this might contribute to increase, in
ypoglycemic rabbit eyes, the tissue [3H]-radioactivity levels and tissue
o vitreous ratio of [3H]-radioactivity levels (D-glucose might act as a
ompetitive inhibitor of 2-DG uptake, see Kletzien and Perdue22). To
heck this possibility, we performed experiments in which the decrease
f vitreous glucose was prevented by injecting intravitreously D-glu-
ose. Four rabbits were injected in 1 eye with [3H]-2-DG (9.25 kBq)
nd [14C]-D-glucose (37 kBq) dissolved in 20 �L of a 5% D-glucose
olution, thus also receiving 1 mg of intravitreal D-glucose; the con-
ralateral eye received [3H]-2-DG and [14C]-D-glucose (9.25 kBq and
7 kBq, respectively) dissolved in 20 �L saline. Subcutaneous insulin
1.2 IU/kg) was administered 15 minutes after intravitreal injection.
he eyes were enucleated 75 minutes after intravitreal injection and
cular tissues collected and treated as described above.

ormoglycemic Hyperinsulinemia

The marginal ear vein of 3 rabbits was cannulated and connected to
n infusion pump. Two blood samples were then collected to determine
aseline glycemia. Insulin (1.2 IU/kg) was administered subcutane-
usly. Ten minutes after insulin administration, infusion of a 20%
lucose solution started at a rate of 0.6 mL/kg/h. Infusion rate was then
rogressively increased to 1.7 to 2.7 mL/kg/h to maintain glycemia, as
reviously described23; blood samples were withdrawn and plasma
lucose measured each 5 minutes. [3H]-2-DG (9.250 kBq) and [14C]-
-glucose (37.0 kBq) were injected intravitreally to both eyes 60
inutes after insulin administration. The eyes were enucleated 75

inutes after the intravitreal injection.
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1276 ROMANELLI ET AL
adiochromatography of Vitreous, Retina, and Choroid
xtracts

Aliquots of vitreous humors (250 �L) were added with HClO4 6 N
83 �L) and centrifuged at 20,000 g for 10 minutes. Surnatants were
eparated by high-performance liquid chromatography (HPLC), using
n Aminex HPX-87H (300 � 7.8 mm) anion exchange column (Bio
ad, Hercules, CA) with H2SO4 5 mmol/L as the mobile phase, flow �
.3 mL/min, temperature 55°C. One-minute fractions were collected;
he fractions were then added with 10 mL Ultima Gold and their
adioactivity measured. Retinas and choroids were added with 800 and
50 �L water (HPLC grade), respectively; and the tissues were ho-
ogenized by sonication at 0°C with a Model 60 sonic dismembrator

Fisher Scientific, Pittsburgh, PA). Aliquots of the resulting suspen-
ions were added with HClO4 6 N and then treated and analyzed like
he vitreous samples.

nalysis of Plasma Insulin

Immunoreactive insulin concentrations were determined with a com-
ercially available coated tube radioimmunoassay kit (Technogenetics,
ilan, Italy).

nalysis of Vitreous Glucose, Lactate, and Insulin

Glucose concentrations of fresh vitreous samples were measured
ith the hexokinase/glucose-6-phosphate dehydrogenase method; cal-

bration curves were obtained using freshly prepared glucose solutions
n saline. Lactate concentration was measured with a commercial
actate dehydrogenase kit (Sigma Chemical) that couples lactate to the
eduction of nicotinamide adenine dinucleotide (NAD). Vitreous insu-
in was determined as previously described19; vitreous humor samples
ere transferred to ultracentrifuge tubes containing a solution of pro-

ease inhibitors (leupeptin 0.27 mmol/L, chymostatin 0.02 mmol/L,
epstatin 0.14 mmol/L, and bestatin 0.05 mmol/L, all from Sigma) and
entrifuged at 30,000 g for 20 minutes; the surnatants were collected
nd stored at �80°C until used. Immunoreactive insulin concentrations
ere determined with a commercially available coated tube radioim-
unoassay kit (Technogenetics).

tatistical Aalysis

Ocular data (vitreous glucose and lactate concentrations, tissue ra-
ioactivity levels, tissue to vitreous ratios of radioactivity levels, per-
entages of [3H]-2-DG-6-phosphate and [14C]-lactate) of each rabbit
ere calculated by averaging the values found in the 2eyes. Therefore,
� number of rabbits, with the exception of the “hpoglycemia with
aintenance of vitreous glucose levels” experiment, where n � number

f eyes, because the 2 eyes were treated differently. Data are presented
s means � SD. Statistical significance of the differences between
roups was evaluated by Student’s t test or 1-way analysis of variance
ANOVA), followed by Student-Newman-Keuls test, as appropriate.

RESULTS

istribution of Radioactivity and Metabolic Fate of Labeled
ompounds in the Eyes of Control Rabbits

[3H]-radioactivity. In preliminary experiments, time-
ourses (25 to 270 minutes after the intravitreal injection of
.250 kBq [3H]-2-DG) of [3H]-radioactivity levels in the ocular
issues of control rabbits were determined. Time-courses of
3H]-radioactivity levels in vitreous humor and retina are
hown in Fig 1A. Retinal levels were higher than vitreous ones
rom 25 minutes onward. The values of retina to vitreous ratio
f radioactivity levels ([3H]-[R/VH]) were constant between 45

nd 120 minutes after the intravitreal injection and increased r
hereafter (Table 1). Therefore, the 75-minute exposure interval
as chosen to study the effect of the various experimental

onditions (hypoglycemia, normoglycemic hyperinsulinemia,
tc) on the radioactivity distribution to minimize the influence
f time on [3H]-[R/VH]. In all other ocular tissues, [3H]-
adioactivity levels were always lower than vitreous ones; they
lso peaked at 45 minutes, like in the retina, but the subsequent
ecrease was faster than that observed in the retina. In the lens,
owever, radioactivity levels were approximately constant
rom 25 to 270 minutes (data not shown).

Radiochromatography showed that the radioactivity found in
he vitreous humor 75 minutes after the intravitreal injection
as entirely due to [3H]-2-DG. At the same time, [3H]-2-DG-
-phosphate represented 47% � 9% (mean � SD, n � 5) of
otal radioactivity in the retina and 28% � 8% (mean � SD,
� 5) in the choroid, the remaining being [3H]-2-DG.
[14C]-radioactivity. Figure 1B shows the time-courses of

Fig 1. Time-courses of (A) 3H and (B) 14C radioactivity levels in the

itreous humor (�) and retina (F) of control rabbits after the intra-

itreal injection of [3H]-2-deoxyglucose (9.25 kBq) and [14C]-D-glucose

37 kBq).
adioactivity levels in vitreous humor and retina after intravit-
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1277HYPOGLYCEMIA AND RETINAL GLUCOSE METABOLISM
eal injection of 37.0 kBq of [14C]-D-glucose. After an initial
eak at 45 minutes, retinal levels tended to coincide with the
itreous ones. Radiochromatography showed that the radioac-
ivity found in the retina 75 and 120 minutes after the intrav-
treal injection was entirely due to [14C]-lactate, while in the
itreous humor [14C]-lactate accounted for 19% � 2%
mean � SD, n � 5), 75 minutes after intravitreal injection, and
4% (n � 2), 120 minutes after the injection, of the total
adioactivity, the remaining being [14C]-D-glucose. Choroid
nd anterior sclera radioactivity levels also peaked at 45 min-
tes and decreased thereafter, but were always lower than
itreous and retinal levels (not shown); in the choroid, [14C]-
actate accounted for 73% � 5% (mean � SD, n � 5) of total
adioactivity, the remaining being [14C]-D-glucose, 75 minutes
fter the intravitreal injection. In the iris and ciliary body, as
ell as in mid and posterior sclera and cornea, the time-courses
ere different, decreasing with an approximately constant rate

rom 25 to 270 minutes. In the lens, radioactivity levels were
pproximately constant from 25 to 270 minutes (data not
hown).

In control rabbits, glycemia never differed significantly from
asal value (5.93 � 0.65, mean � SD, n � 8); plasma insulin
ever increased significantly above basal value (11 � 6 �IU/
L, mean � SD, n � 8).

nsulin-Induced Hypoglycemia
3H]-Radioactivity

Protocol A. The subcutaneous injection of 1.2 IU/kg insu-
in caused a gradual decrease of glycemia; 60 minutes after
njection, when labeled 2-DG (4.625 or 9.250 kBq) and [14C]-
-glucose (37.0 or 18.5 kBq) were injected intravitreally, gly-
emia was about 2.35 mmol/L (ie, about 40% of basal value)
nd remained between 2.2 and 1.8 mmol/L up to 75 minutes
fter intravitreal injection (ie, 135 minutes after insulin), when
he eyes were enucleated (Fig 2). Vitreous glucose concentra-
ion in the treated group was 1.55 � 0.22 mmol/L (mean � SD,
� 7), significantly (P � .001) lower than the concentration of

he control group, which was 2.89 � 0.28 mmol/L (mean �
D, n � 8). Vitreous lactate concentration in the treated group
as 13.4 � 1.1 mmol/L (mean � SD, n � 7), not significantly
ifferent from the concentration in the control group, which
as 12.8 � 0.7 mmol/L (mean � SD, n � 8). After insulin

dministration, mean plasma insulin levels increased to above
00 �IU/mL (Fig 2). Hypoglycemia caused no significant
hange in mean arterial blood pressure (MABP), PaO2, PaCO2,
nd arterial pH (data not shown).

In the eyes injected with 9.250 kBq [3H]-2-DG, [3H]-radio-
ctivity levels of insulin-treated rabbits were significantly

Table 1. Values of the Retina to Vitreous Ratio of

[3H]-Radioactivity Levels ([3H]-[R/VH]) at Different Times After

Intravitreal Injection of 9.25 kBq [3H]-2-DG

45 Min 75 Minutes 120 Minutes 150 Minutes 270 Minutes

3.4 (2) 3.1 � 0.3 (5) 3.9 (2) 5.4 (2) 11.8 (2)

NOTE. Values are means (�SD for the 75 minutes value). Number
f samples is shown in parentheses.
igher than control levels in the retina (� 73%) (Table 2).
3H]-[R/VH] of insulin-treated rabbits was 6.7 � 1.2 (mean �
D, n � 4), significantly (P � .001) higher than the control
alue (3.1 � 0.3, mean � SD, n � 5). In the other ocular
issues, neither radioactivity levels (Table 2) nor tissue to
itreous ratios (not shown) were significantly altered by insu-
in-induced hypoglycemia. Radiochromatography showed that
n hypoglycemic rabbits the percentages of total radioactivity
ue to of 2-DG-6-phosphate in the retina (52% � 11%, n � 4,
ean � SD), choroid (23% � 6% n � 4, mean � SD), and

itreous (absent) did not differ significantly from those of
ontrol rabbits.

In the eyes injected with 4.625 kBq [3H]-2-DG, [3H]-radio-
ctivity levels of insulin-treated rabbits were higher than con-
rols in the retina (controls: 171.1 � 12.4 dpm/mg; insulin-
reated: 325.7 � 6.83 dpm/mg; means � SD, n � 3 for both
roups, P � .001), but not in the other ocular tissues (not
hown). Insulin-induced hypoglycemia also caused a signifi-
ant increase of [3H]-[R/VH] (Fig 3). It should be noted that
3H]-[R/VH] values were not significantly influenced by the

Fig 2. Time-courses of glycemia (F) and insulinemia (�) in a group

f 7 rabbits treated with subcutaneous insulin (1.2 IU/kg; Protocol A).

ata are means � SD.

Table 2. [3H]-Radioactivity Levels (dpm/mg or dpm/�L) in Ocular

Tissues in Control and Insulin-Treated (Protocol A) Rabbits, 75

Minutes After the Intravitreal Injection of 9.25 kBq [3H]-2-DG

Tissue Controls (5) Insulin-Treated Protocol A (4)

Vitreous humor 175.5 � 30.7 137.5 � 18.7
Retina 511.8 � 60.7 884.9 � 86.7*
Choroid 92.1 � 15.9 136.3 � 52.7
Ciliary body 61.1 � 13.9 63.6 � 16.5
Iris 58.2 � 16.9 56.8 � 14.4
Lens 58.6 � 35.4 48.4 � 9.8
Anterior sclera 71.3 � 8.7 77.5 � 20.2
Mid sclera 27.7 � 8.2 23.8 � 4.01
Posterior sclera 25.0 � 2.2 20.0 � 4.3
Cornea 16.7 � 6.1 10.1 � 1.4
Aqueous humor 3.3 � 0.8 2.5 � 0.90

NOTE. Values are means � SD. Number of rabbits is shown in
arentheses.

*P � .001 v controls.
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1278 ROMANELLI ET AL
mount of [3H]-2-DG injected, both in control and hypoglyce-
ic rabbits.
Protocol B. The time-course of glycemia in 10 rabbits

reated with 0.8 UI/kg is shown in Fig 4A. Insulinemia values
ere 165 � 51 and 158 � 31 �IU/mL, 30 and 60 minutes after

nsulin administration, respectively. No significant change in
ABP, PaO2, PaCO2, and arterial pH was observed (data not

hown).
Six rabbits were “high responders”, 4 were “mild respond-

rs” (see Materials and Methods for the classification of high
nd mild responders). The glycemic curves of the 2 groups are
hown in Fig 4B. Besides showing significantly different values
t all time points, except the 40-minute one, the 2 curves also
iffer in that in the “high responders” group glycemia contin-
ed to decrease up to 60 minutes (the 60-minute value was
ignificantly lower than the 30-minute one), whereas in the
mild responders” group, the glycemia decrease stopped at 30
inutes, because the subsequent time point values did not

iffer significantly from the 30-minute one. The insulinemia of
he “high responders” group never differed significantly from
hat of the “mild responders” group.

Vitreous glucose concentration of the “high responders”
roup was significantly lower than that of the “mild respond-
rs” group; vitreous glucose of both groups was significantly
ower than the control value (Table 3). Retinal [3H]-radioac-
ivity levels and [3H]-[R/VH] of the “high responders” group
ere significantly higher than both control and “mild respond-

rs” group values, while the “mild responders” group values
id not differ from those of controls (Table 4). Radioactivity
evels in vitreous did not differ from control values neither in
high responders” nor in “mild responders” group (Table 4). In
ther ocular tissues, radioactivity levels and tissue to vitreous
atios of radioactivity levels of either “high responders ” or
mild responders” groups did not differ from control values

Fig 3. Retina to vitreous ratios of [3H]-radioactivity levels in con-

rol (�) and Protocol A insulin-treated (o) rabbits, 75 minutes after

he intravitreal injection of 9.25 kBq or 4.625 kBq [3H]-2-deoxyglu-

ose. Data are means � SD (experiments with 9.25 kBq injected: n �

for control, n � 4 for treated groups; experiments with 4.625 kBq

njected: n � 3 for both control and treated groups). **P < .01 and

**P < .001 v 9.25 kBq controls. §P < .05 and §§P < .01 v 4.625 kBq

ontrols.
data not shown).
In the vitreous, retina, and choroid extracts of either “high
esponders” or “mild responders” rabbits, the percentages of
-DG and 2-DG-6-phosphate did not differ significantly from
hose of control rabbits (data not shown).

Fig 4. (A) Time-courses of glycemia in 10 rabbits given 0.8 IU/kg

ubcutaneous insulin (Protocol B) and killed 60 minutes after insulin

dministration (75 minutes and after the intravitreal injection). Data

re means � SD. (B) Time-courses of glycemia in the “high respond-

rs” (E) (6 rabbits) and “mild responders” (F) (4 rabbits,) subgroups

f Protocol B insulin-treated rabbits. Data are means � SD. *P < .05

nd **P < .01 v “mild responders”.

Table 3. Vitreous Glucose Concentration (mmol/L) in Control and

Protocol B Insulin-Treated (60 minutes after insulin administration)

“High Responders” and “Mild Responders” Groups

Control (8) “High Responders” (6) “Mild Responders” (4)

2.88 � 0.28 2.01 � 0.20† 2.48 � 0.24*‡

NOTE. Values are means � SD. Number of rabbits is shown in
arentheses.
*P � .05 and †P � .001 v control group, respectively.

‡P � .05 v “high responders.”
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1279HYPOGLYCEMIA AND RETINAL GLUCOSE METABOLISM
14C]-Radioactivity

In rabbits treated according to both protocols A and B, both
he levels of [14C]-radioactivity and the tissue to vitreous
umor ratios of radioactivity levels did not differ from control
alues in all ocular tissues (data not shown). In the rabbits
reated with 1.2 IU/kg insulin (Protocol A) the percentage of
14C]-radioactivity in the vitreous due to [14C]-lactate was 25%

3% (n � 4) significantly (P � .05) higher than in control
abbits.

ypoglycemia With Maintenance of Vitreous Glucose Levels

The time-course of glycemia in this rabbit group (which
eceived insulin 1.2 IU/kg 15 minutes before intravitreal injec-
ion) is shown in Fig 5. In the eyes that had received 1 mg
-glucose, vitreous glucose concentration was equal to that of
ontrol rabbits (Table 5). Retinal [3H]-radioactivity levels and
3H]-[R/VH] values were significantly higher than control val-
es, both in the glucose-injected eyes and the contralateral eyes
that had received no exogenous glucose) (Table 5). In vitreous
umor (Table 5) and other ocular tissues (data not shown) of
oth glucose-injected and contralateral eyes, radioactivity lev-
ls and tissue to vitreous ratios of radioactivity levels did not
iffer significantly from control values (data not shown).
No significant difference between control, glucose-injected

Fig 5. Time-course of glycemia in 4 rabbits treated with subcuta-

eous insulin (1.2 IU/kg) 15 minutes after injecting intravitreally the

abelled compounds plus 1 mg D-glucose in one eye. Data are

Table 4. [3H]-Radioactivity Levels (dpm/mg or dpm/�L) in Vitreou

Levels ([3H]-[R/VH]) in Control and Insulin-Treated

Groups 75 Minutes After the Intra

Control (5)

Vitreous humor 175.5 � 30.7
Retina 511.8 � 60.7
[3H]-[R/VH] 3.1 � 0.3

NOTE. Values are means � SD. Number of rabbits is shown in par
*P � .01 v control group.
†P � .05 and ‡P � .01 “mild responders” group, respectively.
ieans � SD.
nd contralateral eyes was found for [14C]-radioactivity levels
nd tissue to vitreous ratios of [14C]-radioactivity levels (data
ot shown).

ormoglycemic Hyperinsulinemia

Three rabbits were given subcutaneous insulin (1.2 IU/kg)
nd their glycemia was maintained at basal levels by intrave-
ous glucose infusion (Fig 6); [3H]-2-DG and [14C]-D-glucose
ere injected intravitreally 60 minutes after insulin adminis-

ration and the eyes enucleated 75 minutes after the injection.
itreous glucose and lactate concentrations were not different

rom control values. No significant change in MABP, PaO2,
aCO2, and arterial pH was observed. Mean plasma insulin

evels were similar to those of Protocol A “high responders”
abbits that received the same insulin dose (Fig 6).

3H]-Radioactivity

The levels of [3H]-radioactivity in the vitreous, retina, and
ther ocular tissues in the normoglycemic hyperinsulinemic
abbits did not differ significantly from control values (data not
hown). Tissue to vitreous ratios of radioactivity levels did not
iffer from control values as well.
Normoglycemic hyperinsulinemia did not change the per-

entages of [3H]-2-DG and [3H]-2-DG-6-phosphate in vitreous
umor, retina, and choroid (data not shown).

14C]-Radioactivity

In the normoglycemic hyperinsulinemic group, both retinal
14C]-radioactivity levels and retina to vitreous ratios of radio-
ctivity levels ([14C]-[R/VH]) were significantly lower than
hose of the control group (Table 6). Choroid [14C]-radioactiv-
ty levels and choroid to vitreous ratios of radioactivity levels
ere also lower than control values, but the differences did not

each statistical significance (P � .054 for radioactivity levels,
� .097 for choroid to vitreous ratios). In the vitreous humor

nd other ocular tissues, radioactivity levels and tissue to vit-
eous ratios of radioactivity levels did not differ from control
alues (data not shown). Normoglycemic hyperinsulinemia did
ot change nor the percentages of [14C]-D-glucose and [14C]-
actate in vitreous humor, retina, and choroid (data not shown).

nsulin Levels in the Vitreous Humor

Vitreous immunoreactive insulin levels in control rabbits
ere 9 � 4 �IU/mL. In no insulin-treated rabbit group did

or and Retina and Retina to Vitreous Ratio of [3H]-Radioactivity

col B) “High Responders” and “Mild Responders”

l Injection of 9.25 kBq [3H]-2-DG

“High Responders” (6) “Mild Responders” (4)

130.9 � 33.4 160.1 � 30.9
705.6 � 119.8*† 506.6 � 97.9

5.4 � 1.5*‡ 2.9 � 0.6

ses.
s Hum

(Proto

vitrea

enthe
nsulin levels increase above control values (data not shown).
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1280 ROMANELLI ET AL
DISCUSSION

Glucose is the principal metabolic substrate for the retina in
ammals,1-3 being essential for maintaining the functional

ctivity of the retina3,4; it can be supplied to the tissue by both
itreous humor and blood.10,28 Yet, the impact of hypoglycemia
n retinal glucose metabolism has been poorly investigated. In
his study, we showed that insulin-induced hypoglycemia se-
ectively increased the 2-DG uptake rate in the retina. Normo-
lycemic hyperinsulinemia had no effect on 2-DG uptake, but
pparently caused a reduction of retinal lactate.

The rabbit retina takes up intravitreally injected 2-DG, the
ptake by the retina being the dominant route of the clearance
f vitreal 2-DG.10 Inside the cells, 2-DG can be phosphorylated
y hexokinase to 2-DG-6-phosphate, which is not noticeably
etabolized further24 and is trapped within cells. 2-DG-6-

hosphate is also a good substrate for glucose-6-phosphatase,25

ut glucose-6-phosphatase activity in the retina is low.26,27

In agreement with the findings of Berkowitz et al,10 we found
hat after intravitreal injection of [3H]-2-DG, [3H]-radioactivity
evels in the retina were higher, from 25 minutes onward, than
hose in the vitreous humor in control, untreated rabbits. This
ndicated that [3H]-2-DG was taken up and phosphorylated by
etinal cells. [3H]-2-DG-6-phoshate accounted for 47% of total
etinal [3H]-radioactivity, 75 minutes after the intravitreal in-
ection. The decrease of retinal [3H]-radioactivity levels from
5 minutes onward (see Fig 1) is probably due to the diffusion
ut of the retinal cells of unphosphorylated 2-DG.11 Retinal

Fig 6. Glycemia (F) and insulinemia (�) during normoglycemic

Table 5. [3H]-Radioactivity Levels in Vitreous Humor and Retina a

Control Eyes, Hypoglycemic Rabbit Eyes T

Contralateral Eyes (rece

Control

Vitreous humor 175.5 � 30.7 (5)
Retina 511.8 � 60.7 (5)
[3H]-[R/VH] 3.1 � 0.3 (5)
Vitreous glucose (mmol/L) 2.88 � 0.28‡ (8)

NOTE. Glucose vitreous concentrations are also shown. Values are
*P � .05 and †P � .01 v control group, respectively.
‡P � .01 v contralateral eyes.
lamp experiments (3 rabbits). Data are means � SD.
14C]-radioactivity was entirely due to [14C]-lactic acid, thus
howing that intravitreally injected [14C]-D-glucose was taken
p and metabolized to [14C]-lactic acid by the retina.
We found that after injecting intravitreally [3H]-2-DG to

abbits with established hypoglycemia (Protocol A), retinal
3H]-radioactivity levels and [3H]-[R/VH] were markedly
igher than control values.
Because vitreous glucose level of hypoglycemic rabbits was

educed by about 50%, in these rabbits the vitreal [3H]-2-DG to
ndogenous glucose ratio became gradually higher than the
ontrol value; theoretically, this might have contributed to
bserved increases of the radioactivity level and [3H]-[R/VH],
ecause D-glucose might act as a competitive inhibitor of 2-DG
ptake.22 Yet, in the eyes of hypoglycemic rabbits, which also
eceived intravitreally 1 mg D-glucose in addition to the labeled
ompounds (“hypoglycemia with maintenance of vitreous glu-
ose levels” experiment), retinal [3H]-radioactivity levels and
3H]-[R/VH] values were also significantly higher than the
ontrol value, even though in these eyes the vitreal [3H]-2-DG
o glucose ratio was never higher than in control eyes because
itreous glucose level was initially higher than the control
alue and equalled it at the end of the experiment. We also
erformed experiments according to Protocol A, but injecting a
alved amount of [3H]-2-DG, ie, 4.625 kBq. In these eyes,
herefore, the vitreal [3H]-2-DG to glucose was initially lower
han the ratio value of control rabbits injected with 9.250 kBq
3H]-2-DG and gradually approached to that value as vitreal
lucose decreased. The results of these experiments showed
hat hypoglycemic rabbit eyes injected with 4.625 kBq [3H]-2-
G showed a [3H]-[R/VH] value also higher than that of

tina to Vitreous Ratio of [3H]-Radioactivity Levels ([3H]-[R/VH]) in

lso Received 1 mg Glucose Intravitreally,

no intravitreal glucose)

Intravitreal Glucose Contralateral

125.2 � 48.4 (4) 128.1 � 24.4 (4)
628.7 � 63.6* (4) 711.1 � 101.0† (4)

5.4 � 2.3* (4) 6.0 � 0.7* (4)
2.79 � 0.37‡ (4) 2.01 � 0.23 (4)

ns � SD. Number of samples is shown in parentheses.

Table 6. Values of [14C]-Radioactivity Levels (dpm/mg) in the

Retina and Choroid and Retina to Vitreous ([14C]-[R/VH]) and

Choroid to Vitreous ([14C]-[Ch/VH]) Ratios of [14C]-Radioactivity

Levels in Control and Normoglycemic Hyperinsulinemic Groups 75

Minutes After the Intravitreal Injection of 37.0 kBq of 14C-D-Glucose

Control (5)
Normoglycemic

Hyperinsulinemic (3)

Retina 581.4 � 71.7 460.0 � 57.2*
[14C]-[R/VH] 1.14 � 0.11 0.84 � 0.20*
Choroid 268.6 � 46.6 200.3 � 16.2
[14C]-[Ch/VH] 0.52 � 0.12 0.37 � 0.05

NOTE. Values are means � SD. Number of rabbits is shown in
arentheses.
nd Re

hat A

iving

mea
*P � .05 v control group.
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1281HYPOGLYCEMIA AND RETINAL GLUCOSE METABOLISM
ontrol rabbit eyes receiving 9.250 kBq [3H]-2-DG (see Fig 3).
t can therefore be concluded that the decrease of vitreal en-
ogenous glucose and the resultant increase of the vitreal
3H]-2-DG to glucose ratio, did not contribute substantially to
he observed increases of retinal [3H]-radioactivity levels and
3H]-[R/VH].

Because the rabbit retina can use both blood-derived and
itreous-derived glucose,10,28 it might be thought that hypogly-
emia-induced decrease of blood to retina glucose transfer rate
ay cause an increase of the rate of uptake and consumption of

itreous glucose (and 2-DG) (during hypoglycemia, the pas-
age rate across the blood-retinal barrier decreases because
lucose crosses the barrier by passive facilitated diffusion.29-31).
et, this could happen only if blood-derived and vitreous-
erived glucose both contributed to extracellular glucose level
n the retina; under this condition, a reduction of blood to retina
lucose transfer rate would decrease the extracellular retinal
lucose concentration, thus causing an increase of the gradient
etween vitreous and extracellular retinal space, which in turn
ould increase the diffusion rate from the vitreous. This would

esult in an increase of the rate of the uptake of vitreous glucose
nd 2-DG. Yet, Adler and Southwick32 have shown that the
lucose concentration in the interphotoreceptor matrix adjacent
o the retina is very low (below 0.01 mmol/L, the limit of
etection, in the rabbit retina), being much higher in the inter-
hotoreceptor matrix adjacent to the retinal pigment epithelium
1.6 mmol/L); these data show that virtually all blood-derived
lucose is taken up by the photoreceptor layer (the outermost
etinal layer) and, therefore, does not reach the inner layers,
hich should be supplied by vitreous-derived glucose. Thus,

he decrease of blood to retina glucose transfer rate should not
etermine any significant increase of the vitreous to extracel-
ular retinal space glucose concentration gradient and, there-
ore, should not augment the vitreous to retina diffusion rate. In
ddition, we found that in the Protocol B “mild responders”
roup a decrease of the glucose transport rate across the blood-
etinal barrier occurred, as indicated by the decrease of the
itreous glucose concentration, but it was not linked to any
ncrease of retinal [3H]-radioactivity levels or [3H]-[R/VH].
ence, the decrease of glucose transport rate across the blood-

etinal barrier should not increase the rate of uptake and con-
umption of vitreous glucose and should not therefore contrib-
te to the observed increases of retinal [3H]-radioactivity levels
nd [3H]-[R/VH].

The increases of retinal [3H]-radioactivity levels and [3H]-
R/VH] are not attributable to an increase of the phosporylation
ate because we found that hypoglycemia did not augment the
ercentage of total retinal [3H]-radioactivity due to [3H]-2-DG-
-phosphate.
Thus, the increases of retinal [3H]-radioactivity [3H]-[R/VH]

ppear to indicate that hypoglycemia increases the uptake rate
f glucose by the retina.
The increase of the vitreal [14C]-lactate percentage concen-

ration found in hypoglycemic rabbits (Protocol A) indicates an
ncreased conversion of vitreal [14C]-D-glucose to [14C]-lactate.
ecause lactate appears to be produced mainly by the inner

etina,4,33 which has a high concentration of glycolytic en-
ymes,34 our finding may suggest that hypoglycemia induces an

ncrease of glucose uptake also in the inner retina. 2
The stimulation of retinal glucose uptake by hypoglycemia
ay be attributed to factor(s) released to counteract the effects

f hypoglycemia. Adenosine triphosphate (ATP) can be re-
eased by retinal pigment epithelium cells and can be degraded
o adenosine by ectoenzymes.35 ATP can also be released by

uller cells.36 Both ATP37 and adenosine38,39 are able to
timulate glucose uptake by facilitative glucose transporters
nd adenosine, and purinergic receptors are expressed in vari-
us retinal cellular types.40-42 Hence, local release of adenosine
nd/or ATP may be responsible for the observed increase of
etinal glucose, which may counteract the effects of hypogly-
emia. Accordingly, it has been shown that acute hypoglycemia
auses a compensatory increase in retinal blood flow in pigs,
hich is mediated by adenosine.43 Adenosine also promotes the
ydrolysis of glycogen retinal stores,44 which can also be
egarded as a compensatory response to hypoglycemia. Acting
t A2 receptors (and via activation of protein kinase A), aden-
sine may also acutely increase the functional expression in the
lasma membrane of a SGLT-like Na�/glucose cotransporter45

n the retina. The results of the in vitro study by Vilchis and
alceda11 provide evidence that retinal glucose transport is also
ediated by a Na�/glucose cotransporter, because these inves-

igators found that most of the in vitro 2-DG uptake by the rat
etina was both sodium-dependent, being inhibited by 90% in
odium-free medium, and energy-dependent, being inhibited
5% by iodoacetate. They also found that 2-DG uptake was
nly partially inhibited by the facilitative glucose transporters
nhibitors, phloretin and cytochalasin B. Thus, in addition fa-
ilitated-diffusion GLUT transporters,46-48 a Na�/glucose co-
ransporter appears to be operating in the retina. The activity of
his cotransporter may also be increased by hypoglycemia
irectly, ie, through the decrease of the retinal extracellular
lucose concentration. Nishizaki and Matsuoka49 have found
hat facilitated-diffusion GLUT transporters (GLUT1) and a
GLT-like Na�/glucose cotransporter are coexpressed in brain
rtery endothelial cells and that acute (1 hour) exposure to low
lucose concentration enhances the activity of the SGLT-like
a�/glucose cotransporter, leading to an increase of 2-DG
ptake by the SGLT-like glucose transporter. The enhancement
f the cotransporter activity appears to be mediated by decrease
f cytosolic glucose. SGLT1 Na�-glucose cotransporter is also
xpressed in brain neurons; it appears to be inactive under
ormal conditions, being activated during metabolic stress,
hen the interstitial glucose concentration may decrease far
elow the Km value of GLUT3.50 Hypoglycemia may therefore
ncrease the retinal cotransporter activity by causing a decrease
f the retinal extracellular glucose concentration.
The hypoglycemia-induced increase of sympathetic outflow

nd norepinephrine release51,52 may also contribute to the 2-DG
ptake stimulation. Norepinephrine, which has been found in
he retina within the sympathetic neurons innervating the eye
rom the superior cervical ganglion,53 is known to stimulate
-DG uptake by astrocytes.54,55 This effect is mediated by
rachidonic acid.54 which can be released by norepinephrine
ia activation of �- or �-adrenergic receptors,56-59 which are
oth present in the retina.60

Protocol B experiments show that the increase of retinal

-DG uptake can occur also after a brief period (10 to 20
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1282 ROMANELLI ET AL
inutes) of moderate hypoglycemia. In these experiments,
etinal [3H]-radioactivity levels and [3H]-[R/VH] only in-
reased above control values in the “high responder” rabbits,
hose glycemia was lower than 2.8 mmol/L for at least 2

onsecutive plasma glucose determinations (ie, for at least 10
inutes), while in the “mild responders” group retinal [3H]-

adioactivity levels and [3H]-[R/VH] values were the same as
n control rabbits. Hence, a threshold value of glucose levels
ay exist, below which the mechanism responsible for the

ncrease of retinal [3H]-2-DG uptake rate is activated.
The results of normoglycemic hyperinsulinemic rabbits

howed that the increase of plasma insulin levels did not
ontribute to the stimulation of 2-DG caused by insulin-in-
uced hypoglycemia. This finding contrasts with stimulation of
etinal 2-DG uptake elicited by insulin in the rat retina in
itro11; possible explanations are the limited ability of insulin

19
o cross the blood-retinal barrier and the possibly altered o
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