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Glial Cells Transform Glucose to Alanine, which Fuels the Neurons in

the Honeybee Retina

M. Tsacopoulos,' A.-L. Veuthey,' S. G. Saravelos,’ P. Perrottet,’ and G. Tsoupras?

'Experimental Ophthalmology Laboratory, University of Geneva, School of Medicine, and 2Hewlett-Packard (Switzerland),

1211 Geneva 4, Switzerland

The retina of honeybee drone is a nervous tissue with a
crystal-like structure in which glial cells and photoreceptor
neurons constitute two distinct metabolic compartments. The
phosphorylation of glucose and its subsequentincorporation
into glycogen occur in glia, whereas O, consumption (QO,)
occurs in the photoreceptors. Experimental evidence showed
that glia phosphorylate glucose and supply the photorecep-
tors with metabolic substrates. We aimed to identify these
transferred substrates. Using ion-exchange and reversed-
phase HPLC and gas chromatography—-mass spectrometry,
we demonstrated that more than 50% of *C(U)-glucose en-
tering the glia is transformed to alanine by transamination
of pyruvate with glutamate. In the absence of extracellular
glucose, glycogen is used to make alanine; thus, its pool
size in isolated retinas is maintained stable or even in-
creased. Our model proposes that the formation of alanine
occurs in the glia, thereby maintaining the redox potential
of this cell and contributing to NH, homeostasis. Alanine is
released into the extracellular space and is then transported
into photoreceptors using an Na+-dependent transport sys-
tem. Purified suspensions of photoreceptors have similar
alanine aminotransferase activity as glial cells and transform
14C-alanine to glutamate, aspartate, and CO,. Therefore, the
alanine entering photoreceptors is transaminated to pyru-
vate, which in turn enters the Krebs cycle. Proline also sup-
plies the Krebs cycle by making glutamate and, in turn, the
intermediate a-ketoglutarate. Light stimulation caused a
200% increase of QO, and a 50% decrease of proline and
of glutamate. Also, the production of *CO, from '*C-proline
was increased. The use of these amino acids would sustain
about half of the light-induced AQO,, the other half being
sustained by glycogen via alanine formation. The use of
proline meets a necessary anaplerotic function in the Krebs
cycle, but implies high NH, production. The results showed
that alanine formation fixes NH, at a rate exceeding gluta-
mine formation. This is consistent with the rise of a glial pool
of alanine upon photostimulation. In conclusion, the results
strongly support a nutritive function for glia.
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A number of diverse functions have been attributed to glial
cells, most of which contribute to the satisfactory functioning
of the neurons (for review, see Barres, 1991). We have provided
evidence supporting the hypothesis that glial cells transform
metabolic substrates from the blood and supply neurons with
metabolites (Tsacopoulos et al., 1988). This is a modified ver-
sion of Golgi’s original hypothesis made popular by Kuffler and
Nicholls (1976). Indeed, Golgi (1903) considered the possibility
that glial cells “serve to distribute nutrient substances” to the
neurons, but in the formulation of his idea there is no notion
of molecular transformation of substrates. A related but distinct
notion is that substrate is stored in the glia, which can release
it to the neurons when necessary. Thus, histological observa-
tions showed that glial cells contain considerable amounts of
glycogen and that glycogen can be almost depleted by 1 min of
ischemia or hypoxia (Lowry et al., 1964; Lajtha et al., 1981; for
citations, see Sorg and Magistretti, 1992). However, the nature
of the substrate used is unknown and it remains to be proven
that the substrate is not entirely consumed by the glial cells
themselves. An interesting hypothesis of metabolic interaction
is the so-called “‘glutamate-glutamine cycle,” proposing that
astrocytes transform glutamate to glutamine, which fuels the
neurons (for review, see Hertz et al., 1983). However, the strong-
est support of this hypothesis is based on work performed on
cultured astrocytes (see Erecinska and Silver, 1990), and its
generality from the functional point of view has been recently
questioned (Yudkoff et al., 1992).

We have subjected the nutritive glial function hypothesis to
experimental investigation using the honeybee drone retina as
a model. It is a nervous tissue with a crystal-like structure com-
prising only one type of neuron, the photoreceptor, which di-
rectly responds to light stimulation, and one type of glial cell,
the outer pigment cell (Perrelet, 1970). The separation of met-
abolic functions (oxidative metabolism and carbohydrate me-
tabolism) between these cells is exceptionally complete. Pho-
toreceptor cells are devoid of glycogen and contain a large number
of mitochondria all arranged at the periphery of the cells in close
apposition to the plasma membrane (Tsacopoulos et al., 1987)
In contrast, glial cells are filled with glycogen and contain very
few mitochondria (see Fig. 84 in this article and Fig. 1 in Dim-
itracos and Tsacopoulos, 1985). In retinal slices superfused for
several hours with oxygenated Ringer solution without meta-
bolic substrate, photoreceptors consume large quantities of O,
(QO,) in the dark and during photostimulation (Tsacopoulos et
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al., 1981; Tsacopoulos and Poitry, 1982). Maintenance of this
QO, requires the oxidation of large amounts of carbohydrate,
which were found to be stored in the form of glycogen in the
glial cells (Evéquoz et al., 1983; Tsacopoulos et al., 1983, 1987;
Evéquoz-Mercier and Tsacopoulos, 1991). In addition, glial cells
are the principal cellular site for the phosphorylation of glucose
to glucose-6P (Tsacopoulos et al., 1988; Brazitikos and Tsa-
copoulos, 1991), in accordance with enzymatic measurements
demonstrating predominant hexokinase activity in the glial cells
(Veuthey et al., 1994). Therefore, it is most probable that glucose
is not the substrate used by photoreceptors and that glial cells
transform glucose or glycogen to glucose-6P, which is further
metabolized to substrates for subsequent transfer to photore-
ceptors (Tsacopoulos et al., 1988; Evéquoz-Mercier and Tsa-
copoulos, 1991). We aimed to identify these transferred sub-
strates. In this report we demonstrate that glucose is transformed
to alanine, probably in glial cells, and we propose that alanine
and proline fuel the mitochondria of the photoreceptors.

Materials and Methods

Preparation of retinal slices

The experiments were done on ~250-um-thick slices of the retina of
the honeybee drone Apis mellifera prepared as already described (Tsa-
copoulos and Poitry, 1982; Tsacopoulos et al., 1987; Brazitikos and
Tsacopoulos, 1991).

Incubation with labeled substrates

Freshly cut retinal slices were transferred in a plastic microincubator
(see Fig. 1 in Evéquoz-Mercier and Tsacopoulos, 1991) and incubated
60 min in darkness in Ringer solution (in mm: 270 NaCl, 10 KCl, 10
MgCl,, 1.6 CaCl,, and 10 HEPES buffer at pH 7.4) containing one of
the following radioactive substrates (Amersham, UK): about 350 um
glucose (100 uCi/ml of p-U-“C-glucose; 286.9 mCi/mmol); 75 um or
1.25 mm alanine (L-U-"C-alanine; 160 mCi/mmol); 375 um proline (L-
U-#C-proline; 266 mCi/mmol); 187 um glutamate (L-U-'*C-glutamate;
266 mCi/mmol); or 31 um pyruvate (1-*C-pyruvate; 32 mCi/mmol).
During incubation the solution was stirred by a jet of pure moist oxygen
ensuring good oxygenation throughout the retina as checked with an
O,-sensitive microelectrode (see Tsacopoulos et al., 1981). At the end
of incubation, slices were rinsed for 1 min in substrate-free Ringer
solution to remove labeled substances adhering to the tissue surface.
Then retinal slices were either directly frozen in a chilled propane—
isopentane mixture or further incubated following two protocols: (1) in
experiments where incubation medium was analyzed, retinal slices were
further incubated for 30 min in the same conditions but with substrate-
free Ringer solution; (2) retinal slices were placed in the superfusion
chamber described by Tsacopoulos and Poitry (1982) and superfused
with fully oxygenated substrate-free Ringer solution for different periods
of time. The calculation of the concentrations of various compounds
was made as described previously (Tsacopoulos et al., 1988; Brazitikos
and Tsacopoulos, 1991) by taking the wet weight of the retina to be
4.4x dry weight.

Preparation of slices for chromatographic analysis

Frozen retinal slices were lyophilized, dissected from the optic lobe at
the level of the basal membrane (see Fig. 3 in Tsacopoulos et al., 1987,
Fig. 2 in Brazitikos and Tsacopoulos, 1991), weighed (~120 ug per
retina), and homogenized by sonication in 100 ul of H,O. The homog-
enate was then deproteinized (100°C for 5 min) and filtered (Millipore
Ultrafree-MC, 0.1 um).

“C-alanine uptake and incubations under light stimulation

Slices were first fixed with low-melting-point wax (Eicosan, Fluka, Swit-
zerland) on a hemicylindrical support made from stainless steel (radius,
3.5 mm; thickness, 2.5 mm) in such a way that the retinas were exposed
to Ringer solution from both faces and then transferred to the super-
fusion chamber (see Fig. 2 in Tsacopoulos et al., 1981; Fig. 2 in Tsa-
copoulos and Poitry, 1982). The superfused retina was dark adapted
for 30 min and then tested for good functioning by measuring light-
induced AQO, and the receptor potential with microelectrodes as de-

scribed in previous detailed accounts (Tsacopoulos and Poitry, 1982;
Tsacopoulos et al., 1983, 1987). Poorly responding retinas were dis-
carded. Following the test, the retina attached to the support was trans-
ferred to the loading well made from plexiglass and bathed in 80 ul of
fully oxygenated Ringer solution carrying '*C-alanine. All manipulations
were performed under 614 nm light that has no detectable electrical or
metabolic effects on the drone retina (see also Jones and Tsacopoulos,
1987), but allows good visual control. The slices were bathed for various
periods of time (maximum of 60 min) in the dark or under repetitive
flashes of white light attenuated by 1 log unit. Due to the fact that the
retina was exposed to the O, flux from both faces there was no devel-
opment of anoxic cores during photostimulation (see Tsacopoulos et
al., 1981; Tsacopoulos and Poitry, 1982). At the end of a given exper-
imental period the slice was withdrawn from the well under 614 nm
light, washed in oxygenated Ringer solution for 1 min, and frozen. The
frozen retina was processed as described above for chromatographic
analysis. In some experiments the Na* in the bathing solution was
replaced by choline.

#CQO, measurements

The '*CO, production from U-'*C-glucose, U-'“C-alanine, and U-“C-
proline was measured in a novel microincubator made of glass. The
slice fixed on the hemicylindrical support was immersed in 200 gl of
Ringer solution carrying the labeled substrate in which 100% O, was
microbubbled. The outlet was connected to a glass tube containing
Hyamine-impregnated filters (1 ml). The '“CO, collected on the Hy-
amine filter was measured by scintillation counting in 1 ml of methanol
and § ml of liquid scintillation cocktail (Ultima Gold, Packard Instru-
ment Co.).

Measurements of oxygen consumption

The QO, in the dark and during repetitive or continuous light stimu-
lation was measured with O,-sensitive microelectrodes using the quan-
titative method described in great detail in previous reports (Tsaco-
poulos et al., 1981; Tsacopoulos and Poitry, 1982).

High-pressure liquid chromatography (HPLC) analysis

Carbohydrate analysis. We used a modified version of our method
described in Evéquoz-Mercier and Tsacopoulos (1991): in this study
two ion-exchange columns (Aminex HPX 87H, Bio-Rad Laboratories,
Richmond, CA) in series were used at 50°C and at a flow rate of 0.5
ml/min. The elution solvent was 5 mm of H,SO,. A refractive index
detector was used (Erma ERC-7515A, Erma Inc., Tokyo, Japan) on line
with a fraction collector (Helifrac 2212, Pharmacia LKB, Uppsala, Swe-
den). The method for enzymatic identification of the trehalose peak has
been described in a previous report (Evéquoz-Mercier and Tsacopoulos,
1991). In addition, the identity of glucose-6P peaks was confirmed as
follows. The fraction corresponding to the peak having the same elution
time as standard glucose-6P was collected, using H,O as mobile phase,
frozen, and lyophilized. The residue was dissolved in 110 ul of Na-
acetate buffer (pH 6.57) containing 6 mg of glucose-6 phosphatase (Sig-
ma 0.083 unit/mg prot) and incubated for 20 min at 37°C. The reaction
was stopped by heating at 100°C for 5 min and the deproteinized sample
was analyzed again by HPLC. Under these conditions the peak of *C-
glucose-6P was reduced by more than 80% and the peak of “C-glucose
was increased proportionally. The peak collected as described previously
was also used to determine the total retinal content of glucose-6P by
measuring the NADPH product in the presence of glucose-6P dehy-
drogenase, using a fluorometric method according to Lowry and Pas-
sonneau (1972). Identification of the pyruvate peak was checked by
altering its elution time by changing the pH of the elution solvent.
Amino acid analysis. We used three chromatographic methods for
amino acid analysis of the homogenates. In the first method we used
an ion-exchange column (Aminex HPX-87C; Bio-Rad Laboratories,
Richmond, CA) at 65°C and at constant flow rate of 0.6 ml/min (linear
pump Irica T 871, Irica Instruments Inc., Kyoto, Japan) with 5 mm of
Ca(NO,), (pH 5.5). This is a modified version of the method described
by Favre et al. (1990), and does not require derivatization, which would
have been impaired by the high concentration of tons in the bathing
solution (see below). It was also convenient to use H,O as the mobile
phase for further identification in the gas chromatography-mass spec-
trometry (GC-MS) system (see below). In the second method we used
a reverse-phase column (Spherisorb 3 um, ODS2, HPLC Technology,
Macclesfield, Cheshire, UK) at room temperature and at a flow rate of



1.5 ml/min (pump 420 from Kontron Instruments AG, Zurich, Swit-
zerland) and a Chrom-A-Scope UV detector (BarSpec, Rehovot, Israel)
on line with a fraction collector. The derivatization of amino acids was
made with phenylisothiocyanate (PITC) as described recently by Fier-
abracci et al. (1991). As an internal standard we used homocysteine
(250 um). The elution solvent was 3% acetonitrile in 0.1 M ammonium
acetate. These isocratic conditions were sufficient to allow a good sep-
aration of glutamate, alanine, -alanine, and proline, four amino acids
of major interest in this study. Further identification of alanine and
proline was achieved using combined liquid chromatography-mass
spectrometry (LC-MS): a Hewlett-Packard 1090 liquid chromatograph
was coupled to an HP 5989 mass spectrometer equipped with a ther-
mospray interface. The data system was the computer HP 9000 Serial
425t (Hewlett-Packard, Palo Alto, CA). The experiment was done as
follows: several lyophilized retinal slices were microdissected, weighed,
and pooled together. The homogenate was chromatographed using an
ion-exchange column and H,O as mobile phase. The putative fractions
corresponding to alanine and proline peaks were collected and lyophi-
lized. The residue was dissolved in H,O and injected in the HPLC
column (RP-18, 125 x 4.0 mm, 5 um) of the LC-MS system. The elution
was carried out using a gradient program from 0.1 M ammonium acetate
solution (adjusted to pH 4.5 with glacial acetic acid) to 30% methanol
in 0.1 M ammonium acetate solution in 10 min at a flow rate of 1 ml/
min. The mass spectrometric conditions were as follows: stem temper-
ature was held at 100°C, tip temperature at 260°C, source temperature
270°C, and filament electron energy 950 eV. Under these conditions
the mass spectral data of the isolated compounds from the retinal ho-
mogenates were in agreement with those obtained for standard com-
pounds. '

The third method was also based on reversed phase chromatography
with precolumn derivatization with ortho-phthaldehyde and fluores-
cence detection (Turnell and Cooper, 1982), using HP 1090 liquid chro-
matography system (Hewlett-Packard, Palo Alto, CA). For the detection
of proline, dansyl derivatization was used. This third method was used
to confirm the concentration of amino acids obtained with the UV
method.

Detection of '*N enrichment of amino acids

15N isotopic abundance in amino acids was determined by a GC-MS
system (Hewlett-Packard, Palo Alto, CA). Slices of drone retina 300 um
thick were incubated individually in Ringer solution carrying 10 mm
L-5N-glutamate (95% purity, Cambridge Isotope Laboratories, Wo-
burn, MA) for 60 min. Each corresponding homogenate was analyzed
by ion-exchange HPLC amino acid analysis as described above and all
peaks of interest were collected individually; the fractions corresponding
to the same peak were pooled. The pooled eluates were lyophilized and
the trimethylsilyl derivatives of the putative amino acids formed with
N,O-bis(trimethylsilyltrifluoroacetamide (Regisil RC-2, Supelco) were
analyzed by GC-MS. Similar derivatization methods were described by
Erecinska et al. (1988). Determination of "N enrichment was carried
out by monitoring the characteristic fragment ions (M-CH,)* and [M-
COOSi(CH,),]*, both containing the amino group of the molecule, in
the selective ion monitoring mode. The ratios of ions M+ 1/M are shown
in Table 2. An HP 5890A gas chromatograph was coupled to an HP
5989 mass spectrometer operating in the electron impact mode. A cap-
illary column HP-1 (25 m, 0.22 uym i.d., and 0.32-um-thick film) was
used with He as carrier. Under these conditions electron impact spectra
and retention times of isolated amino acids from homogenates were
identical to those of the reference compounds.

Cellular dissociation of the retina

A 400-500-um-thick slice was made, and while it was bathed in ice-
cold oxygenated Ringer solution most of the brain tissue was removed
using a combination of suction with a polished micropipette and mi-
crodissection with sharpened fine forceps. Then the retina, still tightly
attached to the cornea, was transferred to the glass microincubator
described above and bathed at room temperature for 20-30 min in 300
ul of continuously oxygenated Ringer solution containing 3 mg/ml of
pronase (Calbiochem). This treatment completely detached the cornea,
which was removed. Then the retinal tissue was carefully transferred to
an Eppendorf tube and washed with fresh ice-cold Ringer solution for
10 min. After that it was exposed to 400 ul of 0-Ca?+/0-Mg?* Ringer
solution containing 0.3% bovine serum albumin (BSA) (no EGTA was
used) and triturated very slowly 10 times using a fire-polished Pasteur
pipette. The time of exposure to this solution did not exceed 3 min.
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The volume of the solution was made up to 1 ml by adding normal
Ringer solution containing 0.3% BSA and trituration pursued very gent-
ly 10 more times. Care was taken to withdraw inside the Pasteur pipette
as much volume as possible, avoiding, however, air bubbles. This pro-
cedure was optimum in our hands for the yield of large numbers of
visually intact clusters of photoreceptors (see Fig. 74). This procedure
allows the isolation of groups of several glial cells attached together at
the corneal extremity, It was possible to obtain individual glial cells by
more extensive and vigorous trituration. However, such trituration broke
almost all photoreceptors. Following trituration the suspension of cells
was spread on a BSA-coated coverslip mounted on an inverted micro-
scope and the cells were collected with fire-polished micropipettes of
the type shown in Figure 7G, connected to a specially designed hydraulic
system equipped with precision microdrives, allowing very delicate and
precise suction of the cells. The tip diameter of the micropipettes for
the collection of the clusters of photoreceptors was 25 um and for glial
cells 50 um. In a given suspension only photoreceptors or only glial cells
were collected. The collected cells were extruded in a drop of 10 ul of
Tris-HCI buffer solution (10 mMm) containing 0.25 M sucrose and 1 mm
EDTA (pH 7.4). Several drops were pooled and frozen in liquid N, until
enzymatic analysis. Despite many attempts, we failed to separate the
two cell types using a continuous Percoll gradient similar to that used
to isolate glial Miiller cells from mammalian retinas (Poitry-Yamate
and Tsacopoulos, 1992). One reason for the failure could be that the
photoreceptors and glial cells of the drone retina are the same length.

Biochemical measurements

The kinetic determination of alanine aminotransferase (ALAT) was
performed enzymatically using a standard kit of reactants (Enzyline,
Bio-Mérieux, France) and a fully automatic, computer-assisted spec-
trophotometer (Hitachi 717, Japan). The ALAT activity was measured
in homogenates of intact retinas, of mixed suspensions of dissociated
cells, isolated photoreceptors, and glial cells and subcellular fractions.
The method of subcellular fractionation will be described in a forth-
coming report (Veuthey et al., 1994). Milliunits of enzymatic activity
(mU) are defined as nanomoles of product formed per minute.

Glycogen content was measured using a slightly modified version (see
Evéquoz et al., 1983) of the fluorometric micromethod described by
Nahorski and Rogers (1972).

Protein concentration was measured using the bicinchoninic acid pro-
tein assay kit, Sigma procedure TPRO-562 (Smith et al., 1985).

Electrical recordings

The current recording shown in Figure 7G was obtained as follows. Cell
suspension prepared as described above and bathed in Ringer solution
of the following composition: NaCl 229 mm; KCl, 10 mm; MgCl,, 10
mum;, CaCl,, 1.6 mm; L-aspartic acid (monosodium), 10 mm; L-glutamic
acid (monosodium), 10 mwm; alanine, 20 mmm; proline, 20 mm; glutamine,
2 mm; and HEPES, 10 mm (pH 7.43). An aliquot of this suspension
was then placed in the recording chamber on the microscope stage. The
field in the chamber containing the cells was viewed using an infrared
television system attached to the microscope as described in Fein and
Tsacopoulos (1988) and one cluster of photoreceptors was selected for
recording. The selected cluster was sucked into a tight-fitting glass re-
cording pipette that was connected to the input of a conventional patch-
clamp amplifier (List EPC7, Germany). For more details, see Cornwall
et al. (1983). Light from a dual beam optical bench was focused onto
the preparation from below by a microscope objective, which replaces
the microscope condenser (see Fein and Tsacopoulos, 1988). The light
spot normally used for the stimulation of small cells (vertebrate rods)
illuminated only part of the cluster.

Electron microscopy

The electron micrograph shown in Figure 84 was prepared by Dr. A.
Perrelet as described in Perrelet (1970). The electron micrographs shown
in Figure 8, B and C, were prepared by Dr. O. Baumann at the Institut
of Zoology, University of Regensburg, Germany. The photoreceptors
were isolated as described above and fixed in 4% paraformaldehyde and
3.5% glutaraldehyde in 0.1 M Na-cacodylate (pH 7.4) for 3 hr at room
temperature. The preparation was postfixed for 1 hr at 4°C by adding
1% tannic acid, and then washed three times for 5 min in 0.1 M Na-
cacodylate (pH 7.4) and exposed to 1% OO, in 0.1 M Na-cacodylate
for 2 hr at room temperature. The specimens were stained en bloc with
2% aqueous uranyl acetate, dehydrated in a graded ethanol series, and
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Figure 1. Fate of U-"“C-glucose in the drone retina after 60 min of

incubation. 4 and C are HPLC chromatograms of retinal homogenates,
and B and D of bathing solutions analyzed after 30 min of washing in
substrate-free Ringer solution. The chromatograms 4 and B were made
with an ion-exchange column of the H+ form, while C and D were made
with the Ca2* form. In D the beginning of the chromatogram was omit-
ted (elution of trehalose and glucose) to show better the amino acids of
interest. Trh, trehalose.

embedded in Epon. Ultrathin sections were poststained with uranyl
acetate and lead citrate, and observed in a Zeiss EM10 electron micro-
scope (Baumann, 1992).

Results

The fate of U-"*C-glucose in retinal slices
Carbohydrate metabolites. Following incubation for 60 min in
the presence of U-'“C-glucose, retinal slices were analyzed by
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Figure 2. A, Effect of light stimulation on glial glycogen content. Ret-
inas were superfused with oxygenated Ringer solution either substrate-
free (middle and lower traces) or containing 30 mm of glucose (upper
frace) in order to mimic the glucose concentration in the hemolymph
of living bees. B, darkness; OJ, light stimulation. The error bars are SEM.
Each point is the average value from 6-~10 retinas. The two straight
lines, middle and lower, were calculated taking the QO, values measured
in other preparations and assuming that glycogen was the only metabolic
fuel. B, Trehalose content decreased as a function of time of superfusion
in darkness with substrate-free Ringer solution. Each point is the average
value from 10 retinas. Light stimulation had no significant effect on this
decrease (not shown).

ton-exchange HPLC to determine the labeled intracellular car-
bohydrate metabolites. Besides U-“C-glucose, the principal peaks
in the chromatogram coincided with those of *C-glucose-6P
("*C-glucose-1P), 1*C-trehalose, and “C-a-ketoglutarate (Fig. 14).

Table 1. Amino acids in the retina
Conditions Ala Pro Glu Gln Asp Tau BAla Arg
Fresh, not superfused 11.1 43.1 27.7 1.97 324 422 12.9
(£0.57) (x£1.55) (£1.0) (x0.27) (=4.6) (x2.1) ND
N=35 N=35 N=35 N=5 N=35 N=35 N=1
60 min in solution carrying 12.4 26.1 12.7 2.2 11.0 26.4 4.66 2.62
U-"“C-glucose (dark) (+£0.57) (£1.37) (£0.38) (+0.20) (£0.74) (£1.46) (£0.33) (£0.15)
N=12 N=10 N=10 N=10 N=10 N=11) N=11 N=13
60 min in solution carrying 20.7 10.9 3.2 3.9 11.1 26.8 5.1 3.5
U-“C-glucose (light) (£0.85) (£0.40) (£0.60) (£0.47) (x£1.5) (£2.9) (+0.04) (£0.52)
N=35 N=35 N=35§ N=35 N=5 N=35 N=35 N=5
60 min in solution carrying 13.9 32,5 13.0 1.95 12.6 28.3 4.4 2.5
14C-proline (dark) (£0.55) (x3.9) (+£1.73) (+0.6) (+£1.96) (£2.7) (£0.72) (£0.30)
N=4 N=4 N=4 N=4 N=4 N=4 N=4 N=4
135 min superfusion in 27.5 1.84 5.3 2.2
substrate-free Ringer (+2.0) (+£0.83) (£0.72) (x£0.19) ND ND ND ND
solution N=4 N=4 N=4 N=4

Data are from measurement of amino acid concentrations (in mm, +SEM, N = number of retinal slices) in the drone retina under different conditions. The concentrations
were calculated by measuring the area under the absorbance peaks (see e.g., Fig. 3). ND, not determined.
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Figure 3. Analysis of total amino acid of a retinal homogenate using
reversed-phase HPLC and precolumn derivatization with PITC. The
retinal slice was 300 um thick (160 ug dry weight).

The identities of glucose-6P and trehalose were confirmed as
described in Materials and Methods. In previous experiments
we have shown that under identical experimental conditions
only 1-2% of total radioactivity was incorporated in glycogen
(Tsacopoulos et al., 1988; Evéquoz-Mercier and Tsacopoulos,
1991). Trehalose was by far the most important labeled car-
bohydrate, carrying 30% of the total radioactivity incorporated
in the retina. The concentration of this disaccharide was mea-
sured in freshly dissected retinas and found to be variable (2.5—
17 mm). When the retinas were bathed in Ringer solution car-
rying 10 mm trehalose, the internal concentration of trehalose
equilibrated with the external one (not shown). The presence of
10 mm trehalose in the incubation medium did not inhibit the
synthesis of trehalose from U-*C-glucose. After 1 hr, 6-7% of
the intracellular trehalose pool was labeled. In the absence of
added metabolic substrate, the intracellular concentration of
trehalose dropped to approximately 2.5 mm after 2 hr of su-
perfusion (Fig. 2B). Since the glycogen pool size slightly de-
creased after 2 hr in substrate-free Ringer solution (Fig. 24), it
appears that part of the intracellular trehalose was used for the
maintenance of that pool. Labeled trehalose was also released
from the cells in the incubation medium (Fig. 1B).

Another major labeled molecule is glucose-6P, which was not
entirely separated from the putative glucose-1P (Fig. 14). Ex-
trapolation of the “C-glucose-6P peak to the base line gave an
average value of radioactivity under the peak of 20,836 cpm/
ulretina (£2315 SEM, N = 3), or the equivalent of 37 um labeled
glucose-6P. The total intracellular concentration of glucose-6P
in the superfused retina was 62 uM (£4.96 SEM, N = 12), so it
follows that about 60% was labeled. This high specific radio-
activity is consistent with a molecule that is intensively metab-
olized and not stored. The H+ ion-exchange column separated
the carbohydrate metabolites but was inadequate for the com-
plete analysis of the fate of U-“C-glucose because 35% of the
labeled material was not eluted.

Amino acids. Using the Ca?+ ion-exchange column, more than
90% of the labeled material in the homogenate was eluted from
the column after 40 min. About 50% of the total radioactivity
was found in alanine (Fig. 1C). The identification and purity of
the alanine peak was confirmed unambiguously by mass spec-
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Figure4. Analysis of labeled amino acids of retinal homogenates using
reversed-phase column HPLC and precolumn derivatization with PITC
for the study of metabolism of the indicated labeled substrates following
60 min of incubation. Fraction collection, at the outlet of the UV de-
tector (see Fig. 3), was made every 15 sec. Each collection was counted
individually and the lines were traced by computer. The nonderivatized
carbohydrates are eluted at the front of the chromatogram. In D the
carbohydrate peak was collected and analyzed with H+* ion-exchange
column. Several Krebs cycle intermediates were eluted (see Results).

trometry as described in Materials and Methods. Hence, the
major radiolabeled product of U-*C-glucose is alanine. After
60 min of incubation in Ringer solution carrying 330 um of
U-"C-glucose as sole substrate, the retina had accumulated the
equivalent of 1.16 mm **C-alanine (£0.04 SEM, N = 9). Re-
verse-phase chromatography allowed excellent separation and
sensitivity for the measurement of the concentrations of the
various amino acids found in the retina (Fig. 3). The measured
values are listed in Table 1. We estimate that 10.8% (+0.8, N
= 9) of the intracellular alanine was labeled after 60 min of
exposure to U-"*C-glucose. Other labeled amino acids found
with this chromatographic method were mainly glutamate but
also aspartate and glutamine (Figs. 1C, 44). Only 0.5% (+0.02%
SEM, N = 8) of total glutamate (see Table 1) was labeled from
U-“C-glucose. The correlation of the chromatograms of Figure
3 and Figure 44 made from the same sample using reverse-
phase HPLC showed that proline, taurine, and arginine were
not labeled from U-'*C-glucose. In addition, it is noteworthy
that about 7% of the radioactivity was collected in the form of
14CQ,, corresponding to the production of 33 nmol of “CO,
(ml of retina)~'-min~' (£2.8 SEM, N = 9).

Classically alanine is considered to be formed from glucose
by transamination of pyruvate. Experiments were carried out
under conditions where glycolysis and therefore the formation
of pyruvate is inhibited by 3 mm iodoacetate (IAA). Chro-
matographic analysis of homogenates of retinas incubated with
U-14C-glucose and exposed to IAA for 45 min (a period nec-
essary to reduce light-induced AQO, by more than 90%; see
Tsacopoulos et al., 1987; Brazitikos and Tsacopoulos, 1991)
showed that IAA suppressed the formation of '“C-alanine from
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14C-glucose (Fig. 54) and reduced the concentration of alanine
by 53.5% (mean of three experiments). The biochemical effects
of IAA are reported in detail in a forthcoming report (S. G.
Saravelos and M. Tsacopoulos, unpublished observations); no-
tice, however, in the chromatogram of Figure 54 the higher
level of “C-glucose and '“C-trehalose, which is consistent with
the inhibition of the phosphorylation of glucose previously ob-
served (Brazitikos and Tsacopoulos, 1991; Poitry-Yamate and
Tsacopoulos, 1992). The formation of '“C-alanine was pre-
served when the labeled carbohydrate in the superfusate was
14C-pyruvate (Fig. 5B), indicating that ALAT was active despite
the presence of IAA. Consistent with this interpretation, when
the retinas were superfused with pyruvate (5 mm), IAA did not
reduce alanine (about 11 mm).

Chromatographic analysis of the bathing fluid

When the bathing solution is not renewed, as in the experiments
reported in this section, a molecule released in the extracellular
space and not taken up by other cells should accumulate in the
bath. Following loading with U-'“C-glucose for 60 min, slices
were transferred to the glass microincubator containing 200 ul
of Ringer solution continuously oxygenated and bathed in the
dark for 30 min. Subsequently, the bathing solution was sub-
jected to HPLC analysis for '“C-labeled carbohydrates and ami-
no acids. We found '“C-trehalose and '*C-glucose but, as ex-
pected for phosphorylated compounds, no '“C-glucose-6P or
14C-glucose-1P was released (Fig. 1B). Further, no “C-a-keto-
glutarate was detected (Fig. 1B). All labeled amino acids found
in the retina were also released and accumulated in the medium
(Fig. 1.D): “C-alanine was by far predominant, representing 69.0%
(£2.3 SEM, N = 6) of the labeled amino acids in the medium,
followed by glutamate (20.0% =+ 2.4 SEM, N = 6). After 30 min
the retina had released the equivalent of 216 umol of '*C-labeled
alanine and 56 umol of '*C-labeled glutamate per liter of retina
in the extracellular space.

Transmembrane transport of *C-alanine and utilization by
mitochondria

Figure 6 shows an approximately linear accumulation of U-'4C-
alanine in the retina as a function of time. After 60 min the
retina had accumulated about 384 um of U-#C-alanine, showing
that alanine entered the cells against a concentration gradient.
As shown in Figure 6, at least 50% of this transport is Na+*
dependent. During superfusion with 0-Na* Ringer solution, Na*

25 30 35 40 5 10 15 20 25 30 35 40
elution (min)

in the photoreceptors falls rapidly and remains lower than ex-
tracellular Na+ for at least tens of minutes. The glial cells, which
initially have a relatively high Na*, slowly lose Na* and it is
presumably for this reason that Na+* in the extracellular clefts
does not fall below about 1 mwm (Coles and Orkand, 1985).
Hence, in 0-Na+ Ringer solution, Na+-coupled transport shouid
be effective into the photoreceptors but not the glial cells.

Chromatographic analysis of homogenates of retinas that had
been incubated in Ringer solution carrying “C-alanine showed
that there was formation of labeled 8-alanine, glutamate, as-
partate, glutamine, possibly pyruvate, and a-ketoglutarate (Fig.
4B).

We examined also whether alanine could provide a substrate
for oxidative metabolism. A 60 min incubation of retinal slices
in oxygenated Ringer solution carrying 1.25 mm of U-*C-ala-
nine yielded 170 nmol (£5.33 SEM, N = 9) of “CO, (m! of
retina)~!-min~! in the dark. Presumably alanine is converted
to pyruvate, which, since it enters the Krebs cycle, does not
accumulate. Hence, the drone retina can take up and consume
alanine.

Alanine biosynthesis

We have documented that the major part of U-*C-glucose is
converted to “C-alanine. The next question concerned the iden-
tification of the amino acid used in the transamination process
of pyruvate to alanine. Figure 4D shows that '“C-glutamate was
transported into the cells and transformed to “C-glutamine, "C-
alanine, and '*C-g-alanine. The compounds eluted in the front
of the chromatogram are Krebs cycle intermediates including
a-ketoglutarate, malate, and succinate. Slices were incubated in
medium containing *N-glutamate (10 mm) for 60 min and then
processed as described in Materials and Methods for GC-MS
analysis after derivatization. The objective was to monitor rel-
ative changes in the ratio of 'N/"*N in various isolated amino
acids. As shown in Table 2, mass spectrometry showed an iso-
topic enrichment (**N/*N) of alanine of about 8% due to the
transamination reaction of '*N-glutamate (representing 20% of
the total concentration) with pyruvate. Proline showed no sig-
nificant enrichment (0.6%), whereas aspartate was not enriched
under these conditions (not shown) (for calculation, see Rosen-
blatt et al., 1992). The fact that the ratio of labeling in intra-
cellular glutamate/extracellular glutamate was not ~1 means
that the system had not reached a steady state after 60 min. We
expect that following longer incubations with *N-glutamate the
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Figure 6. Effect of Na* replacement by choline* on the uptake and
accumulation of '“C-alanine. Retinas were incubated with 75 um U-14C-
alanine in Ringer solution containing 270 mm NaCl (W), or 270 mm
choline chloride (1)),

interconversion of ’N-glutamate to '*N-proline and possibly to
1sN-aspartate should be more evident than that appearing in the
lower part of Table 2. Such experiments, however, are out of
the scope of the present study.

The enzyme that catalyzes the transamination of pyruvate to
alanine is ALAT. We measured an activity in drone retina of
538 mU/mg prot (32 SEM, N = 6). About 77.5% of this
activity was recovered in the cytoplasmic subcellular fraction
(Veuthey et al., 1994). The mitochondrial and the microsomal
fractions contained 17% and 9% of the total cellular content,
respectively.

Cellular site of alanine transamination. Retinas were disso-
ciated to their cellular constituents, glial cells and clusters of
photoreceptors, which can easily be identified under the micro-
scope (see Fig. 74, B). Examination of photoreceptors under the
electron microscope showed that the clusters were completely
stripped off from their glial envelope (Fig. 8B). Even the fin-
like glial processes that normally fill the clefts between adjacent
photoreceptors were removed by the trituration (Fig. 8C). Clus-
ters were tested for viability by pulling them into a close-fitting
suction pipette and measuring the light-induced transmembrane
current. Light flashes caused changes in current (Fig. 7G), in-
dicating that at least some photoreceptors were preserved. We
made purified suspensions of each cell type by collecting, with
a suction micropipette, either photoreceptors or glial cells (about
250 clusters/hr). The cell collection time did not exceed 30 min.
Usually, two or three retinal slices yielded a sufficient amount
of cells for ALAT measurement. When the measurement was
made in mixed suspensions of cells immediately following the
dissociation procedure, the ALAT activity was close to that
found in intact slices, namely, 454 mU/mg-protein (+10.9 SEM,
N = 4). In purified suspensions the activity was lower: 280 mU/
mg-protein in the glial cells and 240 mU/mg-protein in the
photoreceptors. The isolation procedure led to a loss of ALAT
activity, possibly because squeezing of cells during suction partly
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Table 2. Stable isotopic enrichment measured by GC-MS analysis
after derivatization

Alanine Proline Glutamate

Tons

M-117)+ 117/116 143/142 247/246

(M-CH,) 219/218 245/244 349/348
TMS-derived amino acids

Theoretical (calculated) 19.60 21.80 30.30

Unenriched standards 21.50 22.50 29.50

Isolated peaks 30.10 23.10 53.60

Excess labeling (%) 7.9 0.6 19.4

M was the characteristic fragment ion in the trimethylsilyl (TMS) amino acid
electron impact spectra containing the amino group of the molecule. “Ions” refers
to the characteristic ions of TMS-amino acids used for calculation of the isotopic
enrichment. “TMS-derived amino acids™ refers to isotopic ratio (%) of ions (M-
CH,).

permeabilized the cells, causing some loss of cytoplasm. If we
assume that the loss of activity we found was similar in the two
kinds of cell, then the results show that the activities were sim-
ilar,

The metabolic effects of light stimulation

Figure 9 shows that light flashes evoked a biphasic increase of
QO,: a peak of about 80 ul O,-gm~!-min-! was followed by a
steady state plateau of about 65 ul O,-gm~'-min—' (see also
Tsacopoulos and Poitry, 1982). With continuous light (left trace),
the amplitude of the transient phase was higher but the plateau
phase was markedly lower (Fig. 9). This is probably due¢ to a
strong light adaptation. Hence, in order to induce maximum
metabolic effect we used stimulation with flashes. As shown in
Figure 24, a long-lasting stimulation with light flashes caused
a significant decrease in glycogen content. After 2 hr of stimu-
lation in the absence of added substrate, glycogen decreased
significantly (about 14 mg/gm-tissue). However, this decrease
is less than that predicted if only glycogen had been used to
sustain QO, (Fig. 24). Repetitive stimulation for 30 min did
not modify trehalose content (not shown). The same stimulation
induced only a 30% increase of “*CO, production from “C-
glucose.

The effects of light stimulation on amino acid metabolism

There was a clear and consistent effect of photostimulation on
the level of several amino acids. As shown in the histogram of
Figure 104, the greatest effects were a 51% (P = 0.001) decrease
in the concentration of proline and 48% (P < 0.005) decrease
of glutamate. There was a concomitant 56.8% (P < 0.001) in-
crease in the concentration of alanine. The small increase of
aspartate and glutamine was not statistically significant. The
amino acids that were labeled after incubation are shown in
Figure 10B and, on expanded ordinate scale, in Figure 10C.
Light caused an increase in labeling of glutamine and a decrease
of '“C-glutamate; on the contrary, the pool size of '*C-alanine
was not significantly affected by light stimulation. It appears
that photostimulation increases both the uptake and the utili-
zation of '*C-alanine. The utilization was undoubtedly increased
because during repetitive stimulation the *CO, production from
U-"“C-alanine increases by more than 60% (average from five
slices).

The effect of light on proline shown in Figure 10 is of particular
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Figure 7.  A-D, Isolated clusters of photoreceptor cells (4 and B) and glial cells (C and D) from the honeybee drone retina. Both are the cellular
constituents of one ommatidium schematically presented (E). Scale bar, 100 um. The cluster in A still has its lens attached (labeled cc in E). In
such cases the clusier was not collected for enzymatic measurements. Each ommatidium is made of about 25 glial cells (g in E), which envelop
the six large photoreceptors constituting the cluster (p in E). In C almost the entire glial group of one ommatidium was isolated. Glial cells remained
tightly attached mainly at the proximal (lens) side, but without the photoreceptors and the lens. This can easily be verified under the microscope
during the cell collection procedure. Occasionally, individual glial cells or smaller clusters composed of two or three glial cells, as in D, were also
collected for enzymatic analysis. As shown in E, only the axons (a) of the photoreceptors cross the basal membrane (bm) and make synapses in
the optic lobe (not shown). These axons were in part sectioned during the isolation procedure. F, A photoreceptor cluster is sucked into a tightly
fitting recording pipette. Scale bar, 25 um. G, Light-induced currents were recorded (in response to 40 msec flashes of white light. SM, stimulus
monitor. The cluster in F was photographed on the video monitor on which the image was projected by means of an infrared video camera. It is
conspicuous that the cluster comprises a group of tightly packed individual photoreceptors that twist with respect to the longitudinal axis. Because
the light spot illuminated only a small part of the cluster (see Materials and Methods), it is difficult to interpret rigorously the direction of the light-

J AL AL

induced currents underlying the responses shown in G. The same response was elicited several times and in several clusters.

interest because this amino acid has been considered as a mi-
tochondrial fuel in flight muscles of insects, and honeybees in
particular (see Barker and Lehner, 1972), and its concentration
in the drone retina is very high (Table 1). As shown in Table
1, the concentration of proline in the retina decreases signifi-
cantly during superfusion or bathing in substrate-free Ringer
solution. After 2 hr the decrease was about 80%. Incubation of
retinal slices with "“C-proline (375 um) for 60 min led to the
intracellular accumulation of the equivalent of 1.2 mm of *C-
proline. This corresponds to a small specific radioactivity (see
Table 1). The chromatogram presented in Figure 4C shows that
the amino acids labeled from '“C-proline were glutamate, and
to a lesser degree glutamine. The estimated specific radioactivity
of glutamate under these conditions was 2.81% (+0.019 SEM,
N = 5), about six times higher than after incubation with U-*C-
glucose. The incubation of retinas in Ringer solution carrying
260 um of *C-proline as sole added substrate produced “CO,.
The rate of '*CO, appearance increased over the first period of

the incubation and after about 80 min in darkness reached a
maximal steady state rate of 165 nmol (+6.2 SEM, N = 6) of
4CO, (ml of retina)~'-min—!. This steady state repetitive stim-
ulation of the retina for 20 min induced a further 60% rise in
the rate of '“CO, production (five retinas). Hence, '“C-proline
is oxidized by the mitochondria of the drone retina.

Discussion

Our work supports the following model of metabolic interac-
tions between glial and photoreceptors cells in the bee retina
(Fig. 11). Glucose is phosphorylated to glucose-6P in the glial
cells (Tsacopoulos et al., 1988; Brazitikos and Tsacopoulos,
1991) and is subsequently incorporated into trehalose and gly-
cogen (Fig. 1; Evéquoz-Mercier and Tsacopoulos, 1991), as well
as metabolized to pyruvate, which in turn is transaminated to
alanine. Our model proposes that alanine formation occurs in
the glial cell. This is supported by the following results. Glial
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Figure 8. A, Electron micrograph showing a cross section through part of an intact drone retina, perpendicular to the long axes of photoreceptor
cells. Each photoreceptor (Ph) contributes microvilli to the rhabdom (R#h), where rhodopsin is located. The photoreceptors contain many mito-
chondria and well-developed vacuole-like submicrovillar cisternae (SMC), a type of endoplasmic reticulum, having a high Ca content (Baumann
et al.,, 1991). The surrounding glial cells (G/) contain almost no mitochondria and send fin-like processes (arrows) between the photoreceptors
almost to the rhabdom. Tracheoles (fr) run parallel to the axes of the photoreceptors. This section is near the middle of the ommatidia (see Fig.
7E) and photoreceptors occupy more of the space. The photoreceptor is about 15 um across. B and C, Micrographs of isolated photoreceptor
clusters (retinulae). The section in B is proximal to the crystalline cone (see Fig. 7E), since the nucleus (N) is present and the rhabdom is small
(see details in Perrelet, 1970). In this part of the retina glial cells occupy more space than photoreceptors. Glial cells are completely removed by
the isolation procedure; however, some membrane fragments of glial cells remain attached close to the site where photoreceptors make contacts

(arrowheads). The section in C is distal to that in B. The photoreceptors are larger, and no glial cells are present. Even the fin-like processes have
been removed.

cells contain very few mitochondria (see Fig. § and Dimitracos consumption (Brazitikos and Tsacopoulos, 1991). The bee ret-
and Tsacopoulos, 1985) and therefore glycolysis in these cells ina, like the flight muscle (Sacktor, 1975), does not produce
probably proceeds anaerobically, particularly during photosti- lactate (Fig. 1). Hence, to sustain the redox potential and to
mulation, which increases considerably their rate of glucose reoxidize NADH to NAD+, which are necessary to maintain
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Figure 9. The effect of light on oxygen consumption (QQO,) by retinal slice. The induced changes in PO, were measured with two microelectrodes,
one at the superfused surface of the slice and one 150 um deep in the tissue. The thickness of the slice was ~300 um. QO, was calculated from
PO, using fast Fourier transforms as described in Tsacopoulos and Poitry (1982). The retina was superfused in the absence of substrate and was
dark adapted for 30 min. [t was then stimulated, first with continuous light (/eft), and, following 30 min in the dark, with successive 30 msec flashes
of white light (see Jones and Tsacopoulos, 1987) presented to the retina every 5 sec. STP is “standard temperature and pressure.”

the glycolytic flux in glial cells, pyruvate is transaminated to
alanine through the action of ALAT and NADH is converted
to NAD+ by further amination of the produced a-ketoglutarate
through the reaction of glutamate dehydrogenase (GDH) (Fig.
11). Also, ALAT and GDH could function in tandem to directly
oxidize NADH and fix ammonia according to the equation
demonstrated in vitro by Fahien et al. (1971):
ALAT

pyruvate + NADH + NH,; —— alanine + NAD+* + H,O
GDH
(1

However, since our experiments with *N-glutamate showed
that glutamate is a nitrogen donor for the transamination of
pyruvate to alanine, the pyruvate/glutamate transamination is
included in the model (Fig. 11).

In support of this tandem reaction, we observed that alanine
synthesis depends on the integrity of glycolysis, since the glyc-
eraldehyde-3-phosphate dehydrogenase inhibitor IAA sup-
pressed the formation of "“C-alanine from U-'*C-glucose and
reduced the pool size of alanine by more than 50%. Under
normal superfusion, alanine was the only amino acid whose
intracellular pool was maintained stable or even increased in
the absence of added metabolic substrate (Table 1). The glycogen
reserve was probably used under this condition (Fig. 2).

The alanine synthesized in the glia is released into the extra-
cellular space and is then transported into photoreceptors (Fig.
11). Consistent with this hypothesis are the absence of special-
ized contacts for the passage of molecules between the mem-
branes of glial and photoreceptors cells (Perrelet, 1970) and our
results showing an uptake of “C-alanine by a Na*-dependent
membrane transport mechanism like in mammalian cells (see
Christensen, 1990).

Following its entry in the photoreceptor, alanine is transa-
minated to pyruvate, the acetyl residue of which in turn enters
the Krebs cycle in the mitochondria (Fig. 11). Three lines of
experimental evidence support this notion: first, the transfor-
mation of *C-alanine to glutamate, aspartate, and CQO,; second,
the presence of ALAT in isolated photoreceptors (possibly an
isoform of glial ALAT operating with different pK; see Ruscak
et al., 1982) completely stripped of their glial envelope (Fig.

8B); and third, photostimulation induced an increase in the
consumption of “C-alanine in the photoreceptor since “CO,
production increased by more than 60%.

Our model proposes proline as a second substrate for the
Krebs cycle (Fig. 11). The following three sets of experimental
data are consistent with this view: proline produced glutamate,
which in turn enters the Krebs cycle as a-ketoglutarate (Fig. 4).
Light stimulation caused a strong decrease of both proline and
of glutamate. Using isolated mitochondria from the drone retina
we observed that proline in the presence of pyruvate and absence
of ADP and «a-glycerol-phosphate sharply accelerated O, con-
sumption (M. Prentki and M. Tsacopoulos, unpublished ob-
servations). Finally, the production of “CO, from '*C-proline
was similar to that from '“C-alanine and light stimulation caused
a 60% rise in '*CO, production from "“C-proline or '*C-alanine.
Sacktor and Childress (1967) found that the mitochondrial
membrane of flight muscle of bumble bees is permeable to pro-
line but not to glutamate. This may also be the case in the
honeybee retina. Indeed, light stimulation induces in inverte-
brate photoreceptors a massive Ca?* rise and simultaneously a
AQO, (Levy and Fein, 1985; Fein and Tsacopoulos, 1988). This
occurs by activation of mitochondrial enzymes, accelerating, in
turn, the rate of utilization of glutamate made from proline
inside the mitochondria. Since the drone retina does not syn-
thesize proline from glycogen (bees take proline from pollen;
Auclair and Jamieson, 1948), the pool size of proline (and also
of glutamate) decreased by 10 mu in the stimulated superfused
retina (Fig. 10). The use of proline in the Krebs cycle appears
necessary in view of the following results: during photostimu-
lation, the QO, of the retina in steady state is on average 62 ul
0,/cm?-min. This corresponds to approximately the production
of 33.2 mmol of ATP per liter of photoreceptor per minute,
whose major part is used for a fundamental function: pumping
Na* out of the photoreceptor (Fig. 9; Tsacopoulos and Poitry,
1982; Tsacopoulos et al., 1983; Coles and Orkand, 1985). For
such a large production of ATP, the supply of acetyl-CoA to
the Krebs cycle from pyruvate would not be sufficient and Krebs
cycle intermediates, although used catalytically in the cycle, may
become limiting upon light stimulation unless they rise. There-
fore, it appears likely that Krebs cycle intermediates must be



increased in an anaplerotic reaction catalyzed by GDH during
photostimulation. However, we do not exclude other anapler-
otic reactions such as increased flux through pyruvate carbox-
ylase yielding oxaloacetate. However, since light stimulation did
not induce a decrease in the pool size of aspartate, we did not
explore this function in detail.

The strong effect of light stimulation on proline utilization
(10 mm decrease) implies high production of NH; (Fig. 11). The
reaction contributing to NH, fixation in mammalian nervous
tissues is glutamine formation that uses ATP. In our model
alanine formation also fixes NH, (see also Eq. 1). Our results
showed that this reaction exceeds glutamine formation. The
functional implications of this could be that in this way the
mitochondria-poor drone glial cells preserve their ATP pool,
and as shown in the Results increase their alanine pool size
upon photostimulation. This increase is interpreted as follows.
The model (Fig. 11) proposes a glial site for alanine biosynthesis
and a photoreceptor site for its utilization, implying the exis-
tence of two pools of this amino acid. Indeed, using a one
compartment model of first-order reaction kinetics (Rodiguin
and Rodiguina, 1964) and some reasonable assumptions, name-
ly, that the concentrations of reactants are in steady state and
that the glycolytic flux is just sufficient to sustain the oxidative
metabolism, we calculated that the expected concentration of
14C-alanine after a 60 min incubation with “C-glucose should
be about 3.7 mm. This is about three times more than found
experimentally, thus supporting the hypothesis of two separate
pools of alanine, Consequently, the result showing an increase
of the pool size of alanine upon photostimulation indicates that
synthesis of alanine in the glia by stimulated glycolysis exceeds
the utilization of the photoreceptor pool. This excess in synthesis
already described by previous authors in a variety of mam-
malian and insects cells (Treherne, 1960; Sacktor and Wormser-
Shavit, 1966; Shimadaet al., 1973; Chapman et al., 1977; Sand-
ers and Kon, 1992; Yudkoffet al., 1992) is plausible according
to our model for NH, homeostasis. It is of interest then that
Coles et al. (1988) found a light-induced transient alkalinization
in the extracellular space of the drone retina. Also, photosti-
mulation causes a transient increase in the extracellular NH,
concentration of about 100 uM, indicating traffic of NH, between
photoreceptor and glial cells (J. A. Coles, personal communi-
cation).

The principal information emerging from this article is that
in a nervous system with a crystal-like structure, glial cells trans-
form glucose to alanine, which in turn fuels the photoreceptor
neurons. We suggest that this finding is of general neurobiol-
ogical interest. Previous authors paid little attention as to the
functional significance of alanine formation in the brain (see
Erecinska and Silver, 1990). However, Yudkofl et al. (1986)
found in cultured astrocytes an important flux of nitrogen from
glutamate to alanine corresponding to a net alanine synthesis.
They proposed that alanine released from astrocytes is utilized
by neurons to synthesize glutamate (Yudkoffet al., 1986), whereas
we would suggest that in higher eukaryotes alanine may actually
be the substrate that feeds the neurons to sustain their energy
needs. In this context it is worth mentioning that the pool size
of free alanine in the rat brain slices is 0.8 mM (about 15-fold
lower than in the bee retina), increasing to about 6 mm after 2
hr incubation with 10 mm glucose (Cory and Rose, 1969). On
the contrary, the pool size of alanine in octopus optic lobe is
closer to that found in the bee and it is relatively little altered
after incubation with glucose. Hence, in a varietv of nervous
tissues at least part of glucose is transformed to alanine.
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Figure 10. Effect of repetitive light stimulation on the cellular content
of various amino acids. 4, Total concentrations. The hatched and open
bars represent values measured in dark-adapted and light-stimulated
retinas, respectively. Each value is the mean = SEM of at least five
retinal slices. B, Labeling after incubation in '*C-alanine. Proline was
not labeled from “C-alanine and therefore is not included in this graph.
The graph in C is plotted with an expanded vertical scale as compared
to B. In each homogenate made from one retinal slice the total con-
centration and the labeled fractions were measured.

In conclusion, the results reported here strongly support a
nutritive function for glia and that in the drone retina metabolic
coupling between glial and photoreceptor cells is mediated by
alanine. Further work is needed to establish the validity of the
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drone retina model and it would be of interest to determine
whether other nervous tissues use alanine for their metabolic
interactions.
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