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PURPOSE. The balance of neuronal excitation and inhibition is important for proper retinal
signaling. A previous report showed that diabetes selectively reduces light-evoked inhibition
to the retinal dim light rod pathway, changing this balance. Here, changes in mechanisms of
retinal inhibitory synaptic transmission after 6 weeks of diabetes are investigated.

METHODS. Diabetes was induced in C57BL/6J mice by three intraperitoneal injections of
streptozotocin (STZ, 75 mg/kg), and confirmed by blood glucose levels more than 200 mg/dL.
After 6 weeks, whole-cell voltage-clamp recordings of electrically evoked inhibitory
postsynaptic currents from rod bipolar cells and light-evoked excitatory postsynaptic
currents from A17-amacrine cells were made in dark-adapted retinal slices.

RESULTS. Diabetes shortened the timecourse of directly activated lateral GABAergic inhibitory
amacrine cell inputs to rod bipolar cells. The timing of GABA release onto rod bipolar cells
depends on a prolonged amacrine cell calcium signal that is reduced by slow calcium
buffering. Therefore, the effects of calcium buffering with EGTA-acetoxymethyl ester (AM) on
diabetic GABAergic signaling were tested. EGTA-AM reduced GABAergic signaling in diabetic
retinas more strongly, suggesting that diabetic amacrine cells have reduced calcium signals.
Additionally, the timing of release from reciprocal inhibitory inputs to diabetic rod bipolar
cells was reduced, but the activation of the A17 amacrine cells responsible for this inhibition
was not changed.

CONCLUSIONS. These results suggest that reduced light-evoked inhibitory input to rod bipolar
cells is due to reduced and shortened calcium signals in presynaptic GABAergic amacrine
cells. A reduction in calcium signaling may be a common mechanism limiting inhibition in the
retina.
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Neurons generate appropriate responses to environmental
cues rapidly and efficiently by the propagation of electrical

signals using synaptic transmission—the regulated release of
neurotransmitters from vesicles at the synapse. Ca2þ is a vital
component of neurotransmitter release as it is involved in
several steps preceding, during, and after release. Ca2þ release
from internal stores can augment neurotransmitter release long
after the termination of the initial stimulus. Disruptions in
neuronal Ca2þ signaling are commonly reported in several
neurologic disorders.1 Previous studies have shown dysfunc-
tional Ca2þ signaling in neurons in diabetes,2–6 but the effects
on neurotransmitter release remain unclear.

Diabetic retinopathy is a common complication of diabetes
and the leading cause of blindness in working-age adults.7

Recent studies showed changes in retinal neurons indicating
that diabetic retinopathy is a neurologic disease.8–10 Given that
one of the earliest reported symptoms of diabetic retinopathy is
reduced night vision,10 changes in the rod pathway that detects
dim light are of particular interest. In the rod pathway, light is
detected by rod photoreceptors that transmit the signal to rod
bipolar cells using glutamate.11 Rod bipolar cells release
glutamate onto inhibitory amacrine cells that limit the output
of the rod pathway by releasing GABA or glycine onto rod
bipolar cell terminals.12 There is accumulating evidence for
diabetes-induced neuronal dysfunction in the rod pathway.

ERGs from diabetic patients have shown changes in oscillatory
potentials, which represent signaling between bipolar and
amacrine cells, under scotopic (dim light) conditions when the
rod pathway is highly active.13–15 Diabetes also reduces light-
evoked inhibition from GABAergic amacrine cells in the rod
pathway due to reduced GABA release.16 However, the
mechanisms underlying the changes in GABA release are not
understood.

Rod bipolar cells receive two distinct types of GABAergic
amacrine cell-mediated inhibition—feedback and lateral inhibi-
tion. Feedback inhibition comes from A17 amacrine cells that
are reciprocally activated by rod bipolar cell glutamate release
mainly onto Ca2þ-permeable AMPA receptors.17 Lateral inhibi-
tion comes from other nonreciprocal GABAergic amacrine
cells.18,19 Previous studies have shown that GABA release
underlying both lateral and feedback inhibition is inherently
asynchronous.18,20 This type of prolonged release is dependent
on a global increase of intracellular Ca2þ that occurs after initial
Ca2þ entry, and mediated by Ca2þ–induced Ca2þ release
(CICR).17,20–22 In diabetic mice, A17 AMPA receptors (R) have
reduced Ca2þ permeability.23 Diabetes also compromises Ca2þ

signaling in sensory neurons.24–26

Given these reports of dysfunctional Ca2þ signaling in
diabetes, we hypothesized that reduced amacrine cell GABA
release in the rod pathway is due to a decrease in Ca2þ
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availability in early diabetes. However, the full-field light
stimulus used in the previous study activated multiple retinal
neurons, so changes in many different neurons could
contribute to reduced inhibition.19 To determine if this
decrease was due to inherent amacrine cell dysfunction,
amacrine cell inputs to rod bipolar cells were directly activated
using an electrical stimulus in the inner plexiform layer near
the amacrine cell-rod bipolar cell synapse.18,20 The streptozot-
ocin (STZ) mouse model of type 1 diabetes was used to induce
diabetes as it makes it possible to study the neuronal response
of individual neurons and the STZ rodent model shows similar
effects of diabetes on neurons to those seen in human diabetic
patients.14,27 The analysis focused on inputs onto GABACRs
because it is the largest component of rod bipolar cell
inhibition28 and determined if diabetes is directly changing
the timing and Ca2þ sensitivity of amacrine cell release.

METHODS

Animals

Animal protocols were approved by the University of Arizona
Institutional Animal Care and Use Committee and conformed
to the guidelines of the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research. C57BL/6J male mice (The
Jackson Laboratory, Bar Harbor, ME, USA) 11 weeks of age
were used for all experiments. Animals were housed in the
University of Arizona animal facility and given the National
Institutes of Health-31 rodent diet food and water ad libitum.

Induction of Diabetes

Five-week-old male mice were fasted 4 hours and then injected
intraperitoneally with either streptozotocin (STZ, 75 mg/kg
body weight) dissolved in 0.01 M pH 4.5 citrate buffer or
citrate buffer vehicle for 3 consecutive days.16,29 Cages were
assigned randomly to STZ or control. Body weight and urine
glucose were monitored weekly using urine glucose test strips.
Six weeks postinjections, mice were fasted 4 hours and blood
glucose was measured using the OneTouch UltraMini blood
glucose monitoring system (OneTouch UltraMini, LifeScan;
Milpitas, CA, USA). STZ-injected animals with blood glucose
200 mg/dL or less were eliminated from the study.

Retinal Slice Preparation

Retinal slices were prepared 6 weeks after injections. For
experiments measuring reciprocal feedback inhibitory post-
synaptic currents (IPSCs) and light-evoked excitatory postsyn-
aptic currents (EPSCs), retinal slices were prepared from mice
dark-adapted overnight and infrared illumination was used
during dissections to preserve the light sensitivity.16,30 For
experiments recording electrically stimulated rod bipolar cell
inhibitory currents, retinal slices were prepared under light-
adapted conditions. Briefly, eyes were enucleated from mice
killed using carbon dioxide, corneas and lenses removed,
eyecups incubated in extracellular solution with hyaluronidase
(800 units/mL) for 20 minutes, and retinas removed. The retina
was trimmed, mounted onto filter paper, and sliced into 250-
lm slices.

Solutions and Drugs

Extracellular solution used as a control bath for dissection and
whole cell recordings was bubbled with a mixture of 95%/5%
O2/CO2 and contained (in mM) the following: 125 NaCl, 2.5
KCl, 1 MgCl2, 1.25 NaH2PO4, 20 glucose, 26 NaHCO3, and 2
CaCl2. The intracellular solution used for measuring reciprocal

feedback inhibitory currents contained (in mM) the following:
120 CsGluc, 1 MgCl2, 10 HEPES, 0.1 EGTA, 10 TEA-Cl, 10
phosphocreatine-Na2, 4 Mg-ATP, 0.5 Na-GTP, and 50 lM Alexa
Fluor 488 (Invitrogen, Carlsbad, CA, USA) and was adjusted to
pH 7.2 with CsOH. The intracellular solution in the recording
pipette used for measuring rod bipolar cell electrically evoked
(e)IPSCs and light-evoked A17 amacrine cell EPSCs contained
(in mM) the following: 120 CsOH, 120 gluconic acid, 1 MgCl2,
10 HEPES, 10 EGTA, 10 TEA-Cl, 10 phosphocreatine-Na2, 4 Mg-
ATP, 0.5 Na-GTP, and 50 lM Alexa Fluor 488 and was adjusted
to pH 7.2 with CsOH.

Antagonists were used to isolate receptor input. SR95531
(20 lM) was used to block GABAARs, TPMPA ([1,2,5,6-
Tetrahydropyridin-4-yl]methylphosphinic acid hydrate; 50
lM) was used to block GABACRs and strychnine was used to
block glycineRs (500 nM when isolating GABAARs and 1 lM
when isolating GABACRs). EGTA-acetoxymethyl ester (AM; 50
lM; Invitrogen) was used to increase intracellular Ca2þ

buffering. After recording baseline eIPSCs, EGTA-AM was
applied to the bath for 5 minutes prior to recording and was
present throughout the duration of recording. All antagonists
were applied to the slice by a gravity-driven superfusion system
(Cell Microcontrols, Norfolk, VA, USA) at a rate of approxi-
mately 1 mL/min. Chemicals were from Sigma-Aldrich Corp.
(St. Louis, MO, USA), unless otherwise indicated.

Whole-Cell Recordings

Whole-cell voltage clamp recordings from rod bipolar and
amacrine cells were made as previously described.16,18 Retinal
slices on glass cover slips were placed in a custom chamber
and heated to 328C by temperature controlled thin stage and
inline heaters (Cell Microcontrols). For rod bipolar cell
reciprocal feedback (f)IPSCs and A17 amacrine cell light-
evoked (l)EPSCs, whole-cell voltage-clamp recordings were
made from dark-adapted retinal slices under infrared illumina-
tion at 328C.18,30 Electrically evoked rod bipolar cell inhibitory
currents were recorded under light-adapted conditions at 328C.

eIPSCs were recorded from rod bipolar cells clamped at 0
mV, the reversal potential for currents mediated by nonselec-
tive cation channels. Rod bipolar cell axon terminals were
identified morphologically by visualizing Alexa fluorescence
using an Intensilight fluorescence lamp and Digitalsight camera
controlled by Elements software (Nikon Instruments, Tokyo,
Japan).18 Rod bipolar cell eIPSCs were elicited by delivering a
1-ms, 4- to 20-lA stimulus every 60 seconds through a
stimulating pipette placed near rod bipolar cell axon terminals
by an S48 stimulator (Grass, Warwick, RI, USA) with attached
PSIU6 photoelectric isolation unit (Grass). Rod bipolar cell
reciprocal feedback inhibitory postsynaptic currents (fIPSC)
were elicited every 60 seconds by a 250-ms step depolarization
from a holding potential of �60 mV to 0 mV. Light-evoked
inhibitory postsynaptic currents (L-EPSCs) were recorded from
A17 amacrine cells clamped at �60 mV, the reversal potential
for Cl� channels.

For all recordings, borosilicate glass electrodes (World
Precision Instruments, Sarasota, FL, USA) had resistances of 5
to 7 MX and the series resistance during recordings was
typically 10 to 20 MX. Liquid junction potentials of 20 mV
were corrected prior to recording. Responses were filtered at 5
kHz using a four-pole low-pass Bessel filter on an Axopatch 200
B amplifier (Molecular Devices, Sunnyvale, CA, USA). The
response was digitized at 10 kHz using a Digidata 1440A data
acquisition system (Molecular Devices) and Clampex software
(Molecular Devices). Alexa fluorescence was imaged at the end
of each recording to confirm rod bipolar cell31 and A17
amacrine cell30,32 morphology.
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Light Stimulation

Full-field light stimuli were generated by a light-emitting diode
(LED, kpeak ¼ 523 nm) projected through the microscope
camera port onto the retina. The light stimuli used were
calibrated (photons/lm2/s) and converted to rhodopsin
isomerizations per second using a collecting area of 0.5
lm.33 Light intensity and duration (30 ms) were controlled
by varying the current through the LED.

Data Analysis and Statistics

Traces of IPSCs/EPSCs for each condition were averaged using
Clampfit (Molecular Devices). The peak amplitude, charge
transfer (Q), and decay to 37% of the peak (D37) were
determined. Q was measured over the time of the response,
using the same parameters for each condition in the same cell.
The timecourse and amount of transmitter release–mediating
evoked and reciprocal IPSCs were calculated with custom
written Matlab software (MathWorks, Natick, MA, USA).
Release functions were calculated by convolution analy-
sis16,18,34 using the relationship:

e=fIPSCðtÞ ¼ releaseðtÞ � sIPSCðtÞ ð1Þ
such that

release tð Þ ¼ F�1
F e

fIPSC tð Þ

h i

F sIPSC tð Þ½ � ð2Þ

where sIPSC(t) is the average spontaneous GABACR or
GABAAR-mediated IPSC recorded from rod bipolar cells under
adapted conditions16 and F and F�1 represent the Fourier
transform and inverse Fourier transform of the function,
respectively. Data were down sampled from 10 to 1 KHz and
smoothed using a moving average filter (20 points). The
software calculated vesicle release from current-time curves by
performing deconvolution of the average rod bipolar cell
GABAAR or GABACR-mediated current evoked by a single
vesicle release (sIPSC[t]).16,18,28 The deconvolution was
performed by dividing the fast Fourier transform (FFT) of the
single-vesicle release into the FFT of the evoked response (e/
fIPSC[t]) and again smoothed similar to the initial current trace.
The resulting release traces were analyzed in Clampfit to
determine the number of vesicles released (area under the
curve) and the D37. The first 100 ms after the initial stimulus
that included the peak was used for the early phase of release.
The late phase was release from 100 ms until the response
returned to baseline.18

For the rod bipolar cell fIPSC and eIPSC experiments,
unpaired Student’s t-tests (abbreviated as t-test throughout)
were used to compare values across two groups of cells. For
eIPSCs, data were normalized to GABACR-mediated input per
cell. For L-EPSCs, the log of the data were compared with two-
way repeated measures ANOVAs to compare values between
conditions across light intensities. Pairwise comparisons at
each intensity were made using the Student-Newman-Keuls
(SNK) post hoc test. Reported P values reflect the main

treatment effect of STZ unless otherwise indicated. Differences
were considered significant when P � 0.05. All data are
reported as mean 6 SEM.

RESULTS

Diabetic Mice Blood Glucose and Body Weight

The fasting blood glucose was significantly higher in STZ
treated mice (409 6 27 mg/dL, n ¼ 12 mice than in control
mice (142 6 9 mg/dL, n ¼ 12 mice; P < 0.0001 t-test). The
body weights of diabetic and control mice were 20.6 6 0.3 and
24.2 6 0.4 g (P < 0.0001 t-test), respectively.

Early Diabetes Shortens Release Timecourse From
GABAergic Amacrine Cells

eIPSCs were recorded from rod bipolar cells. We previously
found18,20 that the eIPSCs reflect input from GABAergic
amacrine cells that form nonreciprocal lateral inhibitory
connections with rod bipolar cells, because they are
insensitive to blocking AMPA receptors that are required
for bipolar cell glutamate release to activate amacrine cells20

and are blocked by tetrodotoxin,20 which would not affect
reciprocal A17 amacrine cells that do not have action
potentials.32,35–37 GABACR eIPSCs from control cells had a
prolonged response that lasted much longer than the 1-ms
stimulus (Table 1; Fig. 1A).18,20 However, GABACR eIPSCs
were less prolonged in rod bipolar cells from 6-week diabetic
mice. The D37 for GABACR eIPSCs measured in diabetic cells
was briefer than that measured in control cells (Table 1; Fig.
1B; P ¼ 0.0006 t-test). In diabetic cells, the charge transfer
(Fig. 1C) was on average reduced, but the difference was not
statistically significant (P ¼ 0.07). The peak amplitude (P ¼
1.0) was similar between control and diabetic cells.
Deconvolution analysis (Equations 1, 2) was used to estimate
the timecourse of GABA release that underlies the
eIPSCs16,20,28,34 (Fig. 1D). The prolonged timecourse of
GABACR eIPSCs in control cells was due to prolonged GABA
release18,20 (Fig. 1E). In diabetic cells, the timecourse of
GABA release onto GABACRs was reduced (P ¼ 0.008) but
there was no difference in the total amount of vesicle release
(P ¼ 0.8, Fig. 1F).

Asynchronous release from lateral amacrine cells can
occur in two phases—an early phase with a peak in the first
100 ms after a stimulus, and a late phase that occurs after 100
ms until the response returns to baseline.18 Under normal
conditions, GABA release onto rod bipolar cell GABACRs
occurs predominantly during the late phase. Although the
timecourse of GABA release onto GABACRs from diabetic
amacrine cells is shortened, the amount of vesicle release is
unchanged. It is possible that more release is occurring
during the early phase to compensate for reduced asynchro-
nous release. To test this, the early and late phases of GABA
release onto rod bipolar cell GABACRs were analyzed. The
proportion of vesicle release from diabetic amacrine cells in
the early phase was significantly increased (Fig. 1G). In

TABLE 1. GABAC Receptor (R) eIPSC Values Recorded From Control and Diabetic Rod Bipolar Cells

eIPSC Q (pA*ms) D37 (ms) Peak (amp) n (Cells) Mice

Control GABACR 24855 6 6873 2088 6 338 13.5 6 2.1 7 4

Diabetic GABACR 10753 6 3733 617 6 160* 13.7 6 3.2 10 4

Data are average values of charge transfer (Q), D37, and peak amplitude.
* P < 0.001 when compared with control GABACR values (t-test).
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control cells, 7.5 6 1.2% of total GABA release onto GABACRs

occurred during the early phase. In diabetic cells the amount

increased to 14.7 6 3% (P ¼ 0.04 t-test). This was

accompanied by significantly fewer vesicles released during

the late asynchronous phase of release (P ¼ 0.04). This

suggests that reduced evoked GABA release from lateral

amacrine cells to rod bipolar cells is due to limited slow GABA

release in early diabetes.

FIGURE 1. The timing of electrically evoked GABA release onto rod bipolar cell GABACRs is shortened after 6 weeks of diabetes. (A) Representative
traces of rod bipolar cell GABACR eIPSCs evoked by a 1-ms electrical stimulus (black bar, timing not to scale) are shown. The insets show the
average sIPSCs used for deconvolution analysis and a GABAergic amacrine cell (GA) being electrically stimulated to release GABA onto GABACRs (C)
and GABAARs (A) on a recorded rod bipolar cell. Glycine (dark gray circle) and GABAARs are pharmacologically blocked (X’s) to isolate GABACR
currents. (B) The D37 was significantly faster in diabetic rod bipolar cells (n¼10 cells from 4 mice) than control (n¼7 cells from 4 mice, P¼0.0006
t-test) (C) Although the GABACR charge transfer (Q) is reduced, the difference is not statistically significant (P¼0.07 t-test) (D) Representative traces
of the timecourse of vesicle release estimated using deconvolution analysis from data in (A) are shown. (E) The average D37 of vesicle release from
diabetic cells is significantly faster than in control cells (P ¼ 0.006 t-test). (F) There is no difference in the amount of electrically evoked vesicle
release onto rod bipolar cell GABACRs (P¼ 0.77 t-test). (G) The amount of vesicle release that occurred during the early and late phases normalized
to the total amount of vesicle release from control and diabetic cells is shown. In diabetic amacrine cells, there was an increase in the amount of
vesicle release onto rod bipolar cell GABACRs that occurred during the early phase and a decrease in the amount of release that occurred during the
late phase (P ¼ 0.04 t-test). *P < 0.05, †P < 0.01.
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GABA Release From Lateral Amacrine Cells is More
Susceptible to Ca2þ Buffering in Early Diabetes

Asynchronous release from amacrine cells relies on a global
increase in intracellular Ca2þ that can be reduced by Ca2þ

buffering with the slow-acting Ca2þ chelator EGTA.19–21,38

Because GABA release is brief in diabetic amacrine cells that
inhibit rod bipolar cells, this could be due to a limitation in the
widespread increase in intracellular Ca2þ after a stimulus that is
required to support asynchronous release. This possibility was
tested by recording rod bipolar cell eIPSCs in the presence of
EGTA-AM, a membrane permeant analog of the chelator. If the
ability of diabetic GABAergic amacrine cells to increase
intracellular Ca2þ after a stimulus is impaired, then they will
be more vulnerable to Ca2þ buffering by EGTA-AM. Because the
internal solution for the rod bipolar cell recordings contained
10 mM EGTA (see Methods), adding 50 lM EGTA-AM is unlikely
to significantly alter Ca2þ buffering in the postsynaptic rod
bipolar cells.

As shown in Figure 2, EGTA-AM reduced GABACR-mediated
eIPSCs in both conditions. However, treatment with EGTA-AM
more severely affected the diabetic cells (Fig. 2B). EGTA-AM
reduced the D37 and Q in diabetic cells significantly more than
in control cells (Table 2; Fig. 2, D37 P ¼ 0.05, Q P ¼ 0.03, t-
test). The peak amplitude of GABACR eIPSCs in diabetic cells
was also decreased more by EGTA-AM in diabetic cells when
compared to those recorded in control cells (P¼ 0.004, Table
2). Consistent with these results, deconvolution analysis

showed that GABA release from diabetic amacrine cells was
more severely affected (Table 3; Fig. 3). The amount (P¼0.03),
timing (P ¼ 0.03), and peak (P ¼ 0.02) of vesicle release in
diabetic cells treated with EGTA-AM were reduced more than
in control cells. These data indicate that GABAergic amacrine
cells that form lateral connections with rod bipolar cells are
more susceptible to slow Ca2þ buffering in early diabetes, and
may indicate a lack of Ca2þ availability to support asynchro-
nous release.

Early Diabetes Decreases GABA Release at the
Reciprocal Rod Bipolar Cell-A17 Amacrine Cell
Synapse

Reduced GABA release from lateral amacrine cells after direct
activation shows diabetes reduces a large component of rod
bipolar cell inhibition. Rod bipolar cells also have reciprocal
connections with A17 amacrine cells (Fig. 4A, inset) that
require direct activation by glutamate release from rod bipolar
cells and comprise approximately 50% of rod bipolar cell
GABAergic inhibition.19,30 A recent study suggested that
diabetes reduced GABA release from A17 amacrine cells, but
did not measure inhibition directly23 or in dark-adapted
conditions where the rod pathway is more active.30

To determine if rod bipolar cell GABAergic inhibition from
A17 amacrine cells is reduced, fIPSCs were recorded from rod
bipolar cells following a 250-ms step depolarization from �60
to 0 mV in dark-adapted retinal slices. This evokes glutamate

FIGURE 2. GABACR eIPSCs are more susceptible to Ca2þ buffering by EGTA-AM in early diabetes. Representative traces of GABACR eIPSCs from
control (A) and diabetic (B) cells, before (black or gray traces) and after (blue trace) treatment with 50 lM EGTA-AM are shown. EGTA-AM
significantly decreased the eIPSC D37 (C, P¼0.05 t-test) and charge transfer (D, P¼ 0.02 t-test) of diabetic cells (n¼8 cells from 5 mice) below the
levels measured in control cells (n¼ 7 cells from 4 mice). All values are normalized to GABACR eIPSCs measured prior to applying EGTA-AM. Black

bar: 1-ms stimulus. *P < 0.05.

TABLE 2. GABACR eIPSC Values Recorded in the Presence of EGTA-AM

eIPSC Q (norm) D37 (norm) Peak (norm) n (Cells) Mice

Control GABACR EGTA-AM 27.4 6 6.4 34.2 6 5.3 63.4 6 8.9 8 4

Diabetic GABACR EGTA-AM 8.6 6 4.0* 14.2 6 7.6* 18.5 6 9.6† 8 5

Data are average values of charge transfer (Q), D37 and peak amplitude normalized (norm) to the value recorded for each cell prior to applying
EGTA-AM.

* P � 0.05 when compared with control GABACR values (t-test).
† P < 0.01 when compared with control GABACR values (t-test).
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release from the recorded rod bipolar cell that triggers GABA
release from reciprocal A17 amacrine cells (Fig. 4). The timing
of total GABAergic fIPSCs was shortened in diabetic cells (P¼
0.001 t-test, Fig. 4B; Table 4) compared with control cells.
However, the charge transfer (P ¼ 0.3) and peak (P ¼ 0.07)
were not significantly different although the peak of fIPSCs
from diabetic cells (38.2 6 5.2 pA) on average was larger than
that measured in control cells (25.1 6 4.7 pA). Unlike in lateral
rod bipolar cell inhibition, GABAARs mediate a large propor-
tion of rod bipolar cell feedback inhibition,17,36,39 so we
recorded both GABAAR- and GABACR-mediated fIPSCs. Isolated
GABAAR fIPSCs in diabetic cells had shortened timing (P ¼
0.005; Fig. 4D) and decreased charge transfer (P¼ 0.01; Table
4) compared with GABAAR fIPSCs measured in control cells.
There was no difference in the GABAAR fIPSC peak amplitude
(P ¼ 0.22). Similar to GABAAR fIPSCs, the timing of GABACR
fIPSCs was also shortened in diabetic cells (P¼0.0001; Fig. 4F).
GABACR fIPSC charge transfer was not significantly different
between control and diabetic cells (P ¼ 0.27; Table 4). The
peak amplitude of GABACR fIPSCs in diabetic cells was
increased compared with control cells (P ¼ 0.03; Table 3),
similar to the average total fIPSC, suggesting this average
increase is due to an increase in GABACR mediated input.

Deconvolution analysis of the fIPSC data was used to
determine if early diabetes compromised GABA release from
A17 amacrine cells (Figs. 5A, 5C). Previous papers showed that
GABAARs and GABACRs are clustered separately in the

retina40–42 and that GABACR are located at synapses distal to
A17 amacrine cell release sites, so they could potentially be
receiving distinct patterns of GABA release. The timing of
GABA release onto both GABAARs (P¼0.04) and GABACRs (P¼
0.02) was shortened in diabetic cells (Figs. 5B, 5E; Table 5).
The peak (P¼0.0003) and amount (P¼0.001) of GABA release
onto GABAARs was also reduced (Fig. 5C and Table 5), likely
because of the increased peak amplitude of GABAAR-mediated
spontaneous IPSCs from diabetic rod bipolar cells.16 For GABA
release onto GABACRs, the peak (P¼0.6) and amount (P¼0.9)
of release were not different in diabetic cells (Fig. 5F; Table 5).
These data show that early diabetes reduces GABA release from
A17 amacrine cells onto GABAARs is reduced and release onto
GABACRs remains intact although with increased peak and
faster timing. Because fIPSCs require glutamate release from
rod bipolar cells, it is possible that reduced A17 amacrine cell
release reflects decreased excitatory input from rod bipolar
cells. To test this, L-EPSCs from A17 amacrine cells were
recorded in dark-adapted retinal slices.

The peak amplitudes and charge transfer of L-EPSCs
measured from diabetic A17 amacrine cells (n ¼ 4 cells from
4 mice) compared with control cells (n¼ 3 cells from 3 mice)
were not different (Figs. 6B, 6D; peak: P¼ 0.7, Q: P¼ 0.8 two-
way repeated-measures ANOVA) although they were on
average reduced at all light intensities. The timing was also
not different between control and diabetic cells (Fig. 6C; P ¼
0.2). These data suggest that although subtle differences may

FIGURE 3. Electrically evoked GABA release onto rod bipolar cells GABACRs is more severely affected by Ca2þ buffering with EGTA-AM in early
diabetes. The timecourse of GABA release onto rod bipolar cell GABACRs from control (A) and diabetic (B) cells was estimated by deconvolution
analysis using the eIPSCs in Figure 2. Increased Ca2þ-buffering with EGTA-AM reduced the timing (C, P¼ 0.03 t-test) and amount (D, P¼ 0.02 t-test)
of vesicle release from diabetic cells (n¼8 cells from 5 mice) below the levels measured from control cells treated with EGTA-AM (n¼7 cells from 4
mice). All values are normalized to GABA release onto GABACRs measured prior to applying EGTA-AM. Black bar: 1-ms stimulus. *P < 0.05.

TABLE 3. Average Values for GABA Release Onto GABACRs in the Presence of EGTA-AM

Condition Vesicles (norm) D37 (norm) Peak (norm) n (Cells) Mice

Control GABA release EGTA-AM 40 6 10 47.3 6 10.7 58 6 11 8 4

Diabetic GABA release EGTA-AM 12.3 6 4.9* 14.6 6 9.4* 19.2 6 12.1* 8 5

Average values of the amount (vesicles), timing (D37), and peak of vesicle release normalized to values determined by deconvolution analysis are
shown. Values are normalized (norm) to vesicle release from each cell that occurred in the absence of EGTA-AM.

* P < 0.05 when compared with control GABA release (t-test).
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be present that decrease output of the A17 amacrine cells onto

rod bipolar cells, the differences that result in less vesicle

release onto rod bipolar cell from fIPSCs are likely to be

primarily internal to the A17 amacrine cells and not from

change in inputs.

DISCUSSION

Studies regarding visual complications of diabetes have

shown that diabetes compromises signaling between retinal

neurons. Here, we show that directly activated retinal

FIGURE 4. The timing of feedback inhibition from A17 amacrine cells to rod bipolar cells is shortened after 6 weeks of diabetes. (A) Representative
traces of GABAergic fIPSCs averaged from two responses evoked by a 250-ms step from�60 to 0 mV recorded from rod bipolar cells are shown. The
inset shows a schematic of the feedback currents, where a rod bipolar cell releases glutamate onto AMPARs (white triangle) on an A17 amacrine cell
(A17) and the A17 amacrine cell releases GABA back onto GABACRs (A) and GABAARs (E). The inset in (C) shows the average GABAAR sIPSC used
for deconvolution. (B) The D37 for total GABAergic fIPSCs was faster in diabetic cells (n¼13 cells from 5 mice) compared with control cells (n¼12
cells from 6 mice, P¼ 0.001 t-test). GABAAR (C) and GABACR-mediated (E) fIPSCs are shortened in diabetic cells (GABAAR: n¼ 11 cells, GABACR: n

¼ 9 cells) compared with control cells (n¼ 12 cells for both receptor inputs). GABACR (D, P¼ 0.0001 t-test) and GABAAR-mediated (F, P¼ 0.005 t-
test) fIPSC D37s are faster in diabetic rod bipolar cells. †P < 0.01, ‡P < 0.001.

TABLE 4. GABA Receptor fIPSC Values Mediated by A17 Amacrine Cells

Condition and

Receptor fIPSC Q (pA*ms) D37 (ms) Peak (pA) n (Cells) Mice

Control GABA 2231 6 433 93.4 6 15 25.1 6 4.7 12 6

Diabetic GABA 1710 6 238 36.2 6 10.7† 38.2 6 5.2 13 5

Control GABAAR 692.8 6 156.7 44.4 6 9.5 11.3 6 1.3 13 6

Diabetic GABAAR 327.5 6 45.6† 7.9 6 1.8† 11.9 6 2.6 11 5

Control GABACR 1249 6 182 97.4 6 13.9 13.8 6 1.0 12 6

Diabetic GABACR 964 6 170 19.6 6 4.9‡ 29.4 6 5.8* 9 5

Average values of fIPSC charge transfer (Q), D37 and peak amplitude for rod bipolar cell GABAAR and GABACRs are shown.
* P � 0.05 when compared with values recorded in control cells (t-test).
† P � 0.01 when compared with values recorded in control cells (t-test).
‡ P < 0.0001 when compared with values recorded in control cells (t-test).

Reduced Calcium Signaling Reduces Inhibition IOVS j September 2019 j Vol. 60 j No. 12 j 4069



FIGURE 5. GABA release from A17 amacrine cells is decreased after 6 weeks of diabetes. (A, D) GABA release was estimated using deconvolution of
an average GABAAR and GABACR spontaneous IPSC with the corresponding receptor fIPSC from the control and diabetic rod bipolar cells in Figure
4. Representative traces of the timecourse of GABA release from A17 amacrine cells onto rod bipolar cell GABAARs (A) and GABACRs (D) show that
timecourse of GABA release was shortened under diabetic conditions. (B, E) The average D37 of vesicle release was faster in diabetic cells for GABA
release onto GABAARs (n¼11 cells, P¼0.04 t-test) and GABACR (n¼9 cells, P¼0.02 t-test). (C, F) The amount of vesicle release onto GABAARs (C)
was significantly reduced (P¼ 0.001), but vesicle release onto GABACRs (F) was not different (P ¼ 0.9). *P < 0.05, †P < 0.01.

TABLE 5. Values for GABA Release at the A17 Amacrine Cell to Rod Bipolar Cell Synapse

Condition Vesicles D37 (ms) Peak n (Cells) Mice

Control GABAAR 72 6 16.4 89.8 6 12.8 0.65 6 0.12 13 6

Diabetic GABAAR 4 6 0.6† 53.6 6 10.1* 0.05 6 0.008† 11 5

Control GABACR 8 6 1.7 115 6 29 0.10 6 0.01 12 6

Diabetic GABACR 8 6 1.4 33.1 6 8.6* 0.11 6 0.02 9 5

Average values of the amount (vesicles), timing and peak of GABA release from A17 amacrine cells determined by deconvolution analysis are
shown.

* P < 0.05 when compared with control GABA release values (t-test).
† P < 0.01 when compared with control GABA release values (t-test).
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GABAergic amacrine cells that inhibit rod bipolar cells have
deficits in GABA release that could explain previously
measured decreases in light-evoked inhibition in diabetic
rod bipolar cells.16 In diabetes, both inhibitory inputs from
lateral GABAergic amacrine cells and reciprocal inhibition
from A17 amacrine cells are less prolonged than during
normal conditions. In diabetic mice, increased Ca2þ buffering
more severely affected GABA release from lateral amacrine
cells to rod bipolar cells. The change in the timing of GABA
release creates an imbalance between the timing of rod
bipolar cell excitation and amacrine cell inhibition that affects
the ability of the retina to respond properly to light.43

Unlike most neurons that primarily use fast, synchronous
vesicle release, asynchronous release is the primary form of
release used by some amacrine cells and depends on CICR
that prolongs the Ca2þ signal.18–21 Ca2þ entry from the
extracellular space precedes CICR, prolonging the intracellu-
lar Ca2þ signal.20,22 Ca2þ entry through L-type and N-type
voltage-dependent Ca2þ channels provides most of the initial
Ca2þ signal that drives GABA release from lateral amacrine
cells onto rod bipolar cell terminals.19,20 Diabetic dorsal root
ganglia, nociceptive neurons, and intracardiac ganglion
neurons show altered expression of voltage-dependent Ca2þ

channel subunits and currents.24,25,44 Additionally, a recent

study of diabetic A17 amacrine cells23 suggested that
glutamate induced Ca2þ entry through Ca2þ permeable (CP)-
AMPARs that is required for release from reciprocal A17
amacrine cells17,19 was reduced, which could explain the
fIPSC reductions here. CP-AMPARs also mediate part of the
GABA release from lateral amacrine cells but the effect of
diabetes on CP-AMPARs expressed on lateral GABAergic
amacrine cells was not investigated. It is possible that a
shared consequence of diabetes among neurons is a change in
the expression or composition of voltage-dependent Ca2þ

channels that reduces Ca2þ entry. This change will likely
diminish activation of CICR, thereby limiting release of Ca2þ

from intracellular stores.
The reliance on a buildup of intracellular Ca2þ that can

persist several hundred milliseconds after a stimulus makes
asynchronous release susceptible to buffering by the slow
Ca2þ chelator EGTA.45–51 In the presence of EGTA-AM, GABA
release in amacrine cells from diabetic animals was nearly
abolished, unlike in control animals. The larger percentage of
GABA release reduction by EGTA-AM in diabetic animals
suggests that early diabetes decreases the prolonged intracel-
lular Ca2þ signal in amacrine cells. It is possible that
intracellular mechanisms underlying Ca2þ mobilization from
the internal stores in GABAergic amacrine cells malfunction

FIGURE 6. Excitatory input from rod bipolar cells to downstream A17 amacrine cells is not significantly different in early diabetes. (A)
Representative traces of L-EPSCs averaged from two responses at the maximum light intensity recorded from A17 amacrine cells after a 30-ms
light stimulus. The inset shows a schematic of a rod bipolar cell being activated by light and releasing glutamate onto AMPARs (white triangle) on
an A17 amacrine cell (A17), which is being recorded. (B, D) The peak amplitudes (B, P¼ 0.7 two-way repeated-measures ANOVA) and charge
transfer (D, P ¼ 0.8) are on average reduced at multiple light intensities in diabetic (n ¼ 4 cells from 4 mice) A17 amacrine cells compared to
control (n¼ 3 cells from 3 mice) but this is not statistically significant. The timing (D37, C) of L-EPSC was similar between control and diabetic
cells (P ¼ 0.2).
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in diabetes. Isolated dorsal root ganglion neurons and dorsal
horn neurons in a rat model of diabetes have decreased Ca2þ

release from internal stores2,26,52 due to decreased intracel-
lular Ca2þ concentrations after activation of endoplasmic
reticulum ryanodine and IP3 receptors just 6 weeks after
inducing diabetes.2 This suggests that the reduced evoked
GABA release from amacrine cells shown here could be due
to similar mechanisms. Ca2þ release from mitochondria,
another source of internal Ca2þ stores, is also reduced in
some dorsal root ganglion neurons from diabetic mice.53 The
reduced vesicle release observed here could also be due to
alterations in synaptic vesicle proteins that are involved in
synaptic transmission as changes in the expression of synaptic
vesicle proteins have been shown in the diabetic retina.54

However, this is unlikely because the total amount of vesicle
release onto GABACRs is not decreased and the frequency of
spontaneous IPSCs actually increases16 suggesting that the
vesicle machinery remains intact.

In the current study, the timing of GABA release was
shortened, but the amount of vesicle release onto GABACRs
from lateral and reciprocal inputs was not different. It is possible
that the decreased timing of GABACR-mediated inhibition reflects
a change in the receptor kinetics. GABACRs on isolated diabetic
rat rod bipolar cells have increased sensitivity to exogenous
GABA,55 suggesting receptor changes. However, kinetic analysis
of spontaneous synaptic GABACR currents under diabetic
conditions did not suggest differences in GABACR characteris-
tics.16 Another possibility is that cluster sizes of rod bipolar cell
GABACRs are reduced. The slow kinetics of GABACRs contribute
to the prolonged timing of rod bipolar cell inhibition28 Fewer
receptors at the amacrine cell to rod bipolar cell synapse could
shorten the timing of rod bipolar cell inhibition. Because
morphologic changes in GABACR expression were not investi-
gated the possibility that GABACR clusters are different in early
diabetes cannot be ruled out. However, the lack of changes in the
peak amplitude of GABACR spontaneous IPSCs suggest that this
is unlikely. Alternatively, GABAergic amacrine cells could alter
their release mechanisms to compensate for a shortened
timecourse of release. Under normal conditions, GABA release
from amacrine cells is predominantly asynchronous and has
prolonged timing.18,20,21,28 Approximately 90% of electrically
evoked GABA release onto GABACRs occurs more than 100 ms
after the stimulus.18 In diabetic retinas, there was a slight but
significant increase in release during the early phase of GABA
release that occurs within 100 ms of the stimulus, which may be
enough to maintain the amount of release onto GABACRs at
normal levels.

Together these results suggest that diabetes is specifically
altering Ca2þ homeostasis and release in amacrine cells in the
rod pathway of the diabetic retina. Because neurons in other
areas of the brain show similar Ca2þ homeostasis changes,2,26,52

this could be a common mechanism of diabetic dysfunction in
neurons. As the rod pathway of the retina seems most
susceptible to early diabetes14 these Ca2þ homeostasis mal-
functions could be early changes that lead to other diabetic
neuron dysfunction causing changes in vision.
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