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Abstract Albinism aVects the anatomy and physiology of
the visual system in mammals. Behavioural, anatomical
and in vivo electrophysiological investigations revealed
that the optokinetic reXex is abnormal and retinal slip neu-
rons in the nucleus of the optic tract and the dorsal terminal
nucleus of the accessory optic system (NOT-DTN) lack
direction selectivity and have a reduced dendritic tree in
albinotic rats and ferrets. Earlier investigations show a dis-
turbed chloride homeostasis and a depolarizing action of
GABAergic currents in visual cortex cells of albinotic rats.
We assume that an altered local inhibition could be one
critical factor explaining the loss of direction selecitivity in
DTN neurons. To test this patch clamp analysis of NOT-
DTN neurons in 250 �m thick acute brain slices from pig-
mented and albinotic rats were performed. GABAergic
IPSCs were elicited by lateral current stimulation and the
reversal potentials of GABAA-mediated currents (EGABA)
were determined. Our results show a signiWcantly more
negative EGABA in NOT-DTN neurons of pigmented
(¡62.1 mV, §10.8 mV, n = 24) than of albinotic rats
(¡49.2 mV, §17.7 mV, n = 19; P < 0.001). Control mea-
surements in the superWcial layer of the superior colliculus
revealed no signiWcant diVerences between pigmented
(¡56.2 mV, §16.4 mV, n = 17) and albinotic rats
(¡60.7 mV, §13.8 mV, n = 28; P > 0.324). A similar shift
in reversal potential of GABAA-mediated currents was
observed also in pyramidal cells in layers II/III and V of the
visual cortex and was explained by an accumulation of
intracellular chloride due to an abnormal activity of chlo-
ride co-transporters. As described for retinal ganglion cells

and cortical neurons, direction selectivity is formed by a
balanced excitatory and inhibitory input. Our combined
data suggest that the observed shift in reversal potential and
a possible dysfunction of inhibitory interneurons might
indeed be one factor responsible for the reduction of direc-
tion selectivity in the NOT-DTN and therefore for the
pathology of the optokinetic response in albino mammals.
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Abbreviations
aCSF ArtiWcial cerebrospinal Xuid
AOS Accessory optic system
[Cl¡]i Intracellular chloride concentration
DSGC Direction-selective ganglion cell
EGABA Reversal potential of GABA mediated currents
GABA Gamma-aminobutryc acid
KCC2 K+–Cl¡ co-transporter type 2
LTN Lateral terminal nucleus of AOS
MTN Medial terminal nucleus of AOS
NKCC1 Na+–K+–2Cl¡ co-transporter type 1
NOT-DTN Nucleus of the optic tract and dorsal terminal

nucleus
OKN Optokinetic nystagmus

Introduction

The accessory optic system (AOS) of mammals consists of
four distinct nuclei: the dorsal terminal nucleus (DTN), the
medial terminal nucleus (MTN), the lateral terminal
nucleus (LTN) and the interstitial nucleus of the superior
fasciculus, posterior Wbres (inSFpf). These nuclei receive
direct retinal projections from direction-selective ganglion
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cells (for reviews see Simpson 1984; Giolli et al. 2005).
Neurons in the AOS are direction-selective and respond to
slip of the image of the world on the retina. Retinal slip
neurons in the nucleus of the optic tract and the associated
DTN (NOT-DTN) strongly respond to ipsiversive horizon-
tal pattern motion, with neurons in the left NOT-DTN pre-
ferring movement to the left, and vice versa. The NOT-
DTN neurons project to the inferior olive, the dorsolateral
pontine nucleus, the nucleus reticularis tegmenti pontis, and
the nucleus praepositus hypoglossi (Magnin et al. 1989). In
addition, neurons in the structure equivalent to the mamma-
lian NOT in non-mammals terminate also directly on extra-
ocular motoneurons; e.g., the nucleus abducens in frog and
Wsh. Visual motion information is then transferred via the
vestibular nuclei to the oculomotor nuclei innervating the
extraocular muscles. In the neuronal circuit underlying the
horizontal optokinetic nystagmus (OKN) the NOT-DTN
represents the visuomotor interface (e.g., Simpson 1984).
Albinotic mammals show, amongst other disorders of the
visual system, strongly reduced ability to perceive visual
motion and to stabilize their visual environment on the ret-
ina (Lannou et al. 1982; HoVmann et al. 2004; Hupfeld and
HoVmann 2006; Hupfeld et al. 2007). In vivo electrophysi-
ological measurements in albinotic rats and ferrets revealed
that retinal slip neurons in the NOT-DTN lack direction
selectivity (Lannou et al. 1982; HoVmann et al. 2004). To
date, it is not clear if these abnormalities are caused in the
NOT-DTN itself or whether they are the consequence of
altered retinal or cortical inputs. Anatomical studies
showed a shrunken dendritic network in the NOT-DTN of
albinotic ferrets (Telkes et al. 2001). It is unclear whether
these Wndings reXect altered inputs and how they could be
related to the lack of direction selectivity.

To shed more light on the electrophysiological proper-
ties of NOT-DTN cells in albinotic animals, we performed
patch clamp experiments in slice preparations and com-
pared the biophysical and synaptic characteristics of DTN
cells of pigmented Longs Evans and albinotic Wistar rats.
Direction selectivity is strongly related to GABAergic
mechanisms and the activity of chloride co-transporters
(Caldwell et al. 1978; Schmidt et al. 1994; Kittila and Mas-
sey 1997; Taylor et al. 2000; Gavrikov et al. 2003; Thiele
et al. 2004). Inhibitory interneurons play an important role
in the computation of direction-selective responses of reti-
nal ganglion cells and visual cortex neurons (for example
Fried et al. 2002; Priebe and Ferster 2005). A separation of
preferred and non-preferred directions is formed by the bal-
ance of excitatory and inhibitory inputs. We postulate that a
dysfunction of the inhibitory mechanism directly impacts
direction selectivity in DTN neurons.

Former studies on pyramidal cells in visual cortical lay-
ers II/III and V showed a shift of the reversal potential of
GABAA-mediated currents in albinotic rats (Barmashenko

et al. 2005). Pharmacological characterisation of this shift
with blockers of chloride co-transporters indicated an
increased activation of inward-directed chloride transporter
NKCC1 and a reduced activation of the outward-directed
transporter KCC2, leading to an increased intracellular
chloride concentration. Our working hypothesis is that the
inhibitory action of GABA is diminished by this increased
intracellular chloride concentration. However, no link has
been found between the genetic mutation leading to albi-
nism and the regulation of chloride homeostasis on the cel-
lular level. First evidence for alterations of excitatory and
inhibitory mechanisms comes from the Wnding that the ratio
of glutamate to GABA is altered in the retina of albinotic
rats compared with pigmented ones (Blaszczyk et al. 2004).
To investigate if the lack of direction selectivity in albinos
can be explained by a disinhibition of NOT-DTN cells, we
measured the reversal potential of GABAA-mediated cur-
rents and the direction of the shift in membrane potential
after GABA release from presynaptic cells.

Materials and methods

In vitro electrophysiological experiments were performed on
acute brain slices from P21–P35 pigmented Long-Evans rats
(HsdBlu:LE) and albino Wistar Unilever rats (HsdCpb:WU)
of either sex. Animals were purchased from Harlan–
Winkelmann (Borchen, Germany) or bred and raised in the
institute’s animal facility. All experimental procedures were
approved by the local authorities (Regierungspräsidium
Arnsberg) and were performed in accordance with the
European Communities Council directive of 24 November
1986 (S6609 EEC) and National Institutes of Health guide-
lines for care and use of animals for experimental procedures.

Slice preparation

Animals were deeply anaesthetised with halothane, and a
subcutaneous injection of ketamine hydrochloride (100 mg/kg
body weight) and thiazine hydrochloride (1 mg/kg body
weight) and perfused transcardially with carbogene (5%
CO2, 95% O2) saturated, ice-cold artiWcial cerebrospinal
Xuid [aCSF (in mM): NaCl, 123; KCl, 2.5; NaH2PO4, 1;
NaHCO3, 26; D-glucose, 11; CaCl2, 1.8; MgCl2, 1.3; pH
7.4]. After perfusion, the brain was quickly removed,
immersed in ice-cold aCSF and prepared for slicing. On a
vibratome (MA752, Campden Instruments, UK) 250 �m
thick coronal slices containing the superior colliculus (SC)
and the DTN were cut from Bregma ¡7.5 to ¡6.0 mm
(Paxinos et al. 1985). After incubation at room temperature
for at least 1 h slices were transferred to a recording
chamber integrated on the Wxed stage of an upright micro-
scope (Olympus BX-51 WI, Olympus, Japan). The recording
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chamber was continuously perfused with aCSF at 3 ml/min.
All recordings were performed at room temperature.

Recordings

Perforated patch clamp recordings were performed using
borosilicate glass pipettes pulled on a vertical puller (PIP5,
HEKA, Germany) and Wlled with a pipette solution contain-
ing (in mM): K-gluconate, 130; Na-gluconate, 0.5; HEPES,
20; MgCl2, 4; Na2ATP, 4; Na3GTP, 0.4; EGTA, 0.5 (pH
7.2). To avoid changes of intracellular chloride concentra-
tion gramicidin A was added to achieve membrane perfora-
tion. A stock solution of gramicidin A (10 mg/ml in DMSO)
was diluted in 1 ml pipette solution to obtain a Wnal concen-
tration of 52 �g/ml and treated with ultrasound for 5 min.
This procedure was repeated every 2 h due to observed pre-
cipitation of gramicidin in the pipette solution. The sodium
channel blocker QX-314 was added to the pipette solution
(5 mM) for veriWcation of the patch integrity.

Cells were measured in voltage clamp mode using a
patch clamp ampliWer (PC-501A, Warner Instruments,
USA) connected to a personal computer via AD/DA-con-
verter (CED 1401+, Cambridge Electronic Design, UK).
After performing a giga-seal conWguration, integration of
gramicidin into the membrane was observed by a drop in
access resistance using hyperpolarizing voltage steps of
¡5 mV. A stable perforated patch was obtained after 20–
30 min incorporation time. Physiological membrane char-
acteristics were measured using de- and hyperpolarizing
voltage steps of diVerent time lengths. The threshold for
action potential dependent sodium currents was determined
by the application of voltage ramps. Postsynaptic currents
were elicited by lateral current stimulation (100 �A, 300 �s
duration, 0.1 Hz) via a bipolar tungsten electrode 200 �m
apart from the recorded cell. All glutamatergic postsynaptic
currents were blocked by the application of 2 mM kynure-
nic acid (Sigma). The amplitude of GABAA-mediated
postsynaptic currents was measured at diVerent holding
potentials in the range from ¡100 to +20 mV with step
intervals of 10 mV. The reversal potential of these currents
was calculated by linear regression analysis of the current-
voltage relationship. After measurements, the perforated
patch was ruptured by the application of negative pressure
to the recording pipette. In whole-cell conWguration mea-
surements were repeated immediately and after a waiting
period of 10 min. All measured potentials were corrected
for the junction potential of ¡10 mV.

Morphological reconstruction

In most of the experiments biocytin (Sigma, 10 mg/ml) was
added to the pipette solution and diVused into cells during
measurements in whole-cell conWguration. At the end of the

experiment, slices were Wxed in 4% paraformaldehyde and
recorded cells were stained using 3,3-diaminobenzidine to
verify their location inside of the DTN or the superWcial
grey of the superior colliculus (Fig. 1).

Results

Electrophysiological measurements of passive membrane
properties and the reversal potential of GABAA-related cur-
rents were performed in cells in the DTN and the superWcial
grey of the colliculus superior in albinotic and pigmented
rats. In the DTN, 39 cells from pigmented and 30 cells from
albinotic animals were characterised. In the SC, 26 cells
from pigmented and 45 cells from albinotic animals were
investigated. No quantitative analysis of diVerent cell types
within the SC was performed due to the relatively low cell
numbers. Biocytin staining was performed and cells
recorded outside the DTN or the SC were excluded from
further analysis. In addition, neurons with a resting potential

Fig. 1 a Semischematic illustration of electrophysiological measure-
ments in the dorsal terminal nucleus (DTN). The dorsal terminal nucle-
us as a part of the accessory optic system is localised between the
superior colliculus and the medial geniculate body (not shown). Gram-
icidin perforated patch clamp measurements were performed within
the DTN with electrical stimulation lateral to the measured cell to
evoke GABAergic currents. Cells were stained with DAB after
pressure injection of biocytin into the slice for localisation of the DTN.
b DTN cells from albinotic rats, intracellularly Wlled with biocytine
after recordings. Scale bars represent 200 �m (a) and 50 �m (b)
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of less than ¡40 mV or a sudden drop of input resistance
during the measurements due to a rupture of the gramicidin
perforated patch were excluded.

In the Wrst set of experiments, we compared the passive
membrane properties of recorded cells during patch clamp
measurements in voltage clamp whole-cell conWguration.
No signiWcant diVerence in input resistance or spike thresh-
old was found for DTN cells or SC cells from pigmented
and albinotic animals. In DTN cells of albinos a non-sig-
niWcant trend to more positive values of resting potential
compared to pigmented rats was observed. Spike thresholds
of DTN cells were more positive than those of SC neurons
(for values see Table 1).

In a second set of experiments, we measured the ampli-
tude of GABAA-related IPSCs at diVerent holding poten-
tials and calculated the reversal potential of these currents
(EGABA). Glutamatergic currents were blocked by the appli-
cation of kynurenic acid. Figure 2 shows representative
DTN cells from albino and pigmented rats. After applica-
tion of 20 �M bicuculline evoked currents disappeared,
conWrming that measured IPSCs were GABAA related
(Fig. 2b, inset). Same result was obtained by the application
of 100 �M picrotoxin (not shown).

For collicular neurons, no statistically signiWcant diVer-
ences of EGABA were found between pigmented and albino
animals (Fig. 3a; Table 1) (pigmented ¡56.2 § 16.4 mV,
n = 17; albino ¡60.7 § 13.8 mV, n = 28). Individual val-
ues of EGABA varied largely in both phenotypes as indicated
by the standard deviations. We did not attempt to correlate
EGABA with diVerent collicular cell types according to
Langer and Lund (1974) because of our low cell numbers.

In contrast, EGABA of DTN cells of pigmented rats was
signiWcantly more negative in pigmented (¡62.1 mV,
§10.8 mV, n = 24) than in albinotic rats (¡49.2 mV,

Table 1 Electrophysiological characterisation of cells in the dorsal terminal nucleus (DTN) and the superWcial layers of the superior colliculus
(SC) from pigmented and albino rats

Only the diVerence in EGABA measured in DTN cells is statistically signiWcant (P < 0.001)

Data represent mean values with standard deviations (SD) and number of measured cells (n)

Pigmented SD n Albino SD n

DTN

Resting potential ¡61.7 mV §3.93 mV 39 ¡58.1 mV §12.4 mV 30

Input resistance 360.5 M� §146.6 M� 28 438.2 M� §195.7 M� 24

Spike threshold ¡25.8 mV §10,2 mV 12 ¡26.24 mV §8.16 mV 10

EGABA ¡62.1 mV §10.8 mV 24 ¡49.2 mV §17.7 mV 19

SC

Resting potential ¡59.4 mV §11.3 mV 26 ¡60.7 mV §10.8 mV 45

Input resistance 412.5 M� §206.9 M� 16 550 M� §144.5 M� 21

Spike threshold ¡40.3 mV §10.4 mV 11 ¡39.5 mV §9.4 mV 16

EGABA ¡56.2 mV §16.4 mV 17 ¡60.7 mV §13.8 mV 28

Fig. 2 a Sample traces of the electrically evoked GABAA receptor-
mediated postsynaptic currents in DTN neurons from pigmented and
albino rats and corresponding current-voltage relationships from the
same cells. In perforated patch, cells were clamped at diVerent holding
potentials and GABA mediated currents were elicited by current stim-
ulation. The reversal potential of GABAA dependent current was more
positive in the cell from the albino rat. Arrows indicate mean reversal
potentials from all measured cells. b Application of the GABAA antag-
onist bicuculline (20 �M) blocks postsynaptic currents, indicating that
measured currents are GABA-dependent. The black represents the
application time. Postsynaptic currents were measured continuously at
intervals of 5 s and a holding potential of ¡30 mV
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§17.7 mV, n = 19; P < 0.001). Thus, the reversal potential
of GABA-related currents in albinotic rats is shifted to
more positive values and individual values of EGABA are
more variable than in pigmented rats (Fig. 3b; Table 1).

In addition, we calculated the mean intracellular chloride
concentration for DTN and SC cells using the Nernst equa-
tion (Fig. 4). In the superior colliculus no signiWcant diVer-
ence was found between pigmented (12.2 mM) and albino
rats (10.3 mM) (Fig. 4a). The intracellular chloride concen-
tration of DTN cells of pigmented rats was 12.1 mM corre-
sponding to the concentration in SC cells. In DTN cells of

albino rats, however, [Cl¡]i was signiWcantly elevated to a
mean concentration of 19.3 mM (P < 0.001).

As a control for our recording technique, we switched to
whole-cell conWguration by applying negative pressure to
the patch pipette after completion of the measurements in
the perforated patch conWguration. We determined EGABA

of DTN cells immediately (Fig. 5a) and 10 min after ruptur-
ing the cell membrane (Fig. 5b). With this procedure,
intracellular chloride equilibrates with the chloride concen-
tration in the patch pipette. Immediately after the switch,

Fig. 3 Reversal potential of GABAA-related currents (EGABA). Box
plots show median values and conWdence ranges. Black diamonds rep-
resent the mean value. For exact values see also Table 1. a No signiW-
cant diVerence was found in cells from superWcial layers of superior
colliculus from albino (28 cells) and pigmented rats (17 cells). b DTN
cells from albino (19 cells) and pigmented rats (24 cells) show a sig-
niWcant (P < 0.001) diVerence in their EGABA. In albino rats, a higher
variation of reversal potentials between individual cells was found

Fig. 4 Median intracellular chloride concentration in superior collicu-
lus cells (a) and DTN cells (b) from albino and pigmented rats. In DTN
cells from albino rats [Cl¡]i is signiWcantly increased. In pigmented
rats [Cl¡]i was found to be in the same range as in cells from superWcial
layers of the superior colliculus. The increase in intracellular chloride
in albino DTN cells leads to the signiWcant shift of reversal potential of
GABAA-related currents (cell numbers as in Fig. 3)
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the reversal potential of GABAA-related currents was
shifted to more negative values in cells of pigmented
(¡79.5 mV) and of albino rats (¡65.1 mV). The diVerence
between the phenotypes was not statistically signiWcant any
more and vanished completely after 10 min in whole-cell
conWguration (pigmented: ¡73.9 mV, albino: ¡71.8 mV).
These experiments revealed two facts: Wrst, the measured
reversal potentials after 10 min whole-cell conWguration
corresponded to an intracellular chloride concentration
close to the concentration in the pipette solution (8 mM)
indicating that the inXuence of additional ion conductance
like bicarbonate was relatively small. Second, the reversal
potentials of cells from both pigmented and albino rats
measured in whole-cell conWguration as shown in Fig. 5b
diVer from the values measured with gramicidin indicating
the integrity of the perforated patch conWguration. A possi-
ble leakage during gramicidin measurements should lead to
a chloride diVusion and shift the EGABA measured under
perforated patch conditions to values obtained under
whole-cell conWguration.

To determine the relationship of GABA activation and
the resting potential of collicular and DTN cells we plotted
EGABA versus the resting potential of each individual cell
(Fig. 6). If EGABA is more negative than the cell’s resting
potential, GABA leads to a hyperpolarisation. Is EGABA

more positive than the neuron’s resting potential GABA
leads to a depolarisation of the cell. The dotted line in
Fig. 6 indicates the unity slope where GABA activation
leads to no change in resting potential. For the superior

colliculus data points were equally distributed around the
unity slope (Fig. 6b). In ten cells from pigmented rats
GABA led to depolarisation, whereas in six cells GABA
led to hyperpolarisation of the membrane potential. In
albino rats, 13 cells depolarised and 14 cells hyperpolarised
after GABA activation. There was no statistically signiW-
cant diVerence between pigmented and albino rats (exact
Fisher test, P < 0.23). In contrast, data points of DTN cells
show a diVerent distribution around the unity slope
(Fig. 6a). In 14 out of 17 cells of albinotic rats GABA led to
depolarisation of the membrane potential, whereas values
obtained from pigmented rats were equally distributed. Ten
cells showed a depolarisation, and ten cells showed a
hyperpolarisation after GABA activation. Application of
the exact Fisher test reveals a statistically diVerent distribu-
tion (P < 0.04) between cells from pigmented and albino
rats. Statistical analysis of the distribution between SC and
DTN revealed no diVerence in pigmented rats (P < 0.34)
but a signiWcant diVerence in albinotic rats (P < 0.02).

Discussion

In all mammals investigated so far albinism has a profound
eVect on the morphology and the functional properties of
the visual system. For the Wistar rat used in this study the
mutation leading to oculocutaneous albinism was identiWed
recently (Blaszczyk et al. 2005). It is commonly accepted
that spatiotemporal alteration of neurogenesis caused by a
reduction in L-DOPA (dihydroyphenylalanine) leads to a
reduction of rods and ganglion cells in the albino retina and
to an abnormal crossing of retinofugal Wbres from the tem-
poral retina (e.g., JeVery 1997; Rachel et al. 2002). In
albino ferrets ipsilateral retinal projections to the superior
colliculus, the pretectal area and to the visual thalamus
show a remarkable reduction (Morgan et al. 1987; Zhang
and HoVmann 1993). Recent experiments using retrograde
tracing techniques revealed that in albino ferrets a popula-
tion of retinal ganglion cells projects simultaneously to the
NOT-DTN and to the MTN indicating a reduced speciWcity
of these cells (Distler et al., this issue).

In contrast, much less is known about the eVect of albi-
nism on the physiology of individual cells. In this study, we
found that the reversal potential of GABAA-related currents
of DTN cells of albinotic rats is signiWcantly shifted to
more positive values. This result is in-line with the earlier
investigations by Barmashenko et al. (2005) who found
similar results for pyramidal cells in layers II/III and V of
the visual cortex. This diVerence was tentatively explained
by an altered balance between inwardly and outwardly
acting chloride co-transporters (Diykov et al. 2008a). The
changes in EGABA after pharmacological blocking of the
co-transporters NKCC1 and KCC2 led to the assumption that

Fig. 5 Reversal potentials of GABAA dependent currents in DTN
cells measured in whole-cell conWguration immediately (a) and 10 min
after rupturing the perforated patch (b). In whole-cell conWguration
intracellular chloride adapts to the chloride concentration in the patch
pipette. In (b) no diVerence was found in EGABA between cells from
pigmented and albino rats. The values for EGABA (¡73.9 mV in pig-
mented, ¡71.8 mV in albino) correspond to [Cl¡]i of 7.6 and 7.9 mM
which is close to the [Cl¡] in the pipette solution (8 mM)
123



Exp Brain Res (2009) 199:345–353 351
the chloride homeostasis of neurons in the visual cortex of
albino rats corresponds to that of immature neurons. A fur-
ther developmental study conWrms these results (Diykov
et al. 2008b). An increased activity of NKCC1 and/or a
reduction in the activity of KCC2 leads to a high intracellu-

lar chloride concentration (Kaila 1994; Kakazu et al. 1999;
Ben-Ari 2002; Yamada et al. 2004) shifting the reversal
potential for GABAA-related currents to more positive val-
ues. Because in visual cortical neurons no diVerence in
excitatory postsynaptic currents was found between albino
and pigmented rats (Barmashenko et al. 2005), we did not
perform such measurements in DTN cells.

The diVerences in EGABA between DTN cells of pig-
mented and albino rats raise the question about the
physiological consequences of this alteration in chloride
homeostasis. The resting potentials of DTN cells were not
diVerent between pigmented and albino rats. This result is in
contrast to the results of Barmashenko et al. (2005) who
found also signiWcant diVerences in resting potential and
rheobase (current threshold for spike release after long depo-
larizing pulses). However, an alteration of intracellular
chloride concentration can invert the electromotoric force for
GABAA-related currents if the shift of the reversal potential
is strong enough and the resting potential is more or less con-
stant. A reversal potential of GABAA-mediated currents
more negative than the resting potential leads to hyperpolari-
sation and possibly to a decreased probability of action
potential generation in postsynaptic cells. A shift of the
reversal potential to values more positive than the resting
potential leads to depolarisation, which could result in an
increased probability of action potential generation in post-
synaptic cells. During our experiments no increased spiking
behaviour was found in cells from albino animals. The rever-
sal potential of GABA-dependent currents is more negative
than the threshold for spike generation (Table 1) indicating
that the electromotive force is not strong enough to increase
the overall excitability in most of the postsynaptic cells. A
further important point is that the GABA activation not only
depolarizes the postsynaptic cell but also decreases the input
resistance and shunts excitatory as well as inhibitory inputs.
If GABA is postulated to act excitatory it has to overcome
shunting inhibition as described for immature neuronal sys-
tems (Cherubini et al. 1990; Ben-Ari 2002) or neurons that
initiate epileptic activity (e.g., Palma et al. 2006).

Our results show that in the DTN of albinotic rats most
cells show depolarisation after GABA activation. This is in
contrast to DTN cells of pigmented rats and to SC cells of
both phenotypes. The direction selectivity of DTN neurons
is generated by an excitatory input from ON-type direction-
selective retinal ganglion cells and its integration with the
background activity of the DTN neurons (for a model see
Simpson 1984). The directional tuning of the DTN neurons
is in addition modulated by inhibitory interneurons within
the AOS (Simpson et al. 1979). We propose that the shift of
EGABA is at least one mechanism that could lead to the
diminished direction selectivity of DTN cells due to unspe-
ciWc generation of action potentials even in the null direc-
tion which normally is speciWed by GABAergic inhibition

Fig. 6 Scatter plots of EGABA and resting potentials for DTN (a) and
superior colliculus (b) neurons. Dotted line marks represent the unity
slope, where GABA activation leads to no change in membrane poten-
tial. DTN neurons from pigmented rats show resting potentials more
positive than EGABA, and GABAA activation leads to a hyperpolarisa-
tion. In contrast, most cells from albino rats have a signiWcant shift of
EGABA to more positive values, and GABAA activation leads to a depo-
larisation. When compared with cells from pigmented rats resting
potentials and EGABA in cells from albino rats show a higher variation.
In the superWcial layer of the superior colliculus no signiWcant diVer-
ences between the two populations of cells occurred
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(Schmidt et al. 1994; Thiele et al. 2004) This would elimi-
nate the direction-speciWc activity diVerences between the
left and right DTN during unidirectional retinal slip and
thereby abolish OKN in albino animals (Lannou et al.
1982, HoVmann et al. 2004). It is generally acknowledged
that direction selectivity in the retina and the visual cortex
critically depends on GABAergic mechanisms (e.g., Caldwell
et al. 1978; Kittila and Massey 1997; Taylor et al. 2000;
Gavrikov et al. 2003; Thiele et al. 2004). Application of
GABA antagonists diminishes direction selectivity of reti-
nal ganglion cells (Schuerger et al. 1990; Kittila and Mas-
sey 1997; Smith et al. 1996). Recent investigations show
that diVerential distribution of chloride co-transporter on
the dendrites of retinal starburst amacrine cells mediates
direction selectivity (Gavrikov et al. 2003). ON-type direc-
tion-selective ganglion cells (DSGCs) project to the AOS
and thus to the DTN (Oyster et al. 1980; Buhl and Peichl
1986; Dann and Buhl 1987; HoVmann and Stone 1985).
DSGCs in the mouse retina were tested for their direction
selectivity and showed relative broad tuning curves (Sun
et al. 2006). For the generation of OKN, a sharpening of the
broadly tuned retinal input in the accessory system should
be of advantage. The retinal input to the NOT-DTN and the
AOS is excitatory. For the formation of sharply tuned
direction selectivity within the NOT-DTN the involvement
of inhibitory interneurons has to be postulated. The
observed changes in EGABA in DTN neurons of albinotic
rats could have a signiWcant eVect on the inhibitory action
of these interneurons. Further experiments should answer
the question if direction selectivity in the albino retina is
disturbed and if the loss of direction selectivity in the DTN
might be a consequence of both the change in EGABA and a
defective retinal input. Obviously, albinism aVects diVerent
visual subsystems in a non-uniform manner as EGABA of SC
cells did not diVer between pigmented and albino rats.

In conclusion, our results show that the lack of direction
selectivity in the NOT-DTN of albino mammals can at least
in part be ascribed to an altered chloride homeostasis of the
cells that would then mediate non-direction selective sig-
nals to the oculomotor system. A putative additional
involvement of a defective retinal input demands further
investigations of DSGCs in the albino retina.
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