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Introduction
The brain is rich in opiate receptors, and significant con-

centrations of opiate receptors are observed in the visual
systems of cats[1], macaques[2], and rats[3].  It has been sug-
gested that the visual system is subject to opiate modulation.
Previous studies have shown that morphine-like drugs de-
crease visual sensitivity in humans[4], affect visual discrimi-
nation performance in rats[5], and evoke cortical potentials
by stimulating the optic chiasm in cats[6].

Repeated use of addictive drugs leads to multiple adap-
tive neuronal responses[7,8].  Increasingly, research suggests
that chronic exposure to opiates significantly changes
glutamatergic synaptic transmission and neuronal plasticity
in many brain regions[9,10].  Similarly, GABAergic synaptic
transmission is also influenced by opiates[11–13].  However,
normal excitatory and inhibitory synaptic transmission is
crucial for the development and maintenance of visual
function.  These findings indicate that opiates might influ-
ence the performance of neurons in the lateral geniculate
nucleus (LGN).  In the present study, we tested this possibil-
ity by using extracellular single-unit recording techniques to

examine the stimulus sensitivity of LGN neurons in chronic
morphine-treated cats.

Materials and methods
Subjects and drug exposure The experiments were per-

formed on 8 healthy adult male cats (2–3 kg), 4 of which were
allocated to the morphine treatment group and 4 of which
were used as controls.  All animals were treated strictly in
accordance with the Chinese National Institutes of Health’s
Guide for the Care and Use of Laboratory Animals.  The
method of morphine treatment was similar to that used by
other researchers[9].  Morphine HCl (10 mg/kg) was adminis-
tered by cervical subcutaneous injection twice per day at
9:00 and 21:00 for 10 d before the electrophysiological
experiments.  Control cats were treated similarly with saline
instead of morphine.

All cats were examined ophthalmoscopically before the
experiment to confirm that they had no optical problems or
obvious retinal problems that would impair the visual
function.

Preparation for extracellular recording  On the 11th
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day of morphine administration, animals were prepared for
extracellular single-unit recording as described previous-
ly[14,15].  A typical recording session lasted for 3 d.  During
recording, morphine or saline was injected in the same way
as described in the previous section.

Visual stimulation  The receptive fields of cells were
first plotted by using manually controlled stimuli displayed
on the tangent screen.  Computer-controlled visual stimuli
consisting of drifting sinusoidal gratings were presented on
a CRT (cathode-ray tube) monitor (1024×768, 85 Hz), placed
57 cm away from the animals’ eyes.  The program to generate
the stimulus was written in MATLAB, using the extensions
provided by the high-level Psychophysics Toolbox[16] and
the low-level Video Toolbox[17].  The time frequency of drift-
ing gratings was set at 3 Hz.  At first, a tuning curve of spatial
frequency was plotted.  We selected a high spatial frequency
where cells’ responses were approximately half of that at
peak frequency to compile the orientation and direction tun-
ing curves.  Before each stimulus presentation, 5 s sponta-
neous activities were obtained while the mean luminance
was shown on the display.  Additional stimuli were used to
identify a cell as X- or Y-type, and on- or off-center.  The
contrast of the stimulus was set at 80%.  The mean lumi-
nance of the display was 19 cd/m2, and the environment lu-
minance on the cornea was 0.1 lux.

Data collection and analysis  After the neuronal signal
was amplified with a microelectrode amplifier (Nihon Kohden,
Tokyo, Japan) and a differential amplifier (FHC, Bowdoinham,
USA), action potentials were fed into a window discrimina-
tor with an audio monitor.  The original voltage traces were
digitized using an acquisition board (National Instruments,
Austin, USA) controlled by IGOR software (WaveMetrics,
Portland, USA).  The original data were saved for online and
offline analysis.  The post-stimulus time histograms (PSTH)
of neuronal responses with a bin width of 10 ms were ob-
tained for further analysis.  The responses of cells to the
sinusoidal gratings were treated using a fast Fourier trans-
form and the amplitude was defined as the resultant funda-
mental Fourier component (FFT1) of the PSTH.  The FFT1
value of each stimulus orientation (direction) was used to
draw the spatial frequency and orientation (direction) tun-
ing curves.  The method for calculation of orientation bias
(OB) and direction bias (DB) has been described else-
where[18,19].  A cell with bias=0.1 was considered signifi-
cantly biased for orientation or direction.  A cell with bias=
0.2 was considered strongly biased for orientation or
direction.  A cell’s signal-to-noise ratio (STN) was defined as
the ratio of the cell’s visual evoked response (FFT1 value in
preferred orientation and direction) to spontaneous response.

To avoid data skewing or overestimation, all spontaneous
activities below 1 spike per second were set equal to 1 spike
per s for signal-to-noise analysis.

Statistical comparisons between morphine-treated and
saline-treated cat data were carried out using t-test.  All mean
values were presented as mean±SEM.

Results

The results described here were obtained from 168 cells
in 4 morphine-treated cats (abbreviated to MCs) and 173
cells in 4 saline-treated cats (abbreviated to control) in LGN.
Our chief findings were that chronic morphine exposure led
to a decrease in the signal-to-noise ratio and a degradation
in the orientation and direction sensitivity of LGN cells, which
was accompanied by an increase in spontaneous and evoked
response.  Our analysis revealed that there was a consistent
effect of chronic morphine exposure on different types of
LGN cells (X or Y; on or off), so comparisons of data be-
tween two groups ignore the type of cell.

Orientation and direction sensitivity  As an example, we
show here the response of an LGN cell to a drifting sinusoi-
dal grating (Figure 1A) and its PSTH (Figure 1B).  Figure 1C
and 1D illustrate the tuning curve of a cell from controls
(OB=0.2, DB=0.01) and MCs (OB=0.1, DB=0.08), respectively.
MCs have a decrease in orientation and direction sensitivity
relative to controls.  The average OB and DB values varied
individually in both MCs and controls.  The OB were signifi-
cantly smaller in MCs (0.103±0.068) than in control cats
(0.135±0.084, P<0.01; Figure 1E).  Sixty-three percent of LGN
cells in controls and 50% of cells in MCs had significant
orientation sensitivity (OB=0.1).  In MCs, the percentage of
cells (10%) with strong orientation sensitivity (OB=0.2) was
half of that in controls (20%).  Similarly, the direction sensi-
tivity of LGN cells was also affected by chronic morphine
exposure.  The DB of LGN cells were significantly less for
MCs (0.074±0.059) than for controls (0.100±0.064, P<0.01;
Figure 1F).  As with the orientation bias, the percentages of
cells having significant and strong direction bias in MCs
(30% and 6%, respectively) were less than those in controls
(47% and 10%, respectively).

Visually evoked activity  To explore whether the sensi-
tivity decrease of cells in MCs resulted from an increase of
responsiveness to previously non-preferred orientations and
directions or from a reduction of responsiveness to the pre-
viously preferred orientations and directions, or both, we
compared the average response (AR) to all stimulating grat-
ing orientations of LGN cells in MCs and controls.  Cells in
MCs showed a tendency for an increase in the AR compared
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with controls (Figure 2A).  Half of the cells (50.3%) in MCs
had an AR value of more than 25 spikes per second.  In
contrast, most cells (63.2%) in controls had an AR value of
less than 25 spikes per second.  A statistical analysis showed
that the mean AR value in MCs (28.1±16.1) was significantly
larger than that in controls (22.3±11.3, P<0.01).  Moreover,
we also compared the response of LGN cells to their pre-
ferred orientation and direction in MCs and controls.  For

convenience, we call this the preferred response (PR).  Simi-
lar to the AR, the PR value in MCs was also increased rela-
tive to that in controls (Figure 2B).  The t-test indicated that
the mean PR value (42.2±19.1) for MCs was significantly
higher compared with that for controls (38.1±16.2, P<0.05).
Therefore, LGN cells in MCs have increased responsive-
ness to both preferred and non-preferred stimuli.

Spontaneous activity and signal-to-noise ratio  LGN cells

Figure 1.  (A) An example of the responses of a neuron to the drifting sinusoidal grating.  Ten cycles of the neuron’s original response are
superimposed in one stimulus period.  A spike above the broken horizontal line is counted as an action potential.  (B) The PSTH derived from
(A) for further analysis.  Bin width was 10 ms.  (C, D) The neuron’s orientation tuning curve from saline-treated (C) and morphine-treated cats
(D).  The responses were defined as the fundamental Fourier components (FFT1).  The FFT1 at each stimulus direction was computed from
the PSTH such as the one shown in (B).  (E, F) Comparison of orientation (E) and direction (F) biases of LGN cells between morphine-treated
(n=4) and saline-treated (n=4) cats.  The data were expressed as mean±SEM.  cP<0.01 vs saline.

Figure 2.   Percentage of cells with different average response (AR) and preferred response (PR) values for morphine-treated and saline-
treated cats.  (A) Percentage of cells with different AR values for all stimulus orientations.  (B) Percentage of cells with different PR values.
The mean AR and PR values are significantly different between the two groups.
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in controls trended to have a small spontaneous response
(SR) value, whereas cells in MCs had a more extensive
distribution.  Most cells (63.9%) in controls had an SR value
of less than 20 spikes per second.  In contrast, approximately
half of the cells (53.4%) in MCs had an SR value of more than
20 spikes per second.  The average SR value (27.4±22.5) in
MCs was significantly higher than that in controls (17.5±
14.3, P<0.01; Figure 3A).

Figure 3B presents the distribution of various signal-to-
noise ratios (STN=PR/SR) for cells in MCs and controls.
The number of cells with lower STN was much more for MCs
than for controls.  Almost all cells (98.4%) in MCs had an
STN value of less than 5.  However, quite a number of cells
(16.1%) had an STN value of more than 5 in controls.  A
comparison of the averaged STN for controls (3.1±2.3) ver-
sus MCs (1.9±1.2) showed that the difference was statisti-
cally significant (P<0.01).  Taken together, these data sug-
gest that chronic morphine exposure results in an increase in
spontaneous activity and a decrease in signal-to-noise ratio
in LGN cells in MCs.

Discussion

We found significant degradation in the receptive field
properties of LGN neurons in MCs.  The morphine-derived

degradation in orientation and direction sensitivity in LGN
neurons was accompanied by an unspecific increase in
responsiveness.  The average response across all orienta-
tions of stimulus gratings for MCs increased by 26.0% com-
pared with controls, whereas the response to preferred stimuli
increased by only 11.2%.  Thus, the increased responsive-
ness to non-preferred orientations and directions appears to
be an important mechanism mediating the reduction in cells’
sensitivity to stimuli in MCs.  On the other hand, the sponta-
neous activity of LGN neurons in MCs increased by 56.6%
compared with controls.  This increase was much higher than
the increase in preferred response.  As a result, the ratio of
preferred response to spontaneous activity (signal-to-noise
ratio) in MCs was much lower than in controls.  The de-
crease in signal-to-noise ratio in MCs thus appears to mainly
reflect the large increase in spontaneous activity.

Orientation and direction sensitivity is a well-known re-
ceptive field property of neurons in the mammalian visual
cortex[20].  However, it is quite controversial whether orienta-
tion and direction sensitivity exists in LGN neurons.  Many
tests beyond the peak spatial frequency have shown that a
lot of LGN cells are sensitive to stimulus orientation or direc-
tion[14,21].  The results of the present study also show this.  It
has been proposed that an elliptical shape of the receptive-
field center and asymmetry in the inhibitory surrounds con-
tribute to the orientation and direction sensitivity of LGN
cells.  Previous investigations suggest that microionto-
phoresis of bicuculline (an antagonist of the GABAA receptor)
affects the orientation and direction sensitivity of neurons
in LGN of cats[22,23].  Moreover, LGN cells also have increased
spontaneous and evoked activity when GABAergic inhibi-
tion is blocked[22,24].  In the present study, LGN cells in MCs
had decreased orientation and direction sensitivity accom-
panied by increased spontaneous and evoked activity.
Furthermore, research on drug abuse suggests that the de-
cline of inhibitory neurotransmission actually happens in
many brain regions[11–13].  In view of the extensive expression
of opiate receptors throughout the visual system, reduced
GABAergic inhibition might be a reasonable explanation for
the degradation of receptive field properties of LGN cells in
MCs.  Nevertheless, some studies have shown that drug
abuse also affects glutamatergic and other transmitter
systems, indicating that these transmitter systems might af-
fect the sensitivity of LGN cells to visual stimuli following
chronic morphine exposure.  Additionally, LGN neurons re-
flect the properties of the center-surround organized retinal
receptive fields and convey them to the cortex in a way that
does not significantly alter their spatial structure[24].
Therefore, the action of chronic morphine exposure on the

Figure 3.   Comparison of spontaneous activity (A) and signal-to-
noise ratio (B) between morphine-treated and saline-treated cats.
Neurons in morphine-treated cats had decreased signal-to-noise ratio,
which is mainly attributable to increased spontaneous activity.
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retina might be one factor resulting in the degradation of the
receptive field properties of LGN cells in MCs.

In summary, our results suggest that chronic morphine
exposure can lead to the degradation of the receptive field
properties of LGN cells in cats.  Morphine-derived decreases
of GABAergic inhibition together with other factors might
contribute to the functional degradation of LGN cells in MCs.
All in all, much remains to be learned about the role of opiate
receptors in the visual system and the morphine-derived
decay of receptive field properties of LGN neurons.
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