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Abstract

The primary visual cortex (V1) plays an important role in vision and visual perception. Studies in many brain regions demonstrate that
opiate abuse can change excitatory and inhibitory neurotransmission. To investigate the effect of chronic morphine exposure on the respon:
modulation of V1 simple and complex neurons, we carried out in vivo extracellular recordings in V1 of morphine- and saline-treated (control)
cats. Response modulation was quantified as the ratio of first Fourier components (F1) to the mean response (F0). Compared with salin
treated cats, V1 neurons in morphine-treated cats exhibited weaker response modulation and a longer time course of response. The decre
of response modulation was caused by an increase of FO. Further, morphine re-exposure significantly improved the response properties
V1 neurons in morphine-treated cats. These results suggest that chronic morphine treatment leads to a significant degradation of respor
modulation of V1 neurons and a morphine dependence of primary visual cortical function.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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The primary visual cortex (V1) is not only a relay station It has been proposed that inhibition contributes to the
between the lateral geniculate nucleus (LGN) of the thala- generation of simple and complex cell properties, and that
mus and the other cortical regions, but also transforms inputblockade of inhibition widens ON and OFF subfields of
of LGN and plays an important role in vision and visual per- simple cells, and the increased overlap between subfields
ception[1]. might make their responses similar to those of complex cells
Based on differences of receptive field properties of visual [15,20] Recent studies have suggested that chronic opiate
cortical cells, Hubel and Wiesel described two basic types of exposure could change inhibitory neurotransmis$stl]
neurons in the visual cortex: simple cells and complex cells as well as excitatory neurotransmissidd,16] in different
[8]. After reviewing the results of many studies, Skottun et brain areas. Although opiate receptors express extensively in
al. provided a simple and objective method to classify sim- the visual system of cafg3], macaquef24] and rat412], it
ple and complex cells based on response modulation. Whenis unknown whether and how chronic opiate exposure would
using sinusoidal grating as stimuli, the ratio of first Fourier affect response modulation in V1 cell of cat. In this study, we
components (F1) to the mean components (FO) of response taaompare the response modulation of primary visual cortex
an optimal stimulus provides a measure of the relative modu- cells in chronic morphine- and saline-treated cats (control),
lation of the response in a visual cortical dell]. When the and studied the effect of morphine re-exposure on response
ratio is above 1, the cell is classified as a simple cell. If the modulation.
ratio is below 1, the cell is classified as a complex 1. The data were obtained from 11 healthy adult male cats
(2—3 kg), 5 of which were used as morphine-treated group and
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the Care and Use of Laboratory Animals. According to the Saline
protocols of morphine treatment on ¢a@ and rat[16,22], 204 —
animals were treated by cervical subcutaneous injection of
morphine HCI (10 mg/kg) twice per day at 9:00a.m. and
9:00 p.m. for 10 days. Control cats were treated similarly
with saline instead of morphine.

All cats were examined ophthalmoscopically before the
electrophysiological experiment to ascertain that they had no
optical problems or obvious retinal abnormality that would 04; [
impair visual function. The cells studied had receptive fields 0 1 _ 2
located within 8 from the area centralis. (A) Relative modulation

On the 11th day of morphine administration, the ani- 30/ _ Morohi
mal was prepared For extracellular single-unit recording as | ofphine
described previousl9,25] Briefly, cats were initially anes-
thetized with ketamine HCI (20 mg/kg). Intravenous and tra-
cheal cannulae were inserted. Lidocaine (1%) was applied to
allincisions of surgical entry. Animals were kept anesthetized
with urethane (20 mg/h/kg) and completely paralyzed with
gallamine triethiodide (10 mg/h/kg) throughout the experi-
ments. Electrocardiogram and electroencephalogram were 04; ASAARNINENI NN NN
continuously monitored. Expired G@vas maintained at 4%, ®) 0 Relative r:]odulation 2
and body temperature was maintained at G8Eyes were
protected with contact lenses and focused at a distance OfFig. 1. Distribution of neuronal relative modulation. Average F1/FO0 ratio of
57 cm. Receptive fields were first hand-plotted using flash- neurons between the two groups is significantly differetest,p<0.0001).
ing and moving bars and classified as simple or complex Approximately half of V1 neurons (45.7%) have high F1/F0 ratios (>1) in
cells[8,21]. Computer-controlled visual stimuli consisting of ;aline-tre_‘ated cats (A). Most of V1 cells (82.6%) have low F1/FO ratios (<1)
drifting sinusoidal gratings were presented on a CRT monitor ' Mo'Phine-treated cats (B).
(1024x 768, 85 Hz). We selected the optimal stimulus size,
temporal frequency, spatial frequency and drifting direction cantly longer than that in saline-treated cats (583.4 ms;
for each cell. Each stimulus was presented monocularly to thet test,p<0.0001). This suggests that chronic morphine expo-
dominant eye. The contrast for each stimulus was set at 80% sure leads to the general degradation of response modulation
The mean luminance of the display was 19 cti/and the of V1 neurons.
environmental luminance onthe corneawas 0.1 lux. Atypical To explore whether the decreased response modula-
recording lasted for 3 days. And during recording, morphine tion in morphine-treated cats resulted from an increased
or saline was injected in the same way as described above. FO value or from a decreased F1 value, or both, the F1

As Skottun etal[21], we calculated F1/FOratioofeachV1l and FO value of two groups were compared separately.
neuron. Approximately half of V1 neurons (46.7%; 98/210) The average F1 value showed no difference between two
had a high F1/F0 ratio (>1) in saline-treated cé&ig( 1A). groups (21.2-13.8 spikes/s versus 21415.9 spikes/st
In contrast, only a small proportion of V1 neurons (17.4%; test,p=0.87) Fig. 2A). The average FO value of V1 cells
38/218) had a high F1/FO0 ratio (>1) in morphine-treated cats in morphine-treated cats (3%824.4 spikes/s) was signifi-
(Fig. 1B). The mean F1/F0 ratio showed individual variability cantly larger than in saline-treated cats (28.X7.6 spikes/s;
in both morphine-treated and saline-treated cats. An analysist test,p< 0.0001) Fig. 2B). Therefore, the decrease of F1/F0
comparing the average F1/F0 ratio between the two groupsratio should be attributed to the increased FO value.
showed that the average F1/FO ratio of V1 cells was signifi- We examined the response modulation of V1 cells
cantly lower for morphine-treated cats (06®.41) than for before and after morphine re-exposure. After 10 min of
saline-treated cats (1.@30.44;t test,p<0.0001). Theseand morphine re-exposure, we recorded the responses of 14
analogous data are described as meatandard deviation,  cells in morphine-treated cats agaltig. 3A illustrates the
unless noted otherwise. Moreover, we analyzed in detail the PSTHs of a cell before and after morphine re-exposure. The
time course of neuronal responses using the ratio of PSTHmorphine re-exposure changed the response of the cell to a
area to its peak value as an index. In order to reduce skewingnarrower temporal range, from 51.1 to 44.9 ms. Compared
of the data and provide a more conservative estimation, cellsto before morphine re-exposure, most cells (12/14) showed
with mean response (F0) less than 8 spikes/s were excludedh shorter time course after morphine re-exposure (paired
from this analysis, and the bin of PSTHs was set at 4 ms. Thet test, p<0.05). Fig. 3B illustrates that most cells (11/14)
number of cells analyzed was 201 for morphine-treated catshave a higher F1/FO ratio after morphine re-exposure. A
and 186 for saline-treated cats. The average time course ofpairedt test showed that the response modulation of neurons
response in morphine-treated cats (78.83.4 ms) is signifi- after morphine re-exposure improved significantly when
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Fig. 2. Distribution of F1 and FO value in the two groups. The two groups
show similar distributions of F1 value (A), and average F1 value of neurons is
not significantly different between the two groupsest,p=0.87). However,

the distribution of FO value shows differences between the two groups (B),
and average FO value of neurons in morphine-treated cats is larger than in
saline-treated cats {est,p<0.0001).

F1/F0 (after)

compared with before re-exposupe<0.05). Moreover, the
response modulation of V1 neurons<3) in saline-treated
cats did not show significant increase or decrease after acute
administration of morphine (pairedtest, p=0.64). These Fig. 3. Effect of morphine re-exposure on response modulation. (A) shows
results suggest that chronic morphine exposure resulted inthe PSTHs of a neuron before and after morphine re-exposure. The time
the morphine dependence of primary visual cortical function course of this cell is shortened from 51.1 to 44.9ms after morphine re-
in morphine-treated cats. exposure. (B) shows that most cells (11/14) _shqwir_mreased Fl/FQ ratio after

In this study, we demonstrated the first evidence that MO'Phine re-exposure (pairédest,p<0.05), indicating that morphine re-

. . . . exposure improved the response modulation of neurons of morphine-treated

chronic morphine exposure resulted in degradation of .
response modulation of visual cortical neurons, and morphine
re-exposure could partly recover the decreased response modsf GABAergic inhibition resulted in the greater overlap
ulation of V1 neurons in morphine-treated cats. It is possible of ON and OFF subfield§l5]. However, Rivadulla et al.
that chronic morphine exposure led to an increased samplereported the negative result that bicuculline (a GABA
of complex cells. However, morphine re-exposure signifi- receptor antagonist) injection did not change the modulation
cantly improved the response modulation of V1 neurons in of simple or complex cell$18]. The discrepancy between
morphine-treated cats, and there was no change of respons@ernberg et al. and Rivadulla et al. may be due to a small
modulation in saline-treated cats following acute morphine sample of cells in both studies (Pernberg et al.: 3 of 6
injection. Therefore, the degradation of response modulationsimple cells for subfield expansion; Rivadulla et al.: 3 simple
of V1 neurons is unlikely due to sampling difference across cells and 3 complex cells). Furthermore, distinct classes of
conditions. GABAergic synapses target restricted subcellular domains of

In the absence of GABAergic inhibition, the spatial principal neurons, thereby differentially regulating the signal
segregation of receptive fields of simple cells is lost, so input, integration and outpy4]. The subcellular restriction
that their responses are similar to those of complex cells of GABAergic synapses may represent a more general
[15,20] Systemic morphine exposure could reduce GABA mechanism to regulate spatial and temporal signaling both
releasd17], although increases of GABA release by chronic within and among principal neurons in sensory coftgx
morphine have been reported as wi@|10]. The results On the other hand, chronic opiate exposure results in the
presented here suggest that chronic morphine exposure leadshange of glutamatergic neurotransmission as {#dl|16]
to the decrease of response modulation of visual cortical Rivadulla et al. also reported that blockage of AMPA recep-
cells. This suggests an increased overlap of ON and OFFtors increased the response modulation of complex cells even
subfields of V1 neurons in morphine-treated cats. This was when inhibition was removefd 8]. Although our results did
similar to the observation of Pernberg et al., that blockage not definitely show that modulation of complex cells was

(B) F1/FO (before)
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influenced by chronic morphine exposure, the improvement [6] L.W. Fitzgerald, J. Ortiz, A.G. Hamedani, E.J. Nestler, Drugs of
of the cells with a low F1/FO ratio after morphine re-exposure abuse and stress increase the expression of GluR1 and NMDAR1 glu-
indicate that complex cells may also suffer the genera| degen- tamate receptor subunits in the rat ventral tegmental area: common

. L . adaptations among cross-sensitizing agents, J. Neurosci. 16 (1996
eration of response modulation in morphine-treated cats. The 2748282 9 949 (1996)

up-regulation of GIUR-A subunit, a subunit of AMPA-type (7] ED. French, S.A. Vasquez, R. George, Behavioral changes produced
glutamate receptors, had been observed in the brains of ani-  in the cat by acute and chronic morphine injection and naloxone
mals addicted to morphine and other drugs of afgis@vhich precipitated Withdl’a'W?:ll, Eur. J. Eharmacol. '57 (1979) 387—.397.
may represent some compensatory action for morphine effect [8] D.H. Hubel, T.N. Wiesel, Receptive fields, binocular interaction and

L . functional architecture in the cat's visual cortex, J. Physiol. 160
and indicate that the response modulation of complex cells (1962) 106-154

may change following chronic morphine exposure. More- (9] c.G. Jang, R.W. Rockhold, I.K. Ho, An autoradiographic study of
over, drug-induced changes of GIuR-A subunit in various [BH]JAMPA receptor binding and in situ hybridization of AMPA sen-
brain regions have been observed at both protein and mMRNA  sitive glutamate receptor A (GIuR-A) subunits following morphine
Ievels[3,9,131 However, no evidence shows that action of withdrawal in the rat brain, Brain Res. Bull. 52 (2000) 217-221.

. . [10] T. Jolas, E.J. Nestler, G.K. Aghajanian, Chronic morphine increases
AMPA receptor is relevant to the response modulation of GABA tone on serotonergic neurons of the dorsal raphe nucleus:

simple cells. _ association with an up-regulation of the cyclic AMP pathway, Neu-
In summary, our results, together with that of others sug- roscience 95 (2000) 433-443.

gests that a combined change of excitatory and inhibitory [11] S.R. Laviolette, R.A. Gallegos, S.J. Henriksen, D. van der Kooy,

neurotransmission contributes to the degradation of response ~ OPiate state controls bi-directional reward signaling via GABA

. . . receptors in the ventral tegmental area, Nat. Neurosci. 7 (2004
modulation of V1 neurons in morphine-treated cats, and 160-pleg 9 (2004)

that complex and simple cells may undergo quite different [12] M.E. Lewis, A. Pert, C.B. Pert, M. Herkenham, Opiate receptor
processes of degradation. The effect of GABAergic and glu- localization in rat cerebral cortex, J. Comp. Neurol. 216 (1983)
tamatergic system on the response modulation of neuronsis  339-358.

quite complex, and much remains to be studied about their[13l W. Lu, M.E. Wolf, Repeated amphetamine administration alters

le in th dulati f Vi | tical AMPA receptor subunit expression in rat nucleus accumbens and
role In the response moaulation or visual cortical neurons. medial prefrontal cortex, Synapse 32 (1999) 119-131.

The mechanism about the response modulation as well as it$14] G. Martin, R. Przewlocki, G.R. Siggins, Chronic morphine treatment
morphine-derived degradation needs to be investigated fur-  selectively augments metabotropic glutamate receptor-induced inhi-
ther. bition of N-methylp-aspartate receptor-mediated neurotransmission
in nucleus accumbens, J. Pharmacol. Exp. Ther. 288 (1999) 30-35.
[15] J. Pernberg, K.U. Jirmann, U.T. Eysel, Structure and dynamics of
receptive fields in the visual cortex of the cat (area 18) and the
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