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Chapter 11

GABA Inactivation of the Pulvinar

A direct way to access the pulvinar-cortical interaction is to pharmacologically

inactivate the pulvinar and measure the impact on cortical activity. To this aim, we

have focused our efforts on recording in cortical visual area V2. The main afferents

to area V2 originate in the primary visual cortex (Federer et al. 2009). However,

pulvinar subregions PI and PL also provide robust projections to V2 and constitute

the major subcortical input to this area. Pulvinar terminal zones align with regions

of increased cytochrome oxidase staining in V2, avoiding the pale stripes (Levitt

et al. 1995). All V2 stripes receive input from V1. However, the strongest V1 inputs

target the V2 pale stripes. This suggests that inputs from V1 and from the pulvinar

target distinct V2 modules of visual processing (Sincich and Horton 2002).

We used ɣ-aminobutyric acid (GABA) injections to inactivate parts of the PI and

PL subregions of the capuchin monkey pulvinar (Soares et al. 2001). Our inactiva-

tion device included three cannulas placed evenly around a recording electrode. We

could thereby monitor pulvinar inactivation using electrophysiological recordings.

We usually obtained a 60% reduction in pulvinar neuronal activity immediately

after the injection. Recovery of pulvinar activity to levels observed prior to GABA

injection could take up to 70 min. Therefore, the corresponding projections from the

pulvinar to the cortex were presumably shut down during a significant period.

During this period, we were able to record the electrophysiological activity of

single neurons in area V2, whose receptive fields matched the topographic repre-

sentation of the pulvinar inactivation site. Pulvinar inactivation resulted in a myriad

of physiological effects in area V2, but two main effects can be here highlighted.

The first effect consisted in a general baseline shift in neuronal firing for both

spontaneous and stimulus driven activity, which provides further evidence that the
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pulvinar may be involved in the large-scale modulation of cortical arousal. The

second effect of pulvinar GABA inactivation involved changes in the receptive

field properties of V2 receptive fields, namely, their selectivity for stimulus orien-

tation and direction of motion.

The majority (~67%) of the recorded V2 cells showed changes in baseline

activity after pulvinar GABA inactivation, with slightly more V2 neurons under-

going response increment as compared to response reduction (~40% vs. 27%,

respectively). GABA can act over several neuronal structures that constitute the

complex synaptic glomeruli of the pulvinar. In some cases, it may reduce the

postsynaptic depolarization of neurons projecting to the cortex. As a result of

pulvinar inactivation, V2 would lose a direct excitatory modulation, which could

explain the reduction in its neuronal activity. Alternatively, pulvinar projections

could target V2 inhibitory interneurons, causing thereby an increase in general V2

activity after GABA inactivation. The fact that the majority of V2 neurons show a

response increase with pulvinar inactivation suggests that inhibitory interneurons

may constitute an important component of pulvinar-V2 interaction. Figure 11.1

illustrates a V2 single unit, which showed a reduction in stimulus driven activity to

a moving bar after pulvinar inactivation with GABA. Note the substantial reduction

in cell response, which starts to recover 83 min. after the injection. The cell activity

was recorded before (0) and at different time intervals (21, 83, and 133 min) after

injection of GABA. Figure 11.2 illustrates another V2 single unit that increased its

baseline activity with GABA inactivation of the pulvinar. Neuronal activity was

recorded before (0) and at discrete time intervals (28, 60, and 149 min) after

injection. We observed an increment in neuronal activity for both spontaneous

and stimulus driven responses. While the stimulus-driven activity begins to nor-

malize at 149 min postinjection, spontaneous activity remains high for reasons

which are not completely clear.

An even larger proportion of V2 neurons (~91%) showed changes in orientation

or direction selectivity after pulvinar inactivation, where a decrease in selectivity

was the most commonly observed effect. This indicates that the pulvinar may play

an active role in the neuronal circuit responsible for shaping V2 stimulus selectiv-

ity. Note, for example, the successive changes in orientation/direction selectivity

that take place during pulvinar inactivation in Fig. 11.2.

Other neurons we studied completely lost their selectivity to orientation or

direction but still showed this late rebound effect in the spontaneous activity as

seen in Fig. 11.2 and, to a smaller degree, in Fig. 11.1. The physiological mecha-

nisms behind the late rebound effect could be partially explained by the existence of

indirect circuits involving other cortical visual areas that receive pulvinar pro-

jections and that also project to V2, such as V4 (Zeki and Shipp 1989), MT

(Rockland and Pandya 1979), and the inferotemporal cortex (Felleman and Van

Essen 1991).
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Fig. 11.1 Overall activity decrease of a single V2 unit after GABA inactivation of the pulvinar.

Neuronal activity in area V2 was recorded before (0) and at discrete time intervals (21, 83, and

133 min) after GABA injection in the pulvinar. Note the substantial decrease in neuronal activity

with GABA, which starts to recover 83 min after the injection. Right: PSTHs of the responses to

the preferred stimuli. Left: Polar diagrams displaying the mean response rates for the full set of

stimulus directions (45� steps). Dotted-line circles at the center of polar diagrams correspond to the

mean spontaneous activity of the cell. The radii of the external circles indicate the maximum

recorded response (13.2 spikes/s). Black bars below the PSTHs indicate the time interval during

which the stimulus was moving inside the V2 RF. (Modified from Soares et al. 2004)
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Fig. 11.2 Overall activity increase of a single V2 unit after GABA inactivation of the pulvinar.

Neuronal activity in area V2 was recorded before (0) and at discrete time intervals (0, 28, 60, and

149 min) after GABA injection in the pulvinar. Right: PSTHs of the preferred stimuli. Left: polar

diagrams corresponding to the tuning curve for direction of stimulus motion (conventions as in

Fig. 11.1). Note that the neuron acquired an enhanced selectivity to stimulus direction after GABA

injection. Directional index or DI (0 min)¼ 0.03; DI (14 min)¼ 0.83. (Modified from Soares et al.

2004)

56 11 GABA Inactivation of the Pulvinar

jmsoares@biof.ufrj.br



References

Adams MM, Webster MJ, Gattass R, Hof PR, Ungerleider LG (2000) Visual cortical projections

and chemoarchitecture of macaque monkey pulvinar. J Comp Neurol 419:377–393

Allman JM, Kaas JH (1971) Representation of the visual field in striate and adjoining cortex of the

owl monkey (Aotus trivirgatus). Brain Res 35:89–106

Allman JM, Kaas JH, Lane RH, Miezin FM (1972) A representation of the visual field in the

inferior nucleus of the pulvinar in the owl monkey. Brain Res 40:291–302

Andersen RA, Snyder LH, Li CS, Stricanne B (1993) Coordinate transformations in the represen-

tation of spatial information. Curr Opin Neurobiol 3:171–176

Asanuma C, Andersen RA, Cowan WM (1985) The thalamic relations of the caudal inferior

parietal lobule and the lateral prefrontal cortex in monkeys: divergent cortical projections from

cell clusters in the medial pulvinar nucleus. J Comp Neurol 241:357–381

Baimbridge KG, Celio MR, Rogers JH (1992) Calcium-binding proteins in the nervous system.

Trends Neurosci 15:303–308

Baleydier C, Morel A (1992) Segregated thalamocortical pathways to inferior parietal and

inferotemporal cortex in macaque monkey. Vis Neurosci 8:391–405

Beck PD, Kaas JH (1998) Thalamic connections of the dorsomedial visual area in primates. J

Comp Neurol 396:381–398

Bender DB (1981) Retinotopic organization of macaque pulvinar. J Neurophysiol 46:672–693

Bender DB, Youakim M (2001) Effect of attentive fixation in macaque thalamus and cortex. J

Neurophysiol 85:219–234

Benevento LA, Davis B (1977) Topographical projections of the prestriate cortex to the pulvinar

nuclei in the macaque monkey: an autoradiographic study. Exp Brain Res 30:405–424

Benevento LA, Fallon JH (1975) The ascending projections of the superior colliculus in the rhesus

monkey (Macaca mulatta). J Comp Neurol 160:339–361

Benevento LA, Miller J (1981) Visual responses of single neurons in the caudal lateral pulvinar of

the macaque monkey. J Neurosci 11:1268–1278

Benevento LA, Rezak M (1975) Extrageniculate projections to layers VI and I of striate cortex

(area 17) in the rhesus monkey (Macaca mulatta). Brain Res 96:51–55

Benevento LA, Rezak M (1976) The cortical projections of the inferior pulvinar and adjacent

lateral pulvinar in the rhesus monkey (Macaca mulatta): an autoradiographic study. Brain Res
108:1–24

Benevento LA, Standage GP (1983) The organization of projections of the retinorecipient and

nonretinorecipient nuclei of the pretectal complex and layers of the superior colliculus to the

lateral pulvinar and medial pulvinar in the macaque monkey. J Comp Neurol 217:307–336

© Springer International Publishing AG 2018

R. Gattass et al., The Pulvinar Thalamic Nucleus of Non-Human Primates:
Architectonic and Functional Subdivisions, Advances in Anatomy, Embryology and

Cell Biology 225, https://doi.org/10.1007/978-3-319-70046-5

61

jmsoares@biof.ufrj.br

https://doi.org/10.1007/978-3-319-70046-5


Benevento LA, Rezak M, Santos-Anderson R (1977) An autoradiographic study of the projections

of the pretectum in the rhesus monkey (Macaca mulatta): evidence for sensorimotor links to

the thalamus and oculomotor nuclei. Brain Res 127:197–218

Berman RA,Wurtz RH (2010) Functional identification of a pulvinar path from superior colliculus

to cortical area MT. J Neurosci 30:6342–6354

Berman RA, Wurtz RH (2011) Signals conveyed in the pulvinar pathway from superior colliculus

to cortical area MT. J Neurosci 31:373–384. https://doi.org/10.1523/JNEUROSCI.4738-10.

2011

Bourne JA, Morrone MC (2017) Plasticity of visual pathways and function in the developing

brain: is the pulvinar a crucial player? Frontier of system. Neuroscience 11:3. https://doi.org/

10.3389/fnsys.2017.00003

Bridge H, Leopold DA, Bourne JA (2016) Adaptive pulvinar circuitry supports visual cognition.

Trends Cogn Sci 20:146–157

Campos-Ortega JA, Hayhow WR (1972) On the organization of the visual cortical projection to

the pulvinar in Macaca mulatta. Brain Behav Evol 6:394–423

Campos-Ortega JK, Hayhow WR, de V Clover PF (1970) A note on the problem of retinal

projections to the inferior nucleus of primates. Brain Res 22:126–130

Chalupa LM, Coyle RS, Lindsley DB (1976) Effect of pulvinar lesions on visual pattern discrim-

ination in monkeys. J Neurophysiol 39:354–369

Colby CL, Gattass R, Olson CR, Gross CG (1988) Topographical organization of cortical afferents

to extrastriate visual area PO in the macaque: a dual tracer study. J Comp Neurol 269:392–413

Cowey A, Stoerig P, Bannister M (1994) Retinal ganglion cells labelled from the pulvinar nucleus

in macaque monkeys. Neuroscience 61:691–705

Crick FC (1984) Function of the thalamic reticular complex: the search light hypothesis. Proc Natl

Acad Sci U S A 81:4586–4590

Cusick CG, Scripter JL, Darensbourg JG, Weber JT (1993) Chemoarchitectonic subdivisions of

the visual pulvinar in monkeys and their connectional relations with the middle temporal and

rostral dorsolateral visual areas, MT and DLr. J Comp Neurol 336:1–30

Danziger S, Ward R, Owen V, Rafal R (2001–2002) The effects of unilateral pulvinar damage in

humans on reflexive orienting and filtering of irrelevant information. Behav Neurol 13:95–104

DeFelipe J (1997) Types of neurons, synaptic connections and chemical characteristics of cells

immunoreactive for calbindin-D28K, parvalbumin and calretinin in the neocortex. J Chem

Neuroanat 14:1–19

Desimone R, Wessinger M, Thomas L, Schneider W (1990) Attentional control of visual percep-

tion: cortical and subcortical mechanisms. Cold Spring Harb Symp Quant Biol 55:963–971

Eidelberg E, Saldias CA (1960) A stereotaxic atlas for Cebus monkeys. J Comp Neurol

115:103–123

Federer F, Ichida JM, Jeffs J, Schiessl I, McLoughlin N, Angelucci A (2009) Four projection

streams from primate V1 to the cytochrome oxidase stripes of V2. J Neurosci 29:15455–15471

Felleman DJ, Van Essen DC (1991) Distributed hierarchical processing in the primate cerebral

cortex. Cereb Cortex 1:1–47

Friedmann M (1912) Die cytoarchitektonic des zwischenhirns der Cercopitheken mit bersonderer

berucksichtigung des thalamus opticus. J Psychol Neurol 18:308–378

Fries P (2005) A mechanism for cognitive dynamics: neuronal communication through neuronal

coherence. Trends Cogn Sci 9:474–480

Fries P (2015) Rhythms for cognition: communication through coherence. Neuron 88:220–235

Fries P, Reynolds JH, Rorie AE, Desimone R (2001) Modulation of oscillatory neuronal synchro-

nization by selective visual attention. Science 291:1560–1563

Gattass R, Desimone R (1996) Responses of cells in the superior colliculus during performance of

a spatial attention task in the macaque. Rev Bras Biol 56(Su 2):257–279

Gattass R, Desimone R (2014) Effect of microstimulation of the superior colliculus on visual space

attention. J Cogn Neurosci 26:1208–1219

62 References

jmsoares@biof.ufrj.br

https://doi.org/10.3389/fnsys.2017.00003
https://doi.org/10.3389/fnsys.2017.00003
https://doi.org/10.1523/JNEUROSCI.4738-10.2011
https://doi.org/10.1523/JNEUROSCI.4738-10.2011


Gattass R, Oswaldo-Cruz E, Sousa APB (1978a) Visuotopic organization of the Cebus pulvinar: a

double representation of the contralateral hemifield. Brain Res 152:1–16

Gattass R, Sousa AP, Oswaldo-Cruz E (1978b) Single unit response types in the pulvinar of the

Cebus monkey to multisensory stimulation. Brain Res 158:75–87

Gattass R, Sousa APB, Oswaldo-Cruz E (1979) Visual receptive fields of units in the pulvinar of

Cebus monkey. Brain Res 160:413–430

Gattass R, Nascimento-Silva S, Soares JGM, Lima B, Jansen AK, Diogo ACM, Farias MF,

Marcondes M, Botelho EP, Mariani OS, Azzi J, Fiorani M (2005) Cortical visual areas in

monkeys: location, topography, connections, columns, plasticity and cortical dynamics. Philos

Trans R Soc Lond Ser B Biol Sci 360:709–731

Gattass R, Galkin TW, Desimone R, Ungerleider L (2014) Subcortical connections of area V4 in

the macaque. J Comp Neurol 522:1941–1965

Gattass R, Lima B, Soares JGM, Ungerleider LG (2015) Controversies about the visual areas

located at the anterior border of area V2 in primates. Vis Neurosci 32:E019. https://doi.org/10.

1017/S0952523815000188

Glendenning KK, Hall JA, Diamond IT, Hall WC (1975) The pulvinar nucleus of Galago
senegalensis. J Comp Neurol 161:419–458

Goldberg ME, Wurst RH (1972) Activity of superior colliculus in behaving monkey. II. Effect of

attention on neuronal responses. J Neurophysiol 35:560–574

Gray D, Gutierrez C, Cusick CG (1999) Neurochemical organization of inferior pulvinar complex

in squirrel monkeys and macaques revealed by acetylcholinesterase histochemistry, calbindin

and CAT-301 immunostaining, and Wisteria floribunda agglutinin binding. J Comp Neurol

409:452–468

Gross CG (1991) Contribution of striate cortex and the superior colliculus to visual function in area

MT, the superior temporal polysensory area and the inferior temporal cortex.

Neuropsychologia 29:497–515

Gutierrez C, Cusick CG (1997) Area V1 in macaque monkeys projects to multiple histochemically

defined subdivisions of the inferior pulvinar complex. Brain Res 765:349–356

Gutierrez C, Yaun A, Cusick CG (1995) Neurochemical subdivisions of the inferior pulvinar in

macaque monkeys. J Comp Neurol 363:545–562

Gutierrez C, Cola MG, Seltzer B, Cusick CG (2000) Neurochemical and connectional organization

of the dorsal pulvinar complex in monkeys. J Comp Neurol 419:61–86

Harting JK, Hall WC, Diamond IT (1972) Evolution of the pulvinar. Brain Behav Evol 6:424–452

Hashikawa T, Rausell E, Molinari M, Jones EG (1991) Parvalbumin- and calbindin-containing

neurons in the monkey medial geniculate complex differential distribution and cortical layer

specific projections. Brain Res 544:335–341

Hof PR, Morrison JH (1995) Neurofilament protein defines regional patterns of cortical organi-

zation in the macaque monkey visual system: a quantitative immunohistochemical analysis. J

Comp Neurol 352:161–186
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