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Abstract

How neurons in the primary visual cortex (V1) of primates process parallel inputs from the magnocellular (M) and
parvocellular (P) layers of the lateral geniculate nucleus (LGN) is not completely understood. To investigate
whether signals from the two pathways are integrated in the cortex, we recorded contrast-response functions (CRFs)
from 20 bush baby V1 neurons before, during, and after pharmacologically inactivating neural activity in either the
contralateral LGN M or P layers. Inactivating the M layer reduced the responses of V1 nenrens)j to all

stimulus contrasts and significantly elevated=(8.15,P < 0.01) their average contrast threshold from 8.04

(£ 4.1)% contrast to 22.46H 6.28)% contrast. M layer inactivation also significantly reducee @.06,P < 0.01)

the average peak response amplitude. Inactivating the P layer did not elevate the average contrast threshold of V1
neurons § = 10), but significantly reduced & 4.34,P < 0.01) their average peak response amplitude. These data
demonstrate that input from the M pathway can account for the responses of V1 neurons to low stimulus contrasts
and also contributes to responses to high stimulus contrasts. The P pathway appears to influence mainly the
responses of V1 neurons to high stimulus contrasts. None of the cells in our sample, which included cells in all
output layers of V1, appeared to receive input from only one pathway. These findings support the view that many
V1 neurons integrate information about stimulus contrast carried by the LGN M and P pathways.
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Introduction cific geniculate inputs (Livingstone & Hubel, 1984, 1988; Ts'o &

. . . Gilbert, 1988). These results led to the conclusion that LGN inputs
The lateral geniculate nucleus (LGN) of primates receives ana; re segregated within V1. More recent investigations describe a
tomically and functionally segregated inputs from the retina anol"jl o o ) A )

) ) . unified distribution of V1 cell response properties, implying that
relays the signals contained in these parallel afferent sources tt%e LGN inputs become integrated within V1 (Lennie et al., 1990:
layer IV of the primary visual cortex (V1) (Casagrande & Norton, Leventhal et al., 1995; Sawatari & Callaway, 1996) v ’
1991). The parvocellular (P) and magnocellular (M) geniculocor- ’ ) Y, )

. . . ; . Because the spatial properties of many stimuli excite both LGN
tical pathways differ markedly in their anatomy, physiology, and athways to varying degrees (Casagrande & Norton, 1991), dis-
termination patterns within V1 (Norton & Casagrande, 1982; Der-p Y ying deg g ! !

rington & Lennie, 1984: Derrington et al., 1984). Whether thetlnctlons between the M and P pathways are usually revealed only

. : by stimuli at the extreme spatiotemporal limits. This makes iden-
signals relayed by_ t_h(_e__%e parall_el pathv_vays remain segregatgd fication of the contributions of the M and P inputs to V1 cell
converge after their initial entry into V1 is an unresolved quesuonresponses difficult and contributes to the inconsistent published
(Merigan & Maunsell, 1993). Early studies in macaque monkeys

. results. One solution to this problem is to manipulate stimulus
for example, found that the responses of V1 neurons to stimulus P P

color, spatial detail. antbr motion reflect the properties of spe- contrast. Magnocellular neurons in the LGN of both macaque mon-
» SP ' prop P keys and bush babies exhibit lower contrast thresholds and saturate

at lower contrast levels than P cells (Kaplan & Shapley, 1982;

Derrington & Lennie, 1984; Norton et al., 1988). The isolated
“Present address: Wayne State University, University Health Centercontribution of the M pathway to responses of V1 neurons should

Neurological Surgery Department, Detroit, M| 48201. therefore be revealed by low contrast stimulation. A second solu-
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bination, recording the contrast-response functions of V1 neuronsontralaterally innervated P layer 6 (200—30® in diameter) but
while inactivating individual LGN layers offers a means of iden- not reach contralaterally innervated M layer 1 (800—-1Q00
tifying the contribution to V1 cell responses made by both types ofbelow the center of P layer 6) (see Fig. 1).
LGN inputs. For layer blocking experiments, a microelectrode was lowered
Our objective in this study was to determine the contributionsinto V1 until a receptive field could be plotted. An injection
of the LGN M and P pathways to the contrast-dependent responsescording electrode (Needlecraft, Frederick Haer, Brunswick, ME)
of individual V1 neurons. We chose to perform these studies irfilled with 25 mM GABA was then lowered into either LGN M
bush babies because the parallel pathways are well segregatedlayer 1 or P layer 6, multiunit activity was recorded, and the
this species (Norton & Casagrande, 1982; Florence & Casagrandelectrode was repositioned until the LGN and V1 receptive fields
1987; Lachica & Casagrande, 1992; Casagrande, 1994). An addwere retinotopically aligned. The retinotopic alignment for each
tional advantage is that the bush baby LGN is structurally simpleisubsequently recorded V1 cell was checked to ensure that its re-
than that of macaque monkeys with only two P layers and two Mceptive field overlapped with the LGN receptive field. After the
layers (see Fig. 1). This structure allowed us to test the contribuelectrodes were positioned, action potentials were isolated from a
tions of M and P pathways to cells within the central vision rep-single V1 neuron and its contrast-response function (CRF) was
resentation of V1. Finally, the physiological properties of both measured by stimulating with spatiotemporally optimized, drifting
LGN cells and V1 cells have been well studied in bush babiessine-wave gratings (4-s duration) randomly interleaved in 0.15 log
(Norton & Casagrande, 1982; Irvin et al., 1986; Norton et al.,unit increments from 3 to 56% contrast (display was a Tektronix
1988; DeBruyn et al., 1993; Allison et al. 1993, 1995), making 608; mean luminance 40 cd/m2; stimulus diameter 10 deg;
interpretation of the results less problematic. for details see Bonds, 1991; DeBruyn et al., 1993). Each contrast
was presented three times for a total averaging time of 12 s. After
measuring the baseline CRF, approximately 500 nl of GABA was
Methods pressure injected into either LGN M layer 1 or P layer 6 and the V1
cell's CRF was remeasured immediately. As described above, we
Seven adult bush babieGélago crassicaudatyd.0-1.5 kg) were  chose to independently inactivate either LGN M layer 1 and P
anesthetized with Brevital (methohexital sodium; 1/kg-h) and  layer 6 because they lie at the ventral and dorsal edges, respec-
nitrous oxide (70%), paralyzed with Pavulon (pancuronium bro-tively, of the nucleus (Fig. 1). We could therefore reliably inacti-
mide; 1.9 mgkg-h), and surgically prepared for recording from vate either layer independently without GABA spreading to the
V1 and LGN. All surgical procedures and methods of monitoringother layer. We confirmed the inactivation of local LGN neural
anesthesia levels were identical to those used by DeBruyn et ahctivity by recording immediately after injection. Although we
(1993) and adhere to those approved by NIH and the Vanderbiltvere unable to measure the size of the pharmacologically induced
University Animal Care Committee. scotoma, inactivatingt leasta 600um diameter area of LGN
Prior to the initiation of this study, several control experimentstissue likely created a scotoma much larger than the average LGN
were performed to determine empirically the magnitude of thereceptive field (2 dex 3 deg) recorded from the multiunit activity
spread of injectable agents in LGN and the time course of LGNand was probably larger than the average cortical cell receptive
inactivation. Recording electrodes were glued at distances of 50field (2 degx 5 deg). Furthermore, M layer 1 and P layer 6 are
500 um from the centers of pipettes filled with 25 mM gamma- innervated by the contralateral retina. We ensured that V1 cells
aminobutyric acid (GABA) in saline (pH 7.4). Recordings were were stimulated onlyia the contralaterally innervated LGN layer
then made in the LGN following injections of either 500 or 1000 nl by occluding the ipsilateral eye (schematically illustrated in Fig. 1
GABA. With 500 nl of GABA, activity was completely blocked at by the shaded areas through LGN layers 2, 3, and 4). The mea-
a distance of 30Qum (diameter of 600um) but not 500um surement was repeated until the V1 cell's CRF returned to baseline
(diameter of 100Qum) for 3.5-5.0 min. This volume of GABA levels, usually within 20 min. Lesions marked each LGN and V1
was chosen for subsequent LGN layer blocking experiments beelectrode penetration. Cell locations in relation to V1 layers and
cause the predicted block would be expected to silence all otytochrome oxidase (CO) blobs and interblobs were determined.

Fig. 1. Schematic diagram of the experimental paradigm
J\, '\ Ve GABA showing the position of the GABA pipettes within the
LGN and the recording electrode in V1. The anatomical
or /GABA organization of the bush baby LGN is ideal for this
study because LGN M layer 1 and P layer 6 are at the
edges of the nucleus more than 1.3 mm apart. In addi-
tion to the M and P layers, the LGN contains a third cell

6Pc T J class that projects to V1, the koniocellular (K) cells
5Kc I (contralaterally innervated layer 5 and ipsilaterally

innervated layer 4) (Irvin et al., 1986; Lachica & Casa-
- grande, 1992). If K cells contribute to the contrast-
$P ', response function of V1 cells, then the responses of V1
il neurons after inactivation of M layer 1 possibly reflect
1Mc the combined influence of the P and K pathways. Nu-
merals refer to the LGN layers. c: contralateral; i: ipsi-
lateral; M: magnocellular; and P: parvocellular. See text

V1 LGN for details.
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A linear regression analysis of the linear portion of the CRFs 30
determined quantitatively each cell's average99% confidence A
interval) contrast threshold before, during, and after layer inacti- ’\u? 25 | control @
vation (Allison et al., 1993). The 99% confidence interval was also 8 M-Block 5
established for each cell's peak response to the highest contrast é. 20 | Reeovey
stimulus (i.e. 56%). A change in the contrast threshold or peak )
response of an individual V1 neuron was considered significant if ; 15
it was beyond the 99% confidence interval of the baseline measure. 2
For the two samples of V1 neurons (i.e. those recorded during M 8_ 10
layer blocks and those recorded during P layer blocks), differences 2
between control and experimental conditions were evaluated using X s
a paired Studentstest.
° 3 5 10 20 30 S0 100
Results Contrast (%)
We recorded contrast-response functions (CRFs) from a total of 20
V1 neurons (seven simple cells and 13 complex cells). Inactivating 40
neural activity in the LGN M layer 1r( = 10) reduced the re- B
sponses of V1 neurons to all stimulus contrasts. For example, 3 °
CRFs recorded from a layer V simple cell under contréilléd g 5 o © P
circles) and recovery@pen circle3 conditions were virtually iden- g o o
tical (Fig. 2A). The neuron’s baseline contrast threshold was 10.2 (&) f °
(£ 2.1)% contrast. Injecting GABA into LGN M layer Ifiled XL 0t ¢
square$ reduced the neuron’s response to each stimulus contrast ;ﬂ O. ¢)
and significantly elevated (i.e. beyond the 99% confidence inter- © E' )
val) its contrast threshold to 25.2-(4.3)% contrast. Additionally, 3 s 10l
the neuron’s peak response to 56% contrast was reduced signifi- _GE’
cantly. The cell’s response to stimuli above 20% contrast while M ~ IBr::JebrbIob 2
layer 1 was inactivated likely reflects the contribution of input 0 l . '
from the P pathway. 0 10 20 30 40

Inactivating LGN M layer 1 increased significantly the contrast
threshold of every cell tested (Fig. 2B). The averagesfandard
deviation) baseline contrast threshold of the sample was 8.04

Baseline Threshold (% Contrast)

(£4.01)% contrast. Inactivating M layer 1 elevated significantly 50

(t = 8.15, P < 0.01) the average contrast threshold to 22.46 c

(£6.28)%. For eight cells, inactivating M layer 1 also reduced 7 0L sw O

significantly their peak response to 56% contrast (Fig. 2C). The o B Interblob @

average peak response of these eight cells was reduced signifi- @ g_g

cantly ( = 4.06,P < 0.01) by 48.4 {28.4)%. We must emphasize o 30

that the spatial and temporal frequencies of the stimulus were 8‘9

optimized for each recorded cortical neuron. The average spatial &’ S ) o

and temporal frequencies used during inactivation of the LGN M X % 20 C:

layer were 0.4840.18) cyclegdeg and 1.6£0.97) Hertz. These 8 E' o

values are not “optimal” for LGN P neurons grlago (Norton 0 = 1w}t ° Py
et al., 1988), but are within the excitatory range. The eccentricity 2 °

of this sample of V1 neurons ranged from 1 to 10 deg (mean 0 _ | ! !
6.1 deg). 0 10 20 30 40 50

As shown by the CRFs recorded from a layer IVB simple cell
(Fig. 3A), injecting GABA into P layer 6 had no effect on re-

Baseline Peak Response (Spikes/s)

sponses to gratings below 20% contrast. The baseline contrak}9: 2: Effects of inactivating LGN M layer 1 on the CRF of V1 cells.

threshold of this cell (5.5% contrast) remained statistically un-
changed during inactivation of P layer 6 (3.2% contrast). Inacti-
vating P layer 6 did produce a premature saturation in the neuron’

(A) CRFs recorded from a layer V simple cell under control (filled circles)
and recovery (open circles) conditions were identical. Inactivating LGN M
layer 1 (filled squares) elevated significantly this cell’s contrast threshold
dnd reduced its peak response to 56% contrast. All ten neurons tested

CRF which significantly reduced its peak response amplitude. INjyring M layer inactivation displayed similar increases in contrast thresh-
activating neural activity in LGN P layer 6 did not change the old (B) and eight neurons displayed significant decreases in their peak
contrast-response threshold of any V1 neuron tested (Fig. 3B). Thesponses (C). Blob cells located within or below a CO-blob. Interbleb
baseline average contrast threshold of this sample was 8.02% cogells located within or below an interblob.

trast. The average contrast threshold recorded during inactivation

of P layer 6 (7.54% contrast) remained unchangesd 0.88,P > sponse amplitude at high stimulus contrast by 47414.4)% in
0.05). All cells tested during P layer inactivation exhibited a re-the ten cells tested. The spatial and temporal frequencies of the
duced response to 56% contrast (Fig. 3C). Inactivating P layer @rating used during P layer block were optimized for each recorded
significantly reducedt(= 4.34,P < 0.01) the average peak re- cortical neuron, rather than being optimal for LGN M neurons. The
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12 Anatomical reconstructions revealed that the recorded V1 cells
A were found in output layers or on the borders of output layers IlIA
@ 10 (n=1),IVB (n=2),IVB/IVCa (n= 1), IVCB/V (n=3),V (n=
P comto ¢ 4), V/VI (n= 1), and VI (0 = 7). The location of one cell could
%4_ 8 | Recovery O not be determined. No cells recorded were centered within either
n P recipient layer IV@ or M recipient layer V@, although four
‘q')’ 6 cells lay at the borders of these layers. Cells were found both in
&l vertical columns containing cytochrome oxidase-rich blobs and
8_ 4 cytochrome oxidase-poor interblobs, as indicated in Figs. 2 and 3.
3
@ 2 Discussion
0 The present results demonstrate clear differences between the con-
3 5 10 20 30 50 100 tributions of the LGN M and P layers to the contrast-dependent
% Contrast responses of V1 neurons (Fig. 4). In this sample of cells, input
from the LGN M pathway accounted for V1 cell responses to low
40 stimulus contrasts and contributed to responses at other contrasts
. B measured. The LGN P pathway provided a substantial contribution
X Bob O to V1 cell responses only at contrasts above about 10%. These data
o & 30| Interbiob @ demonstrate that some V1 cells (at least those within the output
° L layers of V1) are capable of integrating information about stimulus
cm . . . S
a 5 contragt contained W|th|_n_ the two parallel LGN inputs. Injecting
s> 27 GABA into the LGN modified the response of every V1 cell tested,
t _|(? regardless of which LGN layer was inactivated or where the V1
oo ° cell was located. No cell showed a complete loss of visually driven
"E B 10} activity, thus none of the cells in our sample appeared to receive
o @) input from only one pathway. Previous LGN inactivation studies
o @) (Malpeli et al., 1981; Nealy & Maunsell, 1994) found that inacti-
0 L ! L vating individual LGN layers completely silenced a small number
0 10 20 30 40

Baseline Threshold (% Contrast)

0 10 20 30 40 50

Baseline Peak
Response (Spikes/s)

of cells in all cortical layers. One possible explanation for the dif-
ferent results is that our data may be biased due to the low sample
size. Another possibility is that cells receiving input solely from M

S0 or P LGN cells are located principally within cortical layer IVC.
C In bush babies, as in other primates (Hendry & Casagrande,
b= 40 | 1996), K cells lie between all of the main layers and below layer 1.
= w f:;‘:m 2 Thus, K cells could contribute to the contrast sensitivity of V1 cells
° g during inactivation of either the LGN M or P pathway. In bush
3 -55‘_ T o o babies the majority of K cells are found between the two P layers
S (7) in K layers 4 and 5 (Fig. 1) This arrangement suggests that if K
9—,: 20 © cells do contribute to the contrast sensitivity of V1 cells in bush
& 8 babies, it should mainly be blocked during experiments blocking P
~ @ 10} Oa O g layer 6 since contralaterally innervated K layer 5 is closest to 6 and
8 o @ g far from M layer 1. However, preliminary data (unpublished) in
o . which we directly blocked the K layers 4 and 5 with GABA failed
0 L L L ' to reveal any consistent changes in the contrast response of V1

cells, suggesting that this pathway may not contribute to the con-
trast response of V1 neurons that is measurable under these
conditions.

Regardless of V1 cell location, inactivating the M or P layers

Fig. 3. Effects of inactivating LGN P layer 6 on the CRF of V1 cells. (A) produced consistent effects. These data suggest that either genic-
CRFs recorded from a layer IVB simple cell show that inactivating LGN j|ate pathway is capable of influencing the responses of a variety
P layer 6 had no effect on this cell's contrast threshold. Inactivating P Iayerof V1 neurons. The dominance of a particular pathway depends on

6 reduced significantly its peak response to 56% contrast. None of the te{he contrast of the stimulus. Thus. the present findinas do not
cells tested during P layer inactivation exhibited any significant change in . ; P 9

contrast threshold (B), but all showed reduced peak responses to 56‘%lJpport _the cont_entlon that_Vl cells in different cortlcal_ Iayers
contrast (C). Other conventions as in Fig. 2. process information about stimulus contrast due to exclusive input

from a single LGN pathway (Livingstone & Hubel, 1984; De-

Bruyn et al., 1993). Admittedly our sample of cells was small and

did not include cells within the centers of the input layers &v/C
average spatial and temporal frequencies of the grating during Bnd IVCB. However, even with a small sample of 20 cells one
layer inactivation experiments were 0.3%(.12) cyclegdeg and  would expect to encounter at least one cell with exclusive input
2.1 (+0.74) Hertz. The eccentricities of this sample of neuronsfrom the P or M pathway if this were a common feature. The
ranged from 5 to 10 deg (mean 8.6 deg). present data are not inconsistent with our previous results showing
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Fig. 4. The average percent reduction in response to each stimulus contrast following inactivation of either LGN M layer 1 (filled
circles) or P layer 6 (open squares) pathway. For the cells recorded during M layer 1 inactivation, the amount of response reduction
decreased when stimulus contrast was increased, especially above 20% contrast. Conversely, the magnitude of response reduction
during inactivation of P layer 6 increased when stimulus contrast was increased, especially above 10% contrast. The contributions of
each pathway to the contrast-dependent response of V1 cells are clearly distinguishable.
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